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Water is a scarce resource with a close and intricate nexus with energy. Water contam-
ination has been reported in almost every region of the world, with a significant impact
on human health [1,2]. There are numerous available water decontamination methods,
based on various techniques with different efficiencies and operational costs. Engineered
nanomaterials with magnetic properties allow the adsorption of contaminants, followed
by magnetic separation, while other nanomaterials allow the contaminant’s photodegra-
dation [3,4]. The use of these innovative materials, whether for pollutant adsorption or
decomposition by photocatalysis, or for constructing low-cost sensors for the detection of
contaminants, has gained interest in the preceding decades.

This Special Issue focuses on the (i) application of innovative materials in water decon-
tamination, (ii) the synthesis and characterization of engineered nanocomposites, (iii) water
decontamination by photocatalysis, adsorption and other techniques, and (iv) computa-
tional and theoretical studies of the reaction mechanisms, kinetics and thermodynamics of
water depollution processes.

In this Special Issue, Liao et al. [5] reported the large-scale production and characteri-
zation of carbon nanomaterials to remove endocrine-disrupting chemicals (EDCs). EDCs
are continuously released and widely spread pollutants in natural environments. At low
levels, EDC exposure may cause metabolic, sexual development, and reproductive dis-
orders in aquatic animals and humans [5]. The removal of EDCs from wastewater by
adsorption to nanomaterials has wide applicability. Carbon-based nanomaterials (carbon
nanotubes, graphene, magnetic carbon nanomaterials, carbon membranes, carbon dots,
carbon sponges) have been extensively explored for EDCs adsorption because they are
eco-friendly, have good chemical stability, structural diversity, low density, and are suitable
for large-scale production [5]. The applications of carbon nanomaterials for the removal
of different kinds of EDCs and the adsorption mechanism, as well as recent advances in
carbon nanocomposite synthesis and characterization, are discussed [5]. The preparation
cost of carbon nanomaterials, such as carbon nanotubes and graphene, is relatively high
and there are some technical difficulties with their recyclability [5,6]. It is still challenging
to develop new, safe, efficient, and lower-cost carbon nanocomposite adsorbents [5].

Magnetic spinel ferrite (MFe2O4, where M = Zn, Co, Mn, Ni, etc.) nanoparticles are of
high interest to researchers in the fields of materials science and nanotechnology [3,4,6]. The
sol–gel route is the most popular means of preparing nanosized ferrites due to its simplicity,
low cost, and good control over their structure and properties [3,4,7]. The microwave-
assisted sol–gel method combines the advantages of microwave and sol–gel methods,
constituting a faster, energy-saving procedure for obtaining single-phase nanopowders
of high purity, with accurate control of stoichiometry and capability of industrial scale-
up [3,4,7]. Embedding ferrites into a silica (SiO2) matrix allows the control of particle
growth, minimizes particle agglomeration, and enhances their magnetic guidability and
overall biocompatibility [3,4,7].

This Special Issue also includes the study of Dippong et al. [7], an investigation
into the structure, morphology and magnetic properties of MFe2O4 (M = Co, Ni, Zn,
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Cu, Mn), obtained by thermal decomposition. Unlike similar ferrites embedded in SiO2
matrices, single crystalline phases were obtained at both temperatures, excepting the
presence of Co3O4 (CoFe2O4) and α-Fe2O3 (MnFe2O4) at 700 ◦C [7]. CuFe2O4 showed the
largest particle size (85 nm), while MnFe2O4 had the smallest particle size (32 nm) [7]. The
crystalline CoFe2O4, heat treated at 1000 ◦C, displayed the highest saturation magnetization
(Ms), coercive field (HC) and anisotropy constant (K) values, presenting superparamagnetic
behavior. Conversely, the other ferrites exhibited paramagnetic behavior [7].

The dependence of structural, morphological and magnetic properties on Ni-Mn
substitution in manganese ferrite, synthesized by the sol–gel method and annealed at
different temperatures, was reported by Dippong et al. [8]. A number of features were
identified, ranging from the presence of poorly crystalline ferrite and highly crystalline
mixed cubic spinel ferrite at low annealing temperatures, accompanied by secondary
phases at high annealing temperatures, to the gradual decreases in lattice parameters
and increases with rising Ni content in the crystallite size, volume, and X-ray density of
Mn1-xNixFe2O4@SiO2 NCs [8]. With increasing Ni content, the saturation magnetization,
remanent magnetization, squareness, magnetic moment per formula unit, and anisotropy
constant all increase as well, while the coercivity decreases [8]. The magnetic properties of
the NCs were strongly dependent on chemical composition, cation distribution between
tetrahedral (A) and octahedral (B) sites, as well as on surface effects derived from the
synthesis methods [8].

The study of Dippong et al. [9], focusing on the impact of Ni content on the structure
and sonophotocatalytic activity of Ni-Zn-Co ferrite nanoparticles, was also included in
this Special Issue. The obtained results indicated the formation and decomposition of
metal succinate precursors in two stages, with distinct formation and decomposition of
divalent (Ni2+, Zn2+, Co2+) and trivalent (Fe3+) succinates [9]. The XRD analysis revealed
the presence of well-crystallized ferrites along two crystalline phases of the SiO2 matrix
(cristobalite and tridymite) [7]. In samples with high Zn content, traces of hematite were also
identified [9]. Both the agglomeration of particles and the particle size of Ni-Zn-Co ferrites
increase with the rising Ni content, the latter growing from 34 nm to 40 nm [9]. All samples
showed an excellent optical response in the visible range, the best sonophotocatalytic
performance being found for the Ni0.3Zn0.3Co0.4Fe2O4@SiO2 sample, most likely due to
the equilibrium between Ni-ferrite and Zn-ferrite [9].

In this Special Issue, the selective recovery of cadmium, cobalt, and nickel from spent
Ni–Cd batteries was reported by Weshahy et al., who used adogen® 464 and mesoporous
silica derivatives [10]. Spent Ni–Cd batteries are now considered an important source
for many valuable metals [10]. Adogen 464 was used for Cd2+ extraction, followed by
precipitation as a yellow CdS product with 0.5% Na2S solution, by setting the pH at 1.25 and
maintaining room temperature conditions. The optimum leaching process was achieved
using 20% H2SO4, solid/liquid (S/L) 1/5 at 80 ◦C for 6 h [10]. The leaching efficiency
of Fe, Cd, and Co was nearly 100%, whereas the leaching efficiency of Ni was 95% [10].
The prepared 1,1′-(4-hydroxy-1,3-phenylene) bis(3-(3-(triethoxysilyl)propyl)urea-bridged
mesoporous organosilica (PTU-MS) silica was applied for adsorption of Co(II) ions from
aqueous solution, while the desorption process was performed using 0.3 M H2SO4 [10].

The study of Ninciuleanu et al. [11], focusing on the impact of adjusting some properties
of poly (methacrylic acid) (nano) composite hydrogels by means of silicon-containing inorganic
fillers, was also included in this Special Issue. The effect of these fillers, in correlation with their
characteristics, structure and swelling, as well as the viscoelastic and water decontamination
properties of (nano)composite hydrogels, were studied comparatively [11]. The experiments
demonstrated that the nanocomposite hydrogel morphology was determined by the way the
filler particles were dispersed in water [11]. The structure of poly (methacrylic acid) hydrogels
was also affected by the reinforcing agent through the pH of its aqueous dispersion [11].
The two Laponite XLS/XLG clays and montmorillonite led to exfoliated and intercalated
nanocomposites, respectively, while pyrogenic silica formed agglomerations of spherical
nanoparticles within the hydrogel [11]. The equilibrium swelling degree depended on both the
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pH of the environment and the filler nature [11]. At approximately constant swelling degree,
the filler addition improved the mechanical properties of the (nano)composite hydrogels, while
after equilibrium swelling (pH 5.4), the viscoelastic moduli values depended on the filler [11].
The rheological measurements also showed that the strongest hydrogels were obtained in the
case of the Laponite XLS/XLG clays reinforcing agent [11]. The synthesized (nano)composite
hydrogels displayed a different ability to decontaminate cationic dye-containing waters as a
function of the filler included, with the highest absorption rate and absorption capacity being
displayed by the Laponite XLS-reinforced hydrogel [11]. The (nano)composite hydrogels
discussed here may also find applications in the pharmaceutical field as substances to mediate
the controlled release of drugs [11].

In this Special Issue, the effective removal of sulfonated pentablock copolymer coating
of polypropylene filters for dye and metal ions by integrated adsorption and filtration
process was reported by Filice et al. [12]. The polypropylene (PP) fibrous filters, equipped
with sulfonated pentablock copolymer (s-PBC) layers, were tested for their capacity to
remove cationic organic dyes, such as methylene blue and heavy metal ions (Fe3+ and
Co2+), from water by adsorption and filtration [12]. Polymer-coated filters showed high
efficiency in removing methylene blue from an aqueous solution in both the absorption and
filtration processes, with 90% and 80% removal rates, respectively [12]. The coated filters
showed a better performance removing heavy metal ions (Fe3+ and Co2+) during filtration
than adsorption [12]. In the adsorption process, controlled interaction times allow the ionic
species to interact with the surface of the filters leading to the formation and release of
new species in solution [12]. During filtration, the ionic species are easily trapped in the
filters, especially those that are UV-modified. A total removal (>99%) via a single filtration
process was observed for Fe3+ ions [12]. The filtration processes are faster, and, therefore,
the interaction time is not sufficient to release reaction byproducts into the solution; the
ionic species are easily trapped in the filters, in particular the filters whose surface was
modified by UV treatment [12]. It has also been shown that the treatment increases the
hydrophilicity of the filters, enhancing their filtration capacity [12]. Although further work
is needed to extensively investigate the lifetime and regeneration processes of such filters,
the functional polymeric coating of commercial and low-cost filters is a promising strategy
for the effective removal of pollutants from water [12].

This Special Issue also includes the study of Kim et al. [13], which highlighted the
granulation of bismuth oxide by alginate for iodide removal from water. The granulation
of bismuth oxide by alginate were presented, along with the iodide adsorption efficacy
of alginate–bismuth oxide for different initial iodide concentrations and contact time val-
ues [13]. Bismuth oxide appeared in two forms: Bi2O2.33 and γ-Bi2O3, and was successfully
granulated with alginate, yielding spherical beams with a diameter of 3 mm. The intra-
particle pores in the granule could enhance iodide adsorption [13]. Iodide adsorption by
alginate–bismuth oxide gradually increased and did not reach a plateau, even at an initial
iodide concentration of 1000 mg/L. The process occurred as monolayer adsorption by the
chemical interaction and precipitation between bismuth and iodide, followed by physical
multilayer adsorption at a very high concentration of iodide in solution [13]. The surface
and cross-section after iodide adsorption indicated that the adsorbed iodide interacted
with bismuth oxide in alginate–bismuth oxide through Bi–O–I complexation [13]. These
data showed that alginate–bismuth oxide is a promising iodide adsorbent with a high
absorption capacity and stability, and it can help to prevent secondary pollution [13].

In this Special Issue, Chen et al. reported on the one-step carbonization synthesis of
magnetic biochar (BMFH/Fe3O4) with a 3D network structure, undertaken by controlling
different heating conditions in a high-temperature process, as well as its application in
organic pollutant control [14]. The microbial filamentous fungus Trichoderma reesei was
used as a template, and Fe3+ was added to the culture process, which resulted in uniform
recombination through the bio-assembly properties of fungal hyphae [14]. The presence
of magnetic nanoparticles allows researchers to recover biochar from water and convert it
into a Fenton-like catalytic reagent that improves treatment efficiency [14]. The catalytic
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degradation of organic pollutants reached 99% in 60 min [14]. After 10 cycles, malachite
and tetracycline hydrochloride removal by BMFH/Fe3O4 remained above 80% [14].

This Special Issue also includes the study of Liu et al. [15] on a facile and quick
preparation of Bi2Fe4O9/Bi25FeO40 hetero structures with enhanced photocatalytic activity
for the removal of antibiotics by the hydrothermal method, combined with spark plasma
sintering (SPS). Bismuth ferrite-based heterojunction composites are promising visible
light-responsive photocatalysts because of their narrow band gap structure; however, the
synthetic methods reported in the literature were usually time-consuming [15]. It was
found that the formation of a well-defined heterojunction between Bi2Fe4O9 and Bi25FeO40
speeds up the transformation and separation of photoinduced carriers, enhancing their
photoelectric properties and photocatalytic performance [15]. The possible influence factors
of spark plasma sintering on photoelectric and photocatalytic performance of bismuth
ferrite-based composites were also discussed [15]. This study provides a simple, feasible
and economical method for the facile and quick synthesis of a highly active bismuth
ferrite-based visible light-driven photocatalyst for practical applications [15].

The study of Zhu et al. [16] on the preparation of a Z-type g-C3N4/(A-R)TiO2 com-
posite catalyst and its mechanism for the degradation of gaseous and liquid ammonia is
also presented in this Special Issue. The g-C3N4/(A-R)TiO2 composite catalyst had a better
dispersion, a smaller band gap width, a larger specific surface area, a stronger light ab-
sorption capacity, and a stronger photogenerated carrier separation ability than (A-R)TiO2
catalyst [16]. Gaseous and liquid ammonia were used as the target pollutants to investigate
the activity of the prepared catalysts, and the results showed that the air wetness and initial
concentration of ammonia had a great influence on its degradation [16]. The superoxide
anion radical (O2

−) and hydroxyl radical (OH) were the main active components in the
photocatalytic reaction process [16]. The photogenerated electrons in the conduction band
of (A-R)TiO2 catalyst transferred to the valence band of g-C3N4 and combined with the
photogenerated holes in the valence band of g-C3N4, forming a Z-type heterostructure that
significantly improved the efficiency of the photogenerated electron–hole migration and
separation, thus increasing the reaction rate [16].

This Special Issue also includes the study of Zheng et al. [17], that reported a size effect
in hybrid TiO2:Au nanostars as a promising alternative method with which to remove
contaminants of emerging concern from wastewaters under sunlight irradiation. TiO2:Au
nanostars with different Au component sizes and branching were generated and tested
in the degradation of ciprofloxacin. They showed the highest photocatalytic degradation,
between 83% and 89% under UV and VIS radiation, together with a threshold in photo-
catalytic activity in the red region [17]. The large size of the Au-branched nanoparticles
extended the light absorption to the visible range, in addition to part of the NIR region,
and reduced the bandgap from 3.10 eV to 2.86 eV, respectively [17]. The applicability of
TiO2:Au-NSs with lower branching and optimum performance was further explored with
their incorporation into a porous matrix, based on PVDF-HFP. The concept behind this was
to open the way for a reusable energy cost-effective system in the photo-degradation of
emerging contaminants [17]. The membranes were produced successfully and presented
high porosity and a well-distributed porous structure [17].

In this Special Issue, Feng et al. reported that the synergistic effect of adsorption–
photocatalysis for the removal of organic pollutants on mesoporous Cu2V2O7/Cu3V2O8/g-
C3N4 heterojunctions (CVCs) enhanced visible light absorption and improved the separa-
tion efficiency of photoinduced charge carriers [18]. CVCs exhibited superior adsorption
capacity and photocatalytic performance in comparison with pristine g-C3N4 (CN) CVC-2
(containing 2 wt% of Cu2V2O7/Cu3V2O8) [18]. Good synergistic removal efficiencies were
obtained for dyes (96.2% for methylene blue, 97.3% for rhodamine B) and antibiotics (83.0%
for ciprofloxacin, 86.0% for tetracycline and 80.5% for oxytetracycline) [18]. The pseudo-
first-order rate constants of methylene blue and rhodamine B photocatalytic degradation
on CVC-2 were 3 times and 10 times that of pristine g-C3N4. This work provides a reliable
reference for wastewater treatment [18].
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This Special Issue also includes the study of Su et al. [19] on the one-step synthesis of
nitrogen-doped porous biochar, based on the nitrogen-doping co-activation method and
its application in the control of water pollutants. Birch bark (BB) was used for the first
time to prepare porous biochars via different one-step methods, including direct activation
(BBB) and N-doping co-activation (N-BBB) [19]. The specific surface area and total pore
volume of BBB and N-BBB were 2502.3 and 2292.7 m2/g, and 1.1389 and 1.0356 cm3/g,
respectively, proving the feasibility of N-doping co-activation in pore-forming [19]. The
large specific surface area and the high total pore volume played a substantial role in the
adsorption process. Both BBB and N-BBB showed excellent capacity to remove methyl
orange dye and Cr6+. The adsorption capacity of N-BBB remained above 80% after five
regenerations, which fully proved the stability of regeneration [19]. Moreover, the excellent
adsorption performance of N-BBB may have been influenced by pore filling, π–π interaction,
H-bond interaction, and electrostatic attraction, all of which supported the biochars’ high
performance. This study provided new directions for biomass valorization [19].

In this Special Issue, Piras et al. reported the influence of the defects and morphology
of undoped and Al-doped ZnO nanoparticles on the photocatalytic degradation efficiency
of Rhodamine B under UV-Visible [20]. The undoped ZnO nanopowder, annealed at
400 ◦C, resulted in the highest degradation efficiency of ca. 81% after 4 h under green light
irradiation (525 nm) in the presence of 5 mg of catalyst [20]. Photoluminescence showed that
the insertion of a dopant increases the oxygen vacancies, reducing the peroxide-like species
responsible for photocatalysis [20]. The annealing temperature helps to increase the number
of red-emitting centers up to 400 ◦C, while at 550 ◦C the photocatalytic performance drops
due to the aggregation tendency [20]. These results suggest the interconnection between
defects, synthesis and post-synthesis routes, particle size and photocatalytic activity [20].
The high amount of defect that is not absorbed in the green region, and the reduction of
O2

2− species, possibly deactivate the photocatalytic process. This has the effect of rendering
the Al-doped ZnO catalysts inactive for the photodegradation of the Rhodamine B dye in
an aqueous solution under green light [20].

This Special Issue also includes the study of Babilas et al. [21] on the recovery of the
N,N-Dibutylimidazolium chloride ionic liquid from aqueous solutions by an electrodialysis
method. The fact that the recovery ratio, the [C4C4IM]Cl molar flux, and the electric current
efficiency increase with a rising concentration of [C4C4IM]Cl in the feed solution was
reported [21]. The energy consumption also highly depends on the initial [C4C4IM]Cl con-
tent and increases linearly with the increase in the [C4C4IM]Cl concentration in the initial
solution. The ionic liquids concentration in the feed solution influences the solution con-
ductivity, electrical resistance, and concentration polarization, as well as the electrodialysis
efficiency [21] by a reduction in electrical resistance of the initial dilute with the increasing
ionic liquids concentration and the acceleration of ions transport across membranes [21].

In this Special Issue, Zheng et al. reported water tree characteristics and its mechanism
of crosslinking polyethylene grafted with polar group molecules. [22]. The researchers aimed
to restrain the electric stress impacts of water micro-droplets on insulation defects under
electric fields in crosslinked polyethylene material. To do so, chemical graft modifications
were performed by introducing chloroacetic acid allyl ester and maleic anhydride individually,
as two specific polar group molecules, into polyethylene material via a peroxide melting ap-
proach [22]. Combined with Monte Carlo molecular simulations, it is verified that water tree
resistance can be significantly promoted by grafting polar group molecules [22]. The grafted
polar groups can enhance Van der Waals’ forces between polyethylene molecules and are avail-
able as heterogeneous nucleation centers for polyethylene crystallization, both of which lead to
the increased densities of spherulites with reduced-volume and increased-tenacity amorphous
regions between lamellae. These developments account for the considerable improvement
in water tree resistance [22]. The crosslinked polyethylene materials improve the insulation
performances of polyethylene insulation materials in high-voltage cable manufacturing by
grafting on polar group molecules [22].
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This Special Issue also includes the study of Liu et al. [23] on the sensitivity of plastic
nanoparticle transportation to typical phosphates associated with ionic strength and solu-
tion pH. The influence of phosphates on the transport of plastic particles in porous media is
environmentally relevant due to their ubiquitous coexistence in the environment [23]. The
trends of plastic nanoparticles transport vary with increasing concentrations of NaH2PO4
and Na2HPO4 due to the coupled effects of increased electrostatic repulsion, the competi-
tion for retention sites, and the double layer compression [23]. Hydrogen bonding from
two phosphates that act as proton donors contributes to variations in the interactions of
plastic nanoparticles and porous media and thus influences plastic nanoparticles trans-
port [23]. High pH values tend to increase the rate of plastic nanoparticles transportation
due to their enhanced deprotonation of surfaces [23]. The presence of physicochemical
heterogeneities on solid surfaces can reduce rates of plastic nanoparticles transport and
increase the sensitivity of the transport to ionic strength [23]. This study highlights the
sensitivity of plastic nanoparticles transport to phosphates and contributes to the better
understanding of the fate of plastic nanoparticles and other colloidal contaminants in the
environment [23].

In this Special Issue, Yu et al. reported the impact of acetate on the reduction of
perchlorate by mixed microbial culture under the influence of nitrate and sulfate, the kinetic
parameters of the Monod equation and the optimal ratio of acetate to perchlorate for the
perchlorate-reducing bacterial consortium. [24]. The biological reduction of contaminants
such as perchlorate (ClO4

−) is considered to be a promising water treatment technology:
the process is based on the ability of a specific mixed microbial culture to use perchlorate
as an electron acceptor in the absence of oxygen. Both fixed optimal hydraulic retention
times and the effect of nitrate on perchlorate reduction were investigated with various
concentrations of the electron donor [24]. The presence of sulfate in wastewater did not
affect the perchlorate reduction. However, perchlorate reduction was inhibited in the
presence of nitrate during exposure to a mixed microbial culture [24].

This Special Issue also includes the study of Ran et al. [25] on the removal of methylene
blue by EuVO4/g-C3N4 mesoporous nanosheets via coupling adsorption and photocataly-
sis. The ultrathin and porous structure of the EuVO4/g-C3N4 increased the specific surface
area and active reaction sites, and the formation of the heterostructure extended visible
light absorption and accelerated the separation of charge carriers [25]. These two factors
were advantageous in promoting the synergistic effect of adsorption and photocatalysis,
and ultimately enhanced the methylene blue’s adsorption capability and photocatalytic
removal efficiency [25]. The methylene blue adsorption on EuVO4/g-C3N4 followed the
pseudo second-order kinetics model, and the adsorption isotherm data complied with the
Langmuir isotherm model [25]. The photocatalytic degradation data of methylene blue on
EuVO4/g-C3N4 obeyed the zero-order kinetics equation for 0–10 min and the first-order
kinetics equation for 10–30 min [25]. This study provided promising EuVO4/g-C3N4 het-
erojunctions, with superior synergetic effects of adsorption and photocatalysis, for potential
application in wastewater treatment [25].

The study of Iosif et al. [26] is focused on the orthodontic bracket’s interaction with
an acidic environment, induced by regular consumption of soft drinks and energy drinks,
and the enamel quality after debonding. It was found that the adhesive layer has the most
important role in properly binding the brackets to the enamel surface [26]. Two categories
of adhesives were investigated: resin-modified glass ionomer and resin composite adhe-
sives [26]. It was observed that the resin-modified glass ionomer is more resistant in an
acidic environment, assuring a better bond strength than the resin composite because of
better insulation of the filler particles, preventing their direct contact with acids in soft
drinks [26]. The SEM and AFM complex investigations of the enamel surface, after bracket
debonding and exposure to acidic environments, reveal that it is more affected by soft
drinks containing phosphoric acid after resin composite debonding and by energy drinks
with citric acid content after resin-modified glass ionomer debonding [26]. Additionally,
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it was found that proper polishing of the enamel surface after debonding assures good
protection against further erosion [26].

I am grateful to all the authors for their contributions, covering the most recent
progress and new developments in the field of metal–ferrite nanocomposites. I hope that
the published studies will pave the way for novel real-world synthesis, characterization,
and applications of innovative materials.
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Abstract: The large-scale production and frequent use of endocrine-disrupting chemicals (EDCs) have
led to the continuous release and wide distribution of these pollutions in the natural environment. At
low levels, EDC exposure may cause metabolic disorders, sexual development, and reproductive
disorders in aquatic animals and humans. Adsorption treatment, particularly using nanocomposites,
may represent a promising and sustainable method for EDC removal from wastewater. EDCs could
be effectively removed from wastewater using various carbon-based nanomaterials, such as carbon
nanofiber, carbon nanotubes, graphene, magnetic carbon nanomaterials, carbon membranes, carbon
dots, carbon sponges, etc. Important applications of carbon nanocomposites for the removal of
different kinds of EDCs and the theory of adsorption are discussed, as well as recent advances
in carbon nanocomposite synthesis technology and characterization technology. Furthermore, the
factors affecting the use of carbon nanocomposites and comparisons with other adsorbents for EDC
removal are reviewed. This review is significant because it helps to promote the development of
nanocomposites for the decontamination of wastewater.

Keywords: endocrine-disrupting chemicals; carbon nanomaterials; synthesis; adsorption; application

1. Introduction
1.1. Endocrine-Disrupting Chemicals and Their Damaging Effects

With the rapid development of the global economy, the release of endocrine-disrupting
chemicals (EDCs) into the environment has become continuous. The International Security
Program (IPCS) of the World Health Organization (WHO) has defined EDCs as exogenous
substances or mixtures that alter the function(s) of the endocrine system and consequently
adversely affect the health of populations or subpopulations of intact organisms or their
progeny [1,2]. EDCs bind to receptors by imitating natural hormones and thereby interfere
with the metabolism of the organism. There are two categories of EDCs: natural and syn-
thetic. Natural EDCs are found in animals and humans and include genistein, coumarins,
estradiol, and adrenocortical hormones [3,4]. Synthetic EDCs are classified into a variety
of categories based on their application, chemical, and structural characteristics, such as
pharmaceutical, organochlorine pesticides, detergents and surfactants, heavy metals, and
dyes. The primary types and sources of synthetic EDCs are shown in Figure 1. Therefore,
regardless of their class, substances exhibiting estrogenic activity in organisms can be
considered as EDCs.

The public concern about the impacts of EDCs on both human health and the en-
vironment has grown particularly, owning to their wide occurrence, high persistence,
bioaccumulation capabilities, and high toxicity. The main sources of synthetic EDCs are
derived from the anthropogenic activity and industrial consumption of insecticides, plastic
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products, food packaging materials, electronics and construction materials, personal care
items, medical tubing, antibacterial agents, detergents, cosmetics, pesticides, fabrics, and
clothes [5]. In polar regions, EDCs were deposited by the “global distillation effect” and
“the grasshopper effect” due to their semi-volatile nature and degradation resistance, lead-
ing to a global spread of contamination. The concurrence of EDCs was found in the Arctic
and Antarctic regions and alpine regions [6,7]. The altitude dependence of polychlorinated
biphenyls (PCBs) and polybrominated diphenyl ethers (PBDEs) was increased along a
high-altitude aquatic food chain in the Tibetan Plateau, China [8]. The bioaccumulation of
EDCs in aquatic organisms, especially fish, mussels, and daphnia, is an important criterion
in risk assessment. The majority of organochlorine pesticides (OCPs) including DDTs could
be enriched from the surrounding media into aquatic organisms through bioamplification
of the food chain [9]. EDCs and their intermediate compounds are toxic and have harmful
effects on the environment and human health. After an organism is exposed to estrogen,
unstable intermediates with strong reactivity are generated by the biological metabolic
enzymes and signalling transfer process [10]. Some of the metal ions of EDCs are covalently
combined with cellular polymer components such as proteins and nucleic acids, resulting
in irreversible chemical modifications [11]. Bisphenol A (BPA) is a ubiquitous EDC that has
recently been associated with adverse effects on human health, precocious puberty, and
sexual dysfunction [12,13]. Examples of synthetic EDCs and their negative impacts were
show in Table 1. These organic molecules will enter the water cycle through rivers, lakes,
or groundwater infiltration; the river’s organic chemicals flow into the ocean, while these
pollutant EDCs enter the ocean via seawater intrusion. These EDCs are widely considered
to be the major alarming sources of EDCs of great concern for the aquatic ecosystem.
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Table 1. Examples of synthetic EDCs and their negative impacts.

EDC Class Example Negative Impact Refs

Pesticides

Dichlorodiphenyltrichloro-ethane (DDT)
2,4-dichlorophenoxyacetic acid(2,4-D)
Polychlorinated biphenyl (PCBs)
Methoxychlor (MXC)
Cyhalothrin
Organophosphate pesticide

Disturb hormonal balance in women, harm to
the liver, Parkinson’s, preterm birth (PTB)
metabolic syndrome, infertility, testosterone
concentration reduction.

[14–17]

Steroidal pharmaceuticals

Estradiol
Ethynylestradiol
Testosterone
Androstenedione
Corticosteroids
Progesterones

Osteonecrosis of the jaw, interferes with the
thyroid endocrine system, placenta previa,
lung cancer, stimulates lung adenocarcinoma
cell production.

[18–22]

Detergents and
Surfactants

Alkylphenols (APs)
Bisphenol A
Diethylstilbestrol (DES)
Nonyphenol
Alkylphenol Ethoxylates (APEO)
Perfluorooctanoic acid (PFOA)
Perfluorooctane sulphonate (PFOS)
Alkylphenol carboxylates

Cardiovascular risk factors, ovarian, uterine,
pituitary, testicular cancers, diabetes, low sperm
count, recurrent miscarriages.

[23–28]

Personal care products

Benzophenone
Oxybenzone
Chlorophene
N,N-Diethyl-m-toluamide (DEET)
tris(2-chloroethyl)phosphate (TCEP)

DNA damage, obesity, hepatic steatosis. [29–31]

Nonsteroid pharmaceuticals

Paracetamol
Indomethacin
Aspirin
Ibuprofen
Tetracycline

Wheeze and asthma risk in children, hepatocyte
senescence, risk of severe intraventricular
hemorrhage, interference with the endocrine
activity of the thyroid gland.

[32–36]

Dyes

Methylene blue (MB)
Aniline yellow
Rhodamine B (RB)
Thiazine

Reduce soil fertility and the photosynthetic
activity of aquatic plants, potentially promoting
toxicity, mutagenicity, and carcinogenicity.

[37–39]

Disinfection by-products

Haloacetamides
Bromoacetonitriles
Cyanoformaldehyde
Bromoaldehydes

Induced liver and kidney injury, mammalian cell
cytotoxicity and genotoxicity. [40–42]

Heavy Metals Ni2+, Pb2+, As3+, Cr3+,
Hg2+, Cd2+

Prostate cancer, hepatotoxicity, nephrotoxicity,
skeletal toxicity. [43–47]

Industrial additives and agents

Polybrominateddiphenyl ethers (PBDEs)
2,3,7,8-tetrachlorodibenzo-
p-dioxin (TCDD)
Polyfluoroalkyl substances (PFAS)
Phthalate Esters (PAEs)
Polyfluoroalkyl

Risk of diabetes, alteration of cognitive functions,
risk of atherosclerosis, various cancers, elevated
cholesterol levels, decreased immune and liver
functionalities, birth defects.

[48–50]

EDCs are discharged into aquatic ecosystems via surface runoff, natural circulation,
and the food chain. In particular, EDCs accumulate as they travel up the food chain, finally
becoming harmful to human health. Low levels of EDCs cause neuroendocrine disorders,
developmental malformations, and reproductive disorders [51,52]. Organisms such as
aquatic plants, aquatic animals, and humans are at risk of long-term exposure to EDCs
in the ecological environment. The accumulation of bisphenol A inhibits the growth of
aquatic rice seedlings [53]. After exposure to some steroid EDCs, the expression of the
VTG-A gene was disrupted in freshwater fish, leading to reproductive and developmental
disfunctions, as well as decreased hatchability and reduced vitellogenin levels [54]. EDCs
may lead to the feminization of some aquatic organisms, as well as metabolic diseases,
cardiovascular risks, and reproductive issues in humans [55].
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1.2. Distribution and Regularity of EDC Pollution

With the worldwide growth of manufacturing industries, EDC pollution in aquatic
ecosystems is becoming more serious. In a 2008–2010 study of 46 representative active
EDCs in 182 rivers in the United States by the U.S. Environmental Protection Agency,
the approximate concentrations of steroid EDCs in surface waters reached 63 ng/L [56].
Aquatic plants such as algae absorb alkylphenols from polluted soil or water through
their roots; EDC accumulation in algae was as high as 53 µg/L in the Bohai Sea region of
China [57]. Eleven phthalate esters (PAEs) were measured in urine and serum samples
collected from males diagnosed with infertility in Tianjin, China, and the median levels of
mPAEs in the serum (n.d. to 3.63 ng/mL) were 1–2 orders of magnitude lower than the
median levels of mPAEs in the urine (n.d. to 192 ng/mL) [58]. The bioaccumulation of EDCs
harms the growth and development of animals and plants and endangers human health.

1.3. Treatment of EDC Pollution

Owing to the strong degradation resistance and high toxicity of EDCs, it is challeng-
ing to remove EDCs from wastewater. EDC removal methods mainly include chemi-
cal/electrochemical treatments, biological treatments, and physical treatments. Chemi-
cal/electrochemical methods mainly include chlorination, ozonation, photocatalysis, elec-
trocoagulation, and anodic oxidation. Chemical/electrochemical treatments do not reduce
the generation of chlorine residues or several other harmful intermediate products [59].
Biological treatments are widely applied in the secondary processes of sewage treatment
plants and include aerobic and anaerobic treatments. However, these methods may pro-
duce degradation pollutants which increase the ecological risks of sewage treatments.
Gadd et al. [60] reported that anaerobic treatments increased estrogenic content and es-
trogenic activity in cowshed wastewater. Compared with the former two technologies,
physical adsorption is considered a more environmentally friendly wastewater treatment.
The physical adsorption method is effective, efficient, and economical, and different adsor-
bents can be designed for use in this treatment method. Nanocomposites may represent a
useful new wastewater treatment method; this treatment is advantageous due to the large
specific surface area and high adsorption capacity.

2. Development of Carbon Nanomaterials

In recent years, carbon has become one of the most multilateral elements present
in the periodic table due to its strength and ability to form bonds with other elements.
Carbon-based nanomaterials and associated modified composites have excellent adsorption
properties due to their environmentally friendly, extremely high specific surface area, large
pore volume, uniform microporosity, and adjustable surface chemical properties [61,62].
Biomass carbon nanocomposites are a low-cost, readily available, widely distributed, and
renewable nanomaterial. Several promising reports have emerged in recent years on the
synthesis of carbon nanomaterials from cost-effective, rich, and renewable biomaterial
resources such as saw dust, crab shells, bagasse, olive stone waste, and activated carbon
cloth [63,64]. Activated carbon is widely used for the control of synthetic and naturally
occurring EDCs in drinking water [65]. Carbon nanotubes (CNTs), which were discovered
back in the year 1991, have been extensively adapted to study the adsorption capability
in water treatment [66]. Graphene, a new material for which the Noble Prize was won,
has received increasing attention due to its unique physico-chemical properties for remov-
ing EDC pollutants from wastewater [67]. Carbon dots with abundant functional groups
(-OH, -COOH, -C=O) on their surface were specially designed to enhance the adsorption
capacity [68]. Highly porous carbon sponges always contain some functional groups,
which could enhance the surface sensitivity and selectivity of EDC pollutants [69]. Many
carbon nanocomposites have been synthesized and used as adsorbents for the removal
of EDC pollutants from wastewater. There are many industries such as mining, battery
manufacturers, the pharmaceutical industry, the cultivation industry, galvanization, and
metal finishing which generate wastewater containing EDCs and emit it directly or indi-

12



Int. J. Mol. Sci. 2022, 23, 13148

rectly into the nearest water resources [5]. Carbon nanomaterials play an important role in
nanoadsorbents. A schematic diagram of carbon nanoadsorbents which are used in EDC
pollution treatments is illustrated in Figure 2. Carbon nanocomposites can be classified
into seven categories including carbon nanofibers, carbon nanotubes, graphene family,
magnetic carbon nanomaterials, carbon nanomembranes, carbon dots, and carbon sponges
depending on their composition, structure, and characteristics. The seven categories of
carbon nanocomposites according to their specific characteristics are depicted in Table 2.
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Table 2. Different categories of carbon nanoadsorbents.

Classification Category Type of EDCs Refs

Carbon nanofiber
Activated carbon fiber (ACF) Organochlorine pesticides [70]
Chitosan-loaded activated carbon fiber Pb2+-EDTA complex [71]
Activated carbon fiber
supported/modified nanotubes 2-Chlorophenol [72]

Carbon nanotubes
Multiwalled carbo nanotubes (MWCNTs)

Triton X-100, 17β-Estradiol, Sodium
dodecylbenzene, Hg2+, Cr3+, As3+,
Bisphenol A

[73–75]

Single-wall carbon nanotubes (SWCNTs) Hg2+, Cr3+, As3+, Hexachlorocyclohexane,
Dichloro-diphenyl-trichloroethane

[76]

Graphene family Graphene oxide (GO) and other
nanocomposites

Perfluoroalkyl substances
Pb2+, Hg2+, As5+, Cr6+, Methylene blue [77–79]

Magnetic carbon-
nanomaterials

Magnetic carbon nanofibers Phenol, Rhodamine B [80]
Magnetite/porous graphene-base
nanocomposites

Cr6+, Pb2+, Cd2+, As3+, Polychlorinated
biphenyl, Dye

[81]

Magnetic graphene–carbon nanotubes
iron nanocomposites Pb2+, Cd2+ [82]

Carbon nanomembranes Carbon fiber ultrafiltration
composite membranes Steroid hormones [83]

Carbon dots
Graphene quantum dots (GQDs)
Carbon quantum dots (CQDs)
Carbonized polymer dots (CPDs)

carbamate pesticide oxamyl,
Cd2+, Hg2+, Pb2+, tetracycline,
Carbamazepine

[84–88]

Carbon sponge Graphene sponges Methylene blue, Pb2+ [89]
Carbon nanotube sponges Polychlorinated biphenyl [69]
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2.1. Carbon Nanofiber

Carbon nanofiber (CN), also known as nano-activated carbon, is widely used for
the treatment of organic wastewater and removal of EDC substances. In addition to
the high adsorption capability, the regeneration of ACF could be carried out under a
lower temperature than granular activated carbon [90]. The adsorption efficiency of ACF
is significantly higher than that of granular or powdered activated carbon. Murayama
et al. used ACF to recover organic chlorine pesticides (OCPs) from rainwater, river water,
and seawater samples and confirmed that ACF adsorbed sub-ng/L level OCPs from
environmental water samples [70].

2.2. Carbon Nanotubes (CNTs)

CNTs are a kind of carbon allotrope with an aromatic surface rolled up to form a
cylindrical structure; the length of CNTs varies from 10 s of nm to 10 s of mm [76]. They
can be divided into single-walled carbon nanotubes (SWCNTs) and multiwalled carbon
nanotubes (MWCNTs), both of which have high a mechanical strength and elasticity as well
as chemical and structural stability. SWCNTs and MWCNTs are widely used in removing
EDCs from wastewater after being modified by different functional groups (polydopamine,
magnetic particles, and molecular imprinting polymers e.g.,) [91]. Mashkoor et al. [92]
summarized the adsorption capacities of the original and modified CNTs for different dyes;
the adsorption capacity of glycine-β-cyclodextrin MWCNTs for methylene blue was up
to 90.90 mg/g, while the adsorption capacities of modified MWCNTs for Hg2+, Cr4+, and
As3+ were 123.45 mg/g, 146.5 mg/g, and 133.33 mg/g, respectively [74]. The large specific
surface area, large pore volume, and average pore diameter contribute to the excellent
adsorption capacity of CNTs [93].

2.3. Graphene Family

Graphene and graphene oxide (GO) have also been widely used for the adsorption
of EDCs because of their special properties such as extraordinary quantum hall effects,
high mobility, excellent electronic and mechanical properties, specific magnetism, and high
thermal conductivity [94]. The excellent adsorption capacity of GO is improved by the
electrostatic interaction between the oxidation groups and the adsorbates, and GO is mainly
used for the adsorption of metal ions, anionic dyes, and cationic dyes. Modified GO has a
good adsorption capacity for different heavy metals (60.2–1076.65 mg/g) [78]. GO also has
a specific adsorption capacity for steroids: the removal efficiency of 17α-ethinylestradiol by
magnetic GO can reach more than 25 mg/g [95].

2.4. Magnetic Carbon Nanocomposites

Various magnetic nanocomposites, including nanomaterials such as magnetic carbon
nanotubes, magnetic graphene oxide, and magnetic metal–organic frameworks, exhibit
excellent adsorption capabilities [96]. The advantage of magnetic nanomaterials is that their
magnetic properties allow them to be separated from solutions and regenerated using an
external magnetic field. Recently, magnetic nanocomposites have been extensively applied
to the adsorption of EDC pollutants such as metals, steroid hormones, alkylphenols, and
dyestuff from water [80,81]. Nanocomposites are primarily magnetized using ferriferous
oxide (Fe3O4) and manganese ferrite (MnFe2O4). Different modified magnetic nanomateri-
als have different adsorption properties for specific anions, cations, and macromolecular
dyes [97]. After the modification of PS-EDTA resin with magnetic ferric oxide nanopar-
ticles, the Cr adsorption rate reached 99.3% [98]. An amino-functionalized mesoporous
silica-magnetic GO nanocomposite, which was synthesized using a unique magnetic nano-
material, removed oxytetracycline more effectively than the original magnetic graphene
oxide (mGO) [99].
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2.5. Carbon Membranes

Carbon membranes have become one of the most important materials employed in
wastewater treatment. Carbon membranes have a low production cost and are highly
permeable, selective, and stable [100]. Carbon membrane techniques are used for ad-
sorption and filtration in a variety of wastewater treatment plants. The retention rates of
nanoparticle-modified polyamide membranes for bisphenol A reached 99.4% [101]. The
adsorption capacity of biopolymer carbon membranes modified with lignin, oat, soybean
protein, sodium alginate, and chitosan for Pb2+ was 35 mg/g [102]. In addition, the ad-
sorption capacity of an electrospun lignin–carbon membrane for methyl blue was 10 times
greater than that of active carbon [103].

2.6. Carbon Dots

Carbon dots are single-layer or multilayer graphite structures or polymer aggregate
carbon particles with a diameter less than 10 nm. Carbon dots have been acknowledged as
discrete, quasispherical, fluorescent carbon particles, most of which are sp2 or sp3 hybrid
carbon structures [104]. According to their structure and composition characteristics,
carbon dots could be divided into graphene quantum dots (GQDs), carbon quantum
dots (CQDs), and carbonized polymer dots (CPDs). The synthesized carbon dots show
water solubility, good chemical stability, low toxicity, and good biocompatibility. In the
adsorption treatment of water pollution, GQDs have received increasing attention as
excellent adsorbents. It was reported that GQDs have good adsorption properties in
removing pesticides, dyes, heavy metals, and drugs from water [68,105]. Modifying GQDs
improves the adsorption effect of nanocomposites by increasing the specific surface area for
removing anionic and cationic dyes. Meanwhile, the oxygen-containing functional groups
on GQDs also enhance the electrostatic interaction between dyes and nanocomposites. It is
the contribution of the formation of hydrogen bonds to the surface between the adsorbate
and GQDs. The removal efficiency of Hg2+ and Pb2+ by GQD adsorption were 98.6 and
99.7%, respectively [86]. The other kinds of carbon dot nanocomposites also have an
excellent EDC removal ability. For example, the maximum adsorption capacities of carbon
dot nanocomposites for carbamazepine and tetracycline could reach up to 65 mg/g and
591.72 mg/g, respectively [87]. GQDs present significant opportunities for the adsorption
of EDCs and pose challenges for future work in environmental application fields.

2.7. Carbon Sponges

Carbon sponges are a spongy nanomaterial with a high temperature resistance, ex-
cellent elasticity, fast adsorption rate, and low cost [106,107]. Graphene-based and carbon
nanotube-based materials with aerogel structures were developed in recent years for
various adsorption applications. Graphene aerogels and carbon nanotube aerogels are
macroscopic porous materials with a unique isotropic structure. Dubey et al. [108] synthe-
sized the graphene aerogel, which is the lightest material with a density of 0.16 g/L, in
2013. Graphene aerogels have a high adsorption efficiency for EDC pollutants such as dyes.
For example, Li et al. [89] reported a new graphene sponge by using polyvinyl alcohol
cross-linked GO for adsorbing methylene blue. The results showed that the excellent
adsorption performance for the GO/polyvinyl alcohol sponge captured methylene blue
in the flow state. In addition, carbon nanotube sponges are widely used to treat water
pollution. Wang et al. [106] used carbon nanotube sponges as adsorbents to enrich trace
polychlorinated biphenyls (PCBs) in water samples; the recovery rates of this analysis
method for carbon nanotube sponges for PCBs are 81.1% to 119.1%, which have a good
application prospect.

3. Innovative Methods of Carbon Nanocomposite Synthesis

Carbon nanocomposite synthesis methods can be divided into four categories accord-
ing to the reaction conditions and formation processes used: in situ polymerization, direct
compounding, solvothermal synthesis, and electrospinning.
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3.1. In Situ Polymerization

In situ polymerization is the most common method of nanocomposite synthesis. In
situ polymerization prevents the agglomeration of nanocomposites and results in uniform
distributions and structures [109]. Youssef et al. [110] added prepared polyvinyl alcohol
(PVA) to a solution of MWCNT materials, stirring for 3 h at room temperature, and
dripping in 0.01 g of citric acid over 30 min to obtain an MWCNT/PVA hybrid polymer
nanocomposite film. The addition of 6% MWCNT to PVA resulted in a remarkable increase
in tensile strength (to 11.45 MPa) prior to the formation of the nanocomposite film. The
removal rates of Cr2+, Cd2+, and Pb2+ by this composite material were more than 90%.
In addition, the adsorption performance of carbon nanomaterials was improved after
modification using in situ polymerization, and this method may thus play an important
role in environmental applications.

3.2. Direct Compounding

Direct compounding is a synthesis method that does not require an activator or
special reaction conditions. Direct compounding is widely used because of its simple steps,
relatively low cost, and ease of expansion. For example, nanocomposites can be synthesized
directly by mixing the polymer matrix and the nanomaterials under mechanical forces [80].
Yang et al. [111] synthesized an anionic polyacrylamide-functionalized GO composite by
pouring an anionic polyacrylamide solution into a GO solution with slight mechanical
stirring. The maximum adsorption capacity of this composite for basic fuchsin was up
to 1034.3 mg/g, which indicates that anionic polyacrylamide/GO aerogels are promising
adsorbents for the removal of dye pollutants from aqueous solutions.

3.3. Solvothermal Synthesis

Solvent thermal synthesis, for which water or organic solvents are the reaction medium,
is usually used in a closed environment to create a critical reaction state (i.e., high tempera-
ture and high pressure) to generate homogeneous nanomaterials. Because water molecules
hydrolyze at high temperatures, solvothermal synthesis has the advantage of forming
nanoparticles of ideal shape, uniform size, and specific surface area. In solvent thermosyn-
thesis, a molecule can easily be functionalized by simply replacing the original organic
ligand with functional groups. Solvothermal synthesis can be finished in one step without
adding a catalyst, such as the green synthesis of functional GO. Ammonia-modified GO was
synthesized by solvothermal reaction at 180 ◦C for 10 h [112]. Guo et al. [113] synthesized
Fe3O4–GS composites by solvothermal reaction by mixing FeCl3·6H2O, ethylenediamine,
and GO at 200 ◦C for 8 h.

3.4. Electrospinning

Electrospinning is a useful fabrication technique that produces NF membranes. Electro-
spinning relies on the electrostatic repulsion between surface charges to absorb nanofibers
in a viscoelastic fluid. For example, Sun et al. [114] prepared a super-hydrophobic carbon
fiber membrane by electrospinning. Carbon nanofibers were prepared by electrospinning
for their special phase morphology, crystal structure, and surface geometry. Electrospinning
provides a simple and versatile method for generating ultrathin fibers from a rich variety
of materials that include polymers, composites, and ceramics. Electrospinning synthesis
technology can greatly improve the production efficiency of carbonyl nanomaterials.

4. Characterization Techniques
4.1. Morphological and Microstructural Analysis

Adsorption rates are related to nanocomposite porosity, particle size, and other fac-
tors. The surface morphology of a nanocomposite can be observed using scattering elec-
tron microscopy (SEM), transmission electron microscopy (TEM), and atomic force mi-
croscopy (AFM) [115,116]. SEM and AFM more accurately reflect grain size and other
surface properties as compared to other available techniques, but TEM is commonly pre-
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ferred due to its high resolution. TEM provides two-dimensional (2D) projected images
of three-dimensional (3D) objects, directly revealing the size and shape of nanocompos-
ites. Zhang et al. [117] analysed the specific shape and micromorphology of carbon/SiO2
core-sheath nanofibers by combining TEM and SEM technologies. The physical microstruc-
ture and compositional elements of the nanomaterial surface can be observed using
various techniques, including SEM-energy dispersive X-ray spectroscopy (EDX), TEM-
EDX, SEM-elemental mapping, ultraviolet–visible spectroscopy (UV-VIS), X-ray diffraction
(XRD), Fourier transform infrared (FT-IR), and X-ray photoelectron spectroscopy (XPS).
Wang et al. [118] investigated the surface morphologies and chemical compositions of car-
bon nanofibrous membranes using SEM-EDX. EDX detectors are equipped with ultra-thin
element light windows that detect elements. XRD can be used to identify the structures
of diffraction patterns based on various indexes such as element type. The functional
groups of nanocomposites were identified using FT-IR spectroscopy. Wu et al. [119] ana-
lyzed the formation of Ag nanoparticle decorating in carbon nanotube sponges by FT-IR
characterization. Surface area and morphology are important characteristics that affect
the adsorption of organic pollutants. Raman spectroscopy is a vibrational spectroscopic
technique that can provide detailed information about the structure, chemical composition,
and morphology of nanocomposites. Raman spectroscopy is an important method of GO
composite characterization. The methods used to synthesize and characterize some carbon
nanocomposites are presented in Table 3.

Table 3. Synthesis and characterization of some carbon nanoadsorbents.

Classification Category Characterizations Synthesis References

Carbon nano tubes (CNTs)
Activated carbon
fiber-supported/modified
titanate nanotubes

TEM, FE-SEM, XRD,
FTIR, XPS, UV-vis Hydrothermal method [72]

Graphene Graphene oxide (GO) XPS, FTIR, AFM,
SEM, TEM

Chemical reduction
Hummer’s method [77,78]

Magnetic chitosan and graphene
oxide (MCGO)

TGA, FTIR,
TG, SEM, DSC

Hummer’s method
Ultrasonic dispersion [79]

Magnetic carbon-nanomaterials

Magnetic carbon nanotube iron
nanocomposites

BET, XRD, XPS,
TEM, SEM, AFM,

SAED, µXRF

Solvothermal synthesis
Microwave irradiation [81]

Magnetite/porous graphene-based
nanocomposites

FE-SEM, EDX, XRD,
FTIR, RAM, VSM,
UV-vis, XPS, SSA

Sonication
Solvothermal synthesis [82]

Electrospun magnetic
carbon nanofibers

SQUID, AGM,
VSM, MOKE

Electrospinning
Field-assisted electrospinning
Solvothermal technique

[80]

Carbon membranes Carbon fiber ultrafiltration
composite membranes FE-SEM, BET, FTIR Filtration process

Sonication mixing [83]

Carbon dots
Graphene quantum dots (GQDs)
Carbon quantum dots (CQDs)
Carbonized polymer dots (CPDs)

XRD, AFM, TEM,
UV-vis, XPS, FTIR

Solvothermal technique
Hydrothermal method [120–122]

Carbon sponge Graphene aerogel
Carbon nanotube sponges XRD, XPS, FTIR, FE-SEM Solvothermal technique [119]

Abbreviations: FE-SEM, field emission scanning electron microscope; XRD, X-ray diffractometer; TEM, trans-
mission electron microscopy; FTTR, Fourier transform infrared; XPS, X-ray photoemission spectroscopy; UV-vis,
ultraviolet–visible spectroscopy; AFM, atomic force microscopy; SEM, scanning electron microscopy; DSC, differ-
ential scanning calorimetry; VSM, vibrating sample magnetometer; BET, Brunauer–Emmett–Teller; RAM, Raman
spectra; SQUID, superconducting quantum interference device; AGM, alternate gradient magnetometer; MOKE,
magneto-optical Kerr effect; µXRF, micro X-ray fluorescence; SSA, specific surface area analysis.

4.2. Magnetic Properties

Magnetism is also useful for adsorbent separation. Adsorbents can be easily separated
from solutions without secondary contamination using an external magnetic field. Super-
conducting quantum interference devices (SQUIDs), alternating gradient magnetometers
(AGMs), and vibrating sample magnetometers (VSMs) are commonly used to measure
the magnetization and coercivity of magnetic nanocomposites [82]. SQUID measurements
were used to investigate the magnetic properties of pure and Mn-doped electrospun barium

17



Int. J. Mol. Sci. 2022, 23, 13148

titanate nanofibers. VSM plays a very important role in the measurement of the magnetiza-
tion of magnetic nanocomposites. VSM measurements were used to investigate magnetic
nanofibers containing ferromagnetic Ni nanoparticles. The significant hysteresis loops
in the S-shaped curves indicate the ferromagnetic behaviors of the nanocomposites. In
addition, VSM differentiates between measurements parallel and perpendicular to the
axes of the aligned nanofibers. VSM has also been used to measure the effects of magnetic
material doping on magnetization, the squareness of hysteresis loops, and the straightening
force of materials such as samarium–cobalt nanofibers [80].

5. Application in Wastewater

Several recent studies have investigated the real-world application of nanoadsorbent
materials in wastewater treatment. Material regeneration and reuse in real-word appli-
cations and comparisons of nanoadsorbents with other common adsorbent materials are
summarized below.

5.1. Regeneration and Reuse

Due to the economic benefits of EDC pollution treatments, it is necessary to summarize
the regeneration and reuse efficiency of various nanoadsorbents.

A variety of adsorbent regeneration technologies have been developed, including
thermal, steam, chemical, microwave-assisted, electrochemical, and biological regeneration
methods. It was shown that thermally regenerated MWCNT (incubated at 300 ◦C for 2 h)
maintained its adsorption efficiency for cyclophosphamide, ifosfamide, and 5-fluorouracil
in water. These results indicate that, when regenerating an adsorbent, a suitable regener-
ation technique should be selected according to the chemical and physical properties of
the adsorbent itself [123]. The adsorption rates of neutral and Pb2+ by the MnFe2O4/GO
nanocomposite were 94% and 98.8%, respectively, and these magnetic nanomaterials could
be recycled five times with good stability [124].

Generally, the adsorption efficiency of a recycled carbon nanoadsorbent will decrease
as the number of use-cycles increases. Carbon-based nanocomposites have a better regener-
ation ability. In studies on the adsorption removal of rhodamine B dye using GO-based
nano-nickel composite materials, the adsorption efficiency decreased from 90% to 85% after
the first recovery and decreased to 60% after the fifth recovery [125].

5.2. Carbon Nanoadsorbent Patents

Patented carbon nanocomposites were reflected upon to understand the development
and applicability of carbon nanoadsorbents in wastewater treatment. Dai et al. prepared
a novel GO/chitosan composite adsorbent (Dai et al., patent CN113318710A. 31 August
2021). The adsorption capacity of the GO/chitosan composite adsorbent for Cr6+ was signif-
icantly enhanced. Guo et al. reported a novel method to synthesize a polyamidine/carbon
nanomaterial that could be used to remove some anionic dyes in wastewater (Guo et al.,
patent CN109174035B. 15 June 2021). A novel modified carbon nanotube was prepared by
Huang et al. for the adsorption of Pb2+. The sulfhydryl functional groups on the surface of
carbon nanotubes could strongly chelate with Pb2+. The adsorption rate of Pb2+ can reach
92.89% (Huang et al., patent CN110449132B. 25 March 2022). Carbon sponge blending by
nanocellulose, polyvinyl alcohol, and polyvinylpyrrolidone could efficiently remove Cr6+

(9.3948 mg/g) and organic dyes from water (Ma et al., patent CN105597681B. 14 Novem-
ber 2017). The adsorbing capacity of a nitrogen-doped graphene quantum dot hybrid
membrane for Pb2+ removal is 9 mg/g (Liu et al., patent CN112723346B. 24 June 2022).

5.3. Comparison with Other Adsorbents

In Table 4, the EDC adsorbent efficacy among carbon nanocomposites and other
materials based on previous studies was compared. Carbon nanocomposites show great
promise owing to their many advantages: First, compared with other adsorbents, carbon
nanocomposites have a larger surface area and better adsorption capacity [126]. For
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example, the adsorption capacity of most activated carbons for methyl blue is 100–500 mg/g,
while the nanoadsorbent capacity for MB is often higher than 500 mg/g [127]. ACF derived
from japonica seed hair fibers has an adsorption capacity for MB of 943.372 mg/g [128].
Second, the application of nanocomposites can greatly reduce the cost of water treatment.
Beck et al. [103] reported that the use of carbon nanofiber membranes can reduce energy
consumption by 87% during wastewater treatment processes. Third, some biodegradable
polymer/multiwalled carbon nanotubes can effectively reduce environmental pollution
and have good adsorption properties for EDCs [129]. These carbon nanomaterials can be
biodegraded after adsorption and the nanomaterials can be recycled.

Table 4. Comparison with other materials of EDC adsorbents.

Adsorbents Advantages Disadvantages Refs

Carbon nanomaterials

Large specific surface, surface
multi-functionality,
regenerative capabilities,
eco–friendly, high adsorption capacity,
biodegradability

High cost to realize large-scale
production and application [130–132]

Biomass
Abundant in nature,
available in large quantities, inexpensive,
have potential as complexing materials

At the laboratory stage [133,134]

Natural zeolites Easily available and relatively cheap Low permeability, continuous need for
amendments (pH adjustment) [135,136]

Conventional ion
exchange resins

Effectiveness,
ease of operation,
large available exchange capacities,
small footprint, regenerative capabilities

Mostly operated only in low pH ranges [137,138]

Biodegradable polymers

Biodegradability,
high local availability,
low cost, high surface area,
high chemical stability,
remarkable flexibility

Risk of contamination, possible release
of methane, costly regeneration [129,139]

6. Factors Affecting the Adsorption of Pollutants on Carbon Nanocomposites
6.1. Effects of Solution pH

The solution pH value is an important factor affecting carbon nanocomposite adsorp-
tion capacity. The relationships among solution pH, nanocomposite pHpzc, and EDC
pollutant pKa should be comprehensively analyzed to determine the effects on adsorption
efficiency [97]. When the pH of the solution is less than the pHpzc of the nanocomposite,
the surface of the adsorbent is positively charged due to the protonation of the surface
functional groups. Conversely, when the surface of the adsorbent is negatively charged, the
electrostatic interactions between the adsorbent and the EDC pollutants are altered, which
then affects the adsorption capacity of the nanoadsorbent on the EDCs [140]. For example,
the removal efficiencies for MB by functionalized MWCNTs at a pH of 2, 4, and 6 were 65%,
85%, and 95%, respectively [141]. Kumar et al. [142] showed that phenolic compounds
usually exist in a neutral form when the solution pH is less than the pKa of phenolic
EDCs; however, the functional groups of the phenolic compounds dissociate and generate
phenoxide groups when the solution pH is greater than the pKa of the EDC pollutant;
thus, the phenolic EDCs are repelled by each other and the negatively charged adsorbent,
reducing the removal efficiency of the adsorbent. These results show that the removal
efficiency of the carbon nanoadsorbent for phenolic EDCs is maximized in solutions with a
pH less than the pKa (~6).
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6.2. Effects of Adsorbent Dosage and the Initial Concentration of EDC Pollutants

Adsorbent dosage and initial EDC concentration are usually considered the most
important factors influencing liquid-phase adsorption. Adsorbent dosage is correlated
with the adsorption site and capacity. Baharum et al. [143] investigated the effects of
adsorbent dosage on the removal of polycyclic aromatic hydrocarbons and found that the
adsorption capacity of diazinon decreased with increasing adsorbent dosage. This may
have resulted from the aggregation of the active site due to the violent collisions among the
excess bioadsorbent particles.

The initial EDC concentration strongly influences the adsorption capacity of the
nanocomposite. At low EDC concentrations, the number of EDC molecules initially avail-
able to the adsorption sites is low. At high EDC concentrations, the ratio is again low
due to the lack of available sites. Thus, the removal rate is affected by the initial EDC
concentration. Hameed et al. [144] reported that, within a certain range, increases in the
initial pesticide concentration increased the adsorption rate of activated carbon.

6.3. Effects of Adsorption Equilibrium Duration

The duration of the adsorption equilibrium between the nanoadsorbent and the EDC
adsorbate is a vital parameter for evaluating the adsorption efficiency and time cost. In
the initial state, the removal efficiency of the adsorbent usually increases with contact
time until the adsorption process reaches equilibrium. The length of the period before the
adsorption equilibrium is reached varies by nanocomposite, which greatly impacts the cost
of sewage treatment. For example, the equilibrium time for Pb2+ removal by porous carbon
nanofibers is 60 min, and the removal rate is up to 80% [145]. The equilibrium time for the
removal of tetracycline by a copper alginate-carbon nanotube membrane is 2000 min, and
the equilibrium adsorption capacity is 120 mg/g [146].

6.4. Effects of Temperature

Temperature is an important factor affecting the performance of the nanoadsorbent.
In general, when the adsorption process is endothermic, the adsorption capacity increases
with temperature; when the process is exothermic, the adsorption capacity decreases as
the temperature increases [144]. For example, Yadav et al. [147] adsorbed CAC-500 onto
phenol EDCs and found that the adsorption capacity of phenol decreased from 1.65 mg/g
to 1.54 mg/g as the temperature increased from 25 ◦C to 55 ◦C. Because this adsorption
process is exothermic, increasing the temperature reduced the adsorption capacity of
the adsorbent.

7. Conclusions and Perspectives

EDCs are increasingly threatening human and aquatic life; therefore, treatment of
these pollutants is of utmost importance. Adsorption has a wide applicability for the
removal of EDC pollutants from wastewater. Carbon-based nanomaterials have been
extensively explored for EDC adsorption applications because they are eco-friendly, their
good chemical stability, structural diversity, low density, and suitability for large-scale
production. This review is a timely summary of recent advances in the treatment of various
types of EDC-polluted wastewater via carbon nanocomposite adsorption. This review
details the synthesis methods, characterization, and explores the latest developments in
carbon nanocomposites as adsorbents for EDC wastewater treatment. The comparisons of
maximum adsorption capacities and costs of carbon nanocomposites are reviewed in this
work with various adsorbents previously studied. While considering the aforementioned
requirements and constraints, the present review critically affirms the capabilities of carbon
nanomaterials in adsorbing EDC contaminants from wastewater.

Outlooks and challenges have discussed to inspire more exciting developments in the
application of carbon nanocomposites for the remediation of wastewater. The properties of
carbon nanoadsorbents increase their potential applicability, and carbon nanoadsorbents
may be more useful and beneficial in several fields than other adsorbents. However, it
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should be pointed out that carbon nanomaterials as adsorbents still face some limitations.
The preparation cost of some carbon nanomaterials is relatively high, such as carbon
nanotubes and graphene. On the other hand, there are some technical problems with the
recyclability of some carbon nanomaterials for large-scale wastewater treatment [148,149].
It is still a challenge to develop new, safe, efficient, and lower-cost carbon nanocomposite
adsorbents. Moreover, future studies should further explore novel aspects of carbon
nanomaterials, such as chemical stabilization and surface adaptations, to improve their
applicability to the treatment of water and wastewater. The challenges involved in the
development of these novel nanoadsorbents for the decontamination of wastewaters have
also been examined to help identify future directions for this emerging field to continue
to grow.
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Abstract: This paper presents the influence of Mn2+ substitution by Ni2+ on the structural, morpho-
logical and magnetic properties of Mn1−xNixFe2O4@SiO2 (x = 0, 0.25, 0.50, 0.75, 1.00) nanocomposites
(NCs) obtained by a modified sol-gel method. The Fourier transform infrared spectra confirm the
formation of a SiO2 matrix and ferrite, while the X-ray diffraction patterns show the presence of
poorly crystalline ferrite at low annealing temperatures and highly crystalline mixed cubic spinel
ferrite accompanied by secondary phases at high annealing temperatures. The lattice parameters
gradually decrease, while the crystallite size, volume, and X-ray density of Mn1−xNixFe2O4@SiO2

NCs increase with increasing Ni content and follow Vegard’s law. The saturation magnetization,
remanent magnetization, squareness, magnetic moment per formula unit, and anisotropy constant
increase, while the coercivity decreases with increasing Ni content. These parameters are larger for
the samples with the same chemical formula, annealed at higher temperatures. The NCs with high
Ni content show superparamagnetic-like behavior, while the NCs with high Mn content display
paramagnetic behavior.

Keywords: manganese ferrite; nanocomposites; amorphous silica matrix; annealing temperature;
magnetic properties

1. Introduction

Nanoscale materials have remarkable optical, magnetic, electrical, and catalytic prop-
erties [1–6]. The structure and composition of spinel nano-ferrites control the functional
properties of magnetic nanosized materials [4,5]. Nanocomposites (NCs) are mixtures of dif-
ferent components at the nanometer scale, with properties that depend on the contribution
of each component in the mixture [5].

Magnetic spinel ferrite (MFe2O4, where M = Zn, Co, Mn, Ni, etc.) nanoparticles are
of high interest for materials science and nanotechnology, due to their high reactivity,
chemical stability, and reusability [7–10]. The structure, magnetic, and electrical properties
of nanosized ferrites depend upon the synthesis method, annealing temperature, as well as
on the concentration, nature, and distribution of the cations between the tetrahedral (A)-
and octahedral (B) sites [2]. Thus, by selecting the suitable synthesis parameters it is possible
to design ferrites with the expected properties [7,11]. Particle size, shape, and enhanced
surface-to-volume ratio also influence the magnetic characteristics of the nanomaterials [12].
Accordingly, the magnetization parameters are enhanced by the surface spins and spin
canting [11]. Below the critical single domain, the nanomaterials have a single domain
blocked state and exhibit optimum magnetic properties. In such single-domain systems, the
magnetic anisotropy determines the spin alignment along the easy axis of magnetization,
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while the thermal fluctuations cause these spins to undergo Brownian motion along their
axes [12–14]. As the magnetic field allows the control of the shape-memory effect, new
types of microstructures may be produced by applying an external magnetic field [6].
The coercivity (HC), remanent magnetization (MR), saturation magnetization (MS), and
anisotropy constant (K) are the main magnetic properties that determine the spinel ferrites
applications [14].

The nickel ferrite, NiFe2O4, has remarkable magnetic and electrical characteristics such
as high MS, permeability, resistivity, Curie temperature, and low eddy current loss [1,2,7–9].
NiFe2O4 has an inverse spinel structure with the Fe3+ ions placed equally in tetrahedral
(A) and octahedral (B) sites and the Ni2+ ions placed in octahedral (B) sites [2,8]. Moreover,
due to the magnetic moments of antiparallel spins between Fe3+ ions at the tetrahedral
(A) sites and Ni2+ ions at the octahedral (B) sites of the spinel structure, NiFe2O4 displays
ferromagnetic behavior [8]. The partial substitution of NiFe2O4 with magnetic divalent
transition metal ions (Mn2+, Cu2+, Zn2+, Cd2+, Mn2+, etc.) results in exceptional properties.

The manganese ferrite, MnFe2O4, is a soft ferrite characterized by high magnetic
permeability and low hysteresis losses [2]. MnFe2O4 has a spinel crystal structure with
the Mn2+ ions occupying only the tetrahedral (A) sites, while the Fe3+ ions populate
the octahedral (B) sites. The substitution of Ni2+ ions in MnFe2O4 changes its structure,
magnetic, electrical, and dielectric properties [8]. When the Mn2+ ions are substituted by
Ni2+ ions, Ni2+ ions are expected to occupy the octahedral (B) sites, while Mn2+ ions are
randomly distributed between tetrahedral (A) and octahedral (B) sites [12,14]. Moreover,
when substituting one Mn2+ ion with one Ni2+ ion, the atomic magnetic moment increases
from 2 µB to 5 µB [9]. Mixed Ni-Mn ferrites present attractive magnetic properties with
applications as soft and hard magnets due to their high electrical resistivity, MS and
permeability, and low dielectric losses [1,9,12].

For the development of new applications, it is important to tailor the magneto-optic
properties of spinel ferrites. The main routes that allow the properties tailoring for a
specific application are the optimization of the synthesis parameters and selection of the
optimum spinel ferrite composition [13]. Thus, the development of new ways to control
the properties, especially the particle size and shape of spinel ferrites by the preparation
route become of great interest [13]. The large-scale applications of nanosized spinel ferrites
promoted the development of various chemical preparation methods as alternatives to
solid-state reactions which produce large agglomerated particles with limited homogeneity
and low sinterability [2]. Generally, the chemical methods produce fine-grained particles,
but the poor crystallinity and wide particle size distribution can alter the expected prop-
erties. Moreover, the use of long reaction time and post-synthesis thermal treatment is
needed [7,15–18]. Spinel ferrites are usually prepared by a standard ceramic technique that
uses high temperatures and produces particles with a low specific surface [2]. Therefore,
in order to obtain nanosized ferrites with high specific surface and homogeneity, alter-
native methods such as co-precipitation, polymeric gel, hydrothermal, micro-emulsion,
heterogeneous precipitation, sono-chemistry, combustion, and sol-gel methods are used.
These methods require expensive equipment, energy overriding, and high processing
temperature as well as long reaction time [2,7]. The sol-gel route is the most popular
way to prepare nanosized ferrites due to its simplicity, low cost, and good control over
the structure and properties [10]. The microwave-assisted sol-gel method combines the
advantages of microwave and sol-gel methods, being a faster, energy-saving procedure for
obtaining single-phase nanopowders of high purity with accurate control of stoichiometry
and capability of industrial scale-up [15–20]. The homogenous dispersion of the ferrite par-
ticles into an organic matrix also allows the production of composite materials with highly
dispersed fine magnetic particles [10]. Embedding ferrites into silica (SiO2) matrix allows
the control of the particle growth, minimizes the particle agglomeration, and enhances the
magnetic guidability and biocompatibility [19].

The objective of the study was to investigate the effect of Ni content and annealing
temperature on the structure, morphology, and magnetic behavior of Mn1−xNixFe2O4@SiO2
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(x = 0, 0.25, 0.50, 0.75, 1.00) NCs. The formation of ferrite and SiO2 matrix was investigated
by Fourier transform infrared (FT-IR) spectroscopy, the formation of crystalline phases
was studied by X-ray diffraction (XRD), while the shape, morphology, size, and rugosity
of nanoparticles were investigated by atomic force microscopy (AFM). The variation of
magnetization saturation (MS) vs. the coercive field (HC) of Mn1−xNixFe2O4@SiO2 NCs
was studied by magnetic measurements.

2. Results and Discussion
2.1. X-ray Diffraction

The XRD patterns of MnxNi1−xFe2O4@SiO2 NCs (x = 0, 0.25, 0.50, 0.75, 1.00) annealed
at 400, 800, and 1200 ◦C are presented in Figure 1. At 400 ◦C, the baseline noise and the
amorphous halo between 10 and 30◦ (2θ) indicate the formation of poorly crystalized ferrite,
while at higher annealing temperatures, the formation of highly crystalline mixed spinel
ferrites is confirmed by the sharp diffraction peaks. At higher annealing temperatures,
the presence of other crystalline secondary phases is also remarked. The variation of
the relative intensities and signal-to-noise ratio indicates distinct crystallinity degrees or
different crystallite sizes [7].

In the case of MnxNi1−xFe2O4@SiO2 (x = 0.00), the poorly crystallized MnFe2O4
(JCPDS card no 74-2403 [21]) is accompanied by α-Fe2O3 (JCPDS card no. 87-1164 [21]),
cristobalite (JCPDS card no. 89-3434 [21], quartz (JCPDS card 85-0457 [21]) and Fe2SiO4
(JCPDS card no.87-0315 [21]) at 800 ◦C, and α-Fe2O3, cristobalite and quartz at 1200 ◦C. The
diffraction peaks matching with the MnFe2O4 reflection planes (2 2 0), (3 1 1), (2 2 2), (4 0 0),
(4 2 2), (5 1 1), and (4 4 0) confirm the cubic spinel structure corresponding to the space
group Fd-3m [22]. The formation of α-Fe2O3 might be explained by the partial embedding
of ferrite in the SiO2 matrix and the unsatisfactory annealing temperature or time needed
to produce pure crystalline MnFe2O4 phase [7–9,19]. The formation of Fe2SiO4 could be
a consequence of the reducing conditions produced by the decomposition of carboxylate
precursors in the matrix pores that partially reduce the Fe3+ ions into Fe2+ ions, which react
with SiO2 leading to the formation of Fe2SiO4 [7–10].

In the case of MnxNi1−xFe2O4@SiO2 (x = 1.00), NiFe2O4 (JCPDS card no. 10-0325 [21])
is conveyed by α-Fe2O3, cristobalite, quartz and Fe2SiO4 at 800 ◦C, and cristobalite, quartz,
and Fe2SiO4 at 1200 ◦C. The distinct formation of secondary phases of α-Fe2O3 and SiO2
could be attributed to the instability of Mn2+ ions [23–25]. The SiO2 matrix avoids the
aggregation of nanoparticles through steric repulsion [24,25]. The possible oxidation-
reduction reactions are also determined by the oxygen partial pressure and the presence of
air during the annealing process [23,25].

In the case of MnxNi1−xFe2O4@SiO2 (x = 0.25–0.75), at 800 ◦C, the ferrite is accompa-
nied by cristobalite and quartz (x = 0.25) and cristobalite, quartz, α-Fe2O3, and Fe2SiO4
(x = 0.50 and x = 0.75). At 1200 ◦C, the crystalline phase of mixed Mn-Ni ferrite is accompa-
nied by cristobalite and quartz (x = 0.25 and x = 0.50), and cristobalite, quartz, and Fe2SiO4
(x = 0.75). Some possible explanations for the formation of secondary phases could be
the higher mobility of cations and the strain variation induced by the annealing process
which also causes a small shift in 2θ positions and peak broadening, concomitantly with
the increase of crystallite sizes [3,26].

The XRD parameters are presented in Table 1. The average crystallite size was esti-
mated using the full width at half-maximum (whkl) of the most intense (311) peak via Scher-
rer’s equation [11]. For the cubic structure, the lattice parameter (a) can be calculated from
Miller indices (h, k, l) and inter-planar spacing (d) using the equation a = d(h2 + k2 + l2)1/2

and Bragg’s law [11]. Larger crystallite sizes were obtained at high annealing temperatures
since the small nanoparticles join and form larger nanoparticles during the annealing
process [12].
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Figure 1. X-ray diffraction patterns and FT-IR spectra of Mn1−xNixFe2O4@SiO2 NCs annealed at 400,
800, and 1200 ◦C.
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Table 1. XRD parameters of Mn1−xNixFe2O4@SiO2 annealed at 400, 800, and 1200 ◦C.

NC Temperature,
◦C

Crystallite
Size, nm

Lattice
Parameter, Å Volume, Å3

X-ray
Density,
g·cm−3

Hopping
Length in A,

Å

Hopping
Length in B,

Å

x = 0.00
400 6 8.465 606.6 5.050 3.665 2.993
800 10 8.472 608.1 5.037 3.668 2.995

1200 23 8.485 610.9 5.014 3.674 2.999

x = 0.25
400 8 8.441 601.4 5.114 3.655 2.984
800 13 8.448 602.9 5.101 3.658 2.987

1200 27 8.459 605.3 5.081 3.663 2.991

x = 0.50
400 10 8.432 599.5 5.151 3.651 2.981
800 17 8.437 600.6 5.142 3.653 2.983

1200 30 8.443 601.9 5.131 3.656 2.985

x = 0.75
400 12 8.416 596.1 5.202 3.644 2.976
800 21 8.423 597.6 5.189 3.647 2.978

1200 37 8.427 598.4 5.182 3.649 2.979

x = 1.00
400 14 8.402 593.1 5.249 3.638 2.971
800 26 8.409 594.6 5.236 3.641 2.973

1200 46 8.412 595.2 5.230 3.643 2.974

In NCs with a low Ni content (x = 0.25–0.50), the expansion of crystallite size is delayed,
while at high Ni content (x = 0.75–1.00), the growth of crystallite size at the nucleation
centers is preferred [7]. The metal ions are distributed between the tetrahedral (A) and
octahedral (B) sites with oxygen as the nearest neighbor [12]. The increase of the lattice
parameters at a low Ni content can be ascribed to the replacement of the smaller ionic radii
Ni2+ (tetrahedral: 0.55Å; octahedral 0.69 Å) by the larger ionic radii Mn2+ (tetrahedral:
0.655 Å; octahedral: 0.80 Å). The replacement of Ni2+ ions by Mn2+ ions causes an increase
of the interatomic space and, consequently, the lattice constant increase in accordance with
Vegard’s law [11,22,26]. The variation of the lattice constant generates internal stress and
suppresses additional grain growth during the annealing process. The difference between
the theoretical and experimental values can be accredited to the approximation which
considers the ions as spheres distributed in a rigid manner [1]. The obtained results are in
good agreement with previous studies [8]. The crystallites are more compact in the case
of NC (x = 1.00), as a Ni2+ ion is smaller and dissolves more easily in the spinel lattice.
The decrease of unit cell volume is also observed with the introduction of smaller-sized
Ni2+ ions in the crystal lattice [1]. There is no significant difference between the molecular
weight of the obtained NCs, thus, the decrease of the unit cell volume with the increase of
Ni content leads to the increase of X-ray density [1]. The X-ray density also increases with
the increase of Ni content and annealing temperature. The variation of X-ray density as a
consequence of small fluctuations of the lattice constant is attributed to the variation of the
distribution of cations within tetrahedral (A) and octahedral (B) sites [1]. The substitution
of Mn2+ ion generates an increase in the porosity of grains due to its greater ionic radius,
the grains becoming less compact and causing an increase in particle size [26]. The hopping
length (LA and LB) between the magnetic ions in the tetrahedral (A)- and octahedral
(B)- sites increases with the increase of annealing temperature and decreases with the Ni
content, probably due to the higher ionic radius of Mn2+ in comparison to that of Ni2+ [1].
Furthermore, the Mn2+ and Ni2+ ions have a very low tendency for tetrahedral (A) site
occupancy, while Fe3+ ions are unevenly divided between tetrahedral (A) and octahedral
(B) sites, depending on the Ni content in the sample [1].

2.2. Fourier-Transform Infrared Spectroscopy

At all annealing temperatures, the FT-IR spectra show the characteristic peaks for
ferrite and SiO2 matrix in the range of 1500–400 cm−1, while outside this range only the
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specific bands of adsorbed water are remarked (Figure 1). The specific bands of the SiO2
matrix appear at 1068–1098 cm−1 with a shoulder around 954–960 cm−1 attributed to the
stretching and bending vibration of Si-O-Si chains, 793–807 cm−1 attributed to the sym-
metric and asymmetric vibrations of SiO4 tetrahedron, and 449–469 cm−1 attributed to the
vibration of the Si-O bond that overlaps the vibration band of the Fe-O bond [19,20,27]. The
high intensity of these bands suggests a low polycondensation degree of the SiO2 network.
Additionally, to the specific bands of SiO2, the vibration of tetrahedral Zn-O and Ni-O
bonds (555–590 cm−1) and the octahedral Fe-O bonds (449–469 cm−1) are observed [2,19,27].
These bands confirm the formation of cubic spinel structure and are in good agreement
with XRD analysis [12]. The vibration band at 555–590 cm−1 was not observed at 400 ◦C,
but appears at 800 and 1200 ◦C and increases with the increasing of annealing temperature,
most probably due to the increase of the ferrite crystallization degree [19,27]. The shift
of the vibration bands (555–590 cm−1) towards lower wavenumbers observed in samples
with high Mn content is a consequence of the displacement of Fe, Mn, and Ni ions in
the octahedral (B) and tetrahedral (A) sites that further leads to changes of the Fe3+–O2−

(M3+–O2−) and M2+–O2− distances, respectively. This shift indicates a lower degree of
occupancy of tetrahedral sites with Fe3+ ions [2].

2.3. Atomic Force Microscopy

As the powder samples are slightly agglomerated, the aqueous dispersion facilitates
the release of free nanoparticles that are transferred onto a solid substrate as thin films prior
to AFM scanning [26,28,29]. AFM images of tailored nanostructures obtained via liquid
dispersion of ferrite nanoparticles were previously reported [30–32]. Liquid dispersion
of ferrite nanoparticles allows the production of tailored nanostructures with possible
application in magnetic resonance imaging [33] and 3D inkjet printing to produce ferrite
nanomaterial thin films for magneto-optical devices [34].

AFM images reveal that the annealing process has a high influence on the particle
size, smaller size particles being obtained at 400 ◦C. The particle size increases considerably
with the annealing temperature, as follows: 18 nm at 400 ◦C, 24 nm at 800 ◦C, and 30 nm
at 1200 ◦C. The smallest nanoparticles were obtained at 400 ◦C and the largest at 1200 ◦C.
Mn ferrite nanoparticles are smaller than Ni ferrite nanoparticles, while the particle size
of mixed Ni-Mn composition increases with the increasing of Ni content. The obtained
particle sizes are slightly higher than those reported for Mn ferrite (10 nm) obtained by
thermal decomposition [35] and lower than those reported for Mn ferrite annealed at high
temperatures [34,36].

The obtained NiFe2O4 particle size (Figure 2m–o) of 22 nm at 400 ◦C, 30 nm at
800 ◦C, and 58 nm at 1200 ◦C are in good agreement with the data reported by Tong
et al. [37] and Ashiq et al. [38] for nanoparticles obtained by reverse micelle technique.
The progressive replacement of the Mn2+ ions by Ni2+ ions has direct consequences on the
particle size (Figure 2d–l), which progressively increases with the increase of the Ni content
and the annealing temperature. In this regard, the finest nanoparticles were obtained for
Mn0.75Ni0.25 Fe2O4 annealed at 400 ◦C, while the bigger particles for Mn0.25Ni0.75 Fe2O4
were annealed at 1200 ◦C. The obtained results confirmed that the modified sol-gel method
resulted in very fine, highly dense, homogenous, and single-phase ferrite nanoparticles.

The nanoparticles size is slightly higher than the ferrite crystallite size estimated by
the Scherrer equation, most probably due to the presence of secondary phases at high
annealing temperatures. In all cases, round shape particles with a marked tendency to
be adsorbed in uniform layers onto a solid substrate are remarked (Figure 3). The short
deposition time allows the optimal arrangement of the particles onto the substrate and
prevents their overlapping and agglomeration. Thus, the deposed thin film roughness
(Table 2), depends mainly on the nanoparticle’s size.
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Figure 2. Topographical AFM images of Mn1−xNixFe2O4@SiO2 NCs annealed at 400, 800, and
1200 ◦C (x = 0 (a–c), x = 0.25 (d–f), x = 0.50 (g–i), x = 0.75 (j–l) and x = 1.0 (m–o)).

Table 2. AFM parameters of Mn1−xNixFe2O4@SiO2 NCs.

NC’s Temperature,
◦C

Height,
nm

Rq Roughness,
nm

Average Particle Size,
nm

x = 0.00
400 19 1.15 18
800 16 1.44 24
1200 9 0.87 30

x = 0.25
400 16 1.16 16
800 18 1.19 20
1200 15 1.24 35

x = 0.50
400 14 1.08 18
800 12 0.93 25
1200 39 4.17 40

x = 0.75
400 12 1.05 20
800 12 1.09 30
1200 19 1.97 60

x = 1.00
400 11 1.08 22
800 16 1.07 30
1200 9 0.92 58
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Figure 3. AFM 3D images of Mn1−xNixFe2O4@SiO2 NCs annealed at 400, 800, and 1200 ◦C
(x = 0 (a–c), x = 0.25 (d–f), x = 0.50 (g–i), x = 0.75 (j–l) and x = 1.0 (m–o)).

The smoothest thin film was obtained for the powders annealed at 400 ◦C, while the
rougher films result from the powders annealed at 1200 ◦C. The tridimensional aspect
is almost clogged for the ferrites with high Ni content annealed at 1200 ◦C due to their
relatively higher size and agglomeration tendency.

2.4. Magnetic Properties

Generally, the magnetic properties of the ferrites are affected by the chemical formula,
by the cation distribution between the tetrahedral (A) and octahedral (B) sites of the lattice,
as well as by the particle sizes and their distribution [22]. The main magnetic properties
of Mn1−xNixFe2O4@SiO2 NCs annealed at 800 and 1200 ◦C are displayed in Figure 4. In
all cases, the hysteresis loops have a typical shape for ferrimagnetic materials. The main
magnetic parameters, namely saturation magnetization (MS), remanent magnetization
(MR), squareness (S), coercivity (HC), the magnetic moment per formula unit (nB) expressed
in numbers of Bohr magnetons and anisotropy constant (K) extracted from the hysteresis
loops are presented in Table 3.

The magnetic parameters MS, MR, nB, and K increase, while HC decreases with in-
creasing Ni content. All the magnetic parameters are larger for the NCs with the same Ni
content, annealed at higher temperatures. This behavior is different from that reported
for bulk ferrites with the same chemical formula, for which an increase of the saturation
magnetization was found with increasing Mn content [39]. The difference between the
two systems consists in the presence of SiO2 coating in our samples. The largest Ms value
was recorded for the samples with x = 1.00 (NiFe2O4@SiO2) with the largest particle sizes,
for both annealing temperatures. MS increases almost linearly with increasing Ni content
for both annealing temperatures. The MS is strongly affected by the so-called “surface
spin effect” which is a result of the defects and broken chemical bonds which disrupt the
parallel alignment of the magnetic moments and give rise to spin canting and spin disorder
in the layer from the surface of the particles. The smaller the size of the particle, the larger
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the surface-to-volume ratio. Increasing the fraction of this layer will make dominant the
magnetic behavior of the shell over that from the interior, and the magnetization of the
smaller size particles will be reduced. In addition to this size effects, the XRD analysis
also showed an increase of the hematite (which is known to have low magnetic properties)
and quartz content with increasing Mn content in the samples and this can contribute
additionally to the decrease of the MS value The MS value is also affected by the cation’s
distribution between the tetrahedral (A) and octahedral (B) sites [22].

Table 3. Saturation magnetization (MS), remanent magnetization (MR), coercivity (HC), squareness (S),
magnetic moment per formula unit (nB), and anisotropy constant (K) of Mn1−xNixFe2O4@SiO2 NCs.

NC Temperature, ◦C MS, emu/g MR, emu/g HC, Oe S nB K, erg/dm3

x = 0.00
800 4.7 0.3 200 0.064 0.194 0.590
1200 16.4 4.2 260 0.246 0.677 2.678

x = 0.25
800 6.8 1.1 190 0.162 0.282 0.811
1200 22.4 5.8 250 0.259 0.929 3.517

x = 0.50
800 7.8 1.7 183 0.218 0.325 0.896
1200 29.6 13.5 240 0.456 1.232 4.461

x = 0.75
800 9.1 2.8 175 0.308 0.380 1.000
1200 37.5 14.6 220 0.389 1.567 5.181

x = 1.00
800 10.2 3.4 166 0.333 0.428 1.063
1200 45.7 16.1 185 0.357 1.918 5.310

The increase of the MS with increasing Ni content can also suggest that in the octahe-
dral (B) sites Fe3+ ions (5 µB) were replaced by Ni2+ (2 µB) ions with a smaller magnetic
moment which force the Fe3+ ions to migrate in the tetrahedral (A) sites. This results
in an inverse spinel structure since the Fe3+ ions are rearranged in both tetrahedral (A)
and octahedral (B) sites and the antiferromagnetic interaction becomes weaker, while the
ferromagnetic super-exchange interaction increases. Therefore, the normal spinel Mn ferrite
is converted to a dominant inverse spinel ferrite as a result of the Mn2+ ions substitution by
Ni2+ ions. This may be a consequence of the coating of Mn1−xNixFe2O4 nanoparticles by
the SiO2 matrix. Comparative Ms values were reported by Airimioaei et al. [2] for Ni-Mn
ferrites obtained by combustion reaction, while Jessudoss et al. [22] reported higher MS
and MR values for Ni1−xMnxFe2O4 obtained by a microwave combustion reaction route.
Köseoğlu reported MS between 31 and 56 emu/g at room temperature and 41–70 emu/g at
10 K [8]. Opposite to our results, the higher MS value of undoped MnFe2O4 of 66.93 emu/g
steadily decreased from 64.68 emu/g (x = 0.2) to 35.43 emu/g (x= 1.0) with increasing
Ni content, with NiFe2O4 showing the lower value; the linear decrease of Ms values of
the samples could be mainly due to the difference in the magnetic moments of Mn2+ and
Ni2+ ions [7].

The coercive field (HC) slightly decreases with increasing Ni content for both the
samples annealed at 800 and 1200 ◦C (Table 3). This behavior can be attributed to the
well-known dependence of the HC on the sizes of the nanoparticles in the magnetic mul-
tidomain range. In this region, the size of the nanoparticles causes them to be composed
of many magnetic domains which allow an easy domain wall motion and magnetization
reversal, reducing the value of the coercive field by lowering the value of the domain wall
energy [1,19,28]. The HC is a measure of the magneto-crystalline anisotropy of a sample. By
increasing the Ni content, the nanoparticle and the crystallite sizes also increase, leading
to a decrease of the magnetocrystalline anisotropy. The HC is strongly affected by the
particle’s sizes and their shape as well as by their distribution, crystallinity and magnetic
domain sizes, and micro-strains induced by the SiO2 matrix [1]. Similarly, Airimioaei et al.
reported that the HC slightly increases with increasing the amount of Mn from 37.4 Oe to
53.7 Oe for x = 0–0.5, respectively [2]. In accordance with Mathubala [7], the HC and the
MR values decrease with the increase of the Ni content in MnFe2O4 lattice.

37



Int. J. Mol. Sci. 2022, 23, 3097

Figure 4. Magnetic hysteresis loops and magnetization derivative (in insets) for Mn1−xNixFe2O4@SiO2

NCs heat-treated at 800 and 1200 ◦C.
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The magnetic moment per formula unit increases with the increasing of Ni content for
the same reasons used to explain the behavior of the MS since the ratio of MS/nB is nearly
constant. The increase of remanent magnetization (MR) with the increase of Ni content
also needs to be correlated with the variation of the particle’s size and the related surface
effects as the presence of defects and of secondary phases may act as a pinning center for
the magnetic domain walls.

The anisotropy constant (K) reveals the energy required to rotate the magnetic moment
inside the particle. The K increases with increasing Ni content with a factor of 1.8 for the
NCs annealed at 800 ◦C and with a factor of 1.98 for the samples annealed at 1200 ◦C.
A possible explanation could be the increase of magneto-crystalline anisotropy which
originates in spin-orbital contribution since for MnFe2O3 the orbital quantum number is
L = 0. Another explanation could be the presence of the spin disorder in the surface layer
of the nanoparticles which needs a higher magnetic field for MS, a field that depends on
the size of the particles and their distribution within the samples [8].

The squareness ratio (S = MR/MS) is a measure of how square the hysteresis loop is.
A theoretical value of MR/MS lower than 0.5 indicates the presence of non-interacting
uniaxial single domain particles with the easy axis being randomly oriented [1]. The S
increases from 0.064 to 0.333 for the NCs annealed at 800 ◦C and from 0.246 to 0.357 for the
NCs annealed at 1200 ◦C. Generally, the derivatives of the hysteresis loops exhibited small
and broad single peaks indicating partially crystalline samples with a main magnetic phase
in the presence of crystal defects. The presence of a high magnetic purity phase is indicated
by the sharp peaks. The broad peaks correspond to large particle size distributions and
wide coercive fields distributions. The horizontal shifts of peaks from the origin are rather
small for all the samples, suggesting that the coercivities distributions are not large as a
result of the magnetic interaction between the particles.

2.5. Potential Applications

Magnetic nanoparticles that are small enough to remain in circulation after injection
and are able to pass through the capillary systems of various organs are non-toxic, well
dispersed, and biocompatible and are potential candidates for biomedical applications
such as cancer therapy, drug delivery, magnetic resonance imaging, or magnetic hypother-
mia [19,40]. The magnetic parameters of nanosized Mn1−xNixFe2O4 ferrites are related to
the synthesis route. The synthesized Mn-Ni ferrite nanoparticles are prospective candi-
dates for biomedicine due to their easy synthesis process, controllable structure and size,
stoichiometry control, high magnetization value, and superparamagnetic nature. Moreover,
their embedding into mesoporous SiO2 enhances their biocompatibility and reduces their
agglomeration and degradation. SiO2 matrix is an excellent non-toxic coating material that
can create cross-linking, giving rise to an inert outer shield, avoiding the acute toxicity by
ferrite inoculation [24]. However, their biocompatibility, cytotoxicity, pharmacokinetics,
and other potential side effects are still underexplored. Although there are several in vitro
studies that indicate the cytotoxicity through suppression of proliferation and apoptosis
induction of different nanosized magnetic ferrites against human colon cancer (HT29),
breast cancer (MCF7), and liver cancer (HepG2) cells, data on the Mn-Ni ferrite cytotoxicity
is limited [41]. The dose-dependent cytotoxic effects of Mn1−xNixFe2O4 nanoparticles
against J774 E murine macrophages and U2OS human osteosarcoma was reported [42].
The effective light-to-heat conversion upon exposure of Mn-Ni ferrites to near-infrared
irradiation could also be attractive for different bio-applications [42]. In order to increase
their chemical stability in biological systems and for enhancing their magnetic properties
different doping elements (Ni, Co, Mn, Zn, Mg, etc.) might be added [43]. Intravenous
inoculation of ferrite nanosized particles can be useful as contrast agents for magnetic
resonance imaging (MRI) [44]. Mn ferrite was found as a very effective MRI contrast agent
in comparison with magnetite since it has large MS and high crystalline anisotropy resulting
in a slower magnetic moment of relaxation [45].

39



Int. J. Mol. Sci. 2022, 23, 3097

3. Materials and Methods
3.1. Synthesis of NCs

Ferric nitrate nonahydrate (Fe(NO3)3·9H2O) of 99.6% purity, nickel nitrate hexahydrate
(Ni(NO3)2·6H2O) of 99.8% purity, manganese nitrate trihydrate (Mn(NO3)2·3H2O) of
100.0% purity, 1,4-butanediol (1,4BD) of 99.9% purity, tetraethyl orthosilicate (TEOS) of
100.0% purity, and ethanol of 99.9% purity were purchased from Merck (Germany) and
used for synthesis without additional purifications.

The Mn1−xNixFe2O4@SiO2 NCs (60% wt. ferrite, 40% wt. SiO2) were prepared by
sol-gel route using Mn:Ni:Fe molar ratios of 0:1:2 (x = 0.00), 0.25:0.75:2 (x = 0.25), 0.50:0.50:2
(x = 0.50), 0.75:0.25:2 (x = 0.75) and 1:0:2 (x = 1.00). The sols were obtained by mixing the
nitrate mixture with 1,4BD, TEOS and ethanol. After 4 weeks at room temperature, the
gelation takes place by the formation of an SiO2 matrix that contains the nitrates and 1,4BD.
The gels were annealed at 400, 800, and 1200 ◦C for 4h in air using a LT9 muffle furnace
(Nabertherm, Lilienthal, Germany).

3.2. Characterization of NCs

The crystallinity and structure of the ferrite were investigated by X-ray diffraction
recorded at room temperature, using a D8 Advance (Bruker, Germany) diffractometer,
operating at 40 kV and 40 mA with CuKα radiation (λ = 1.54060 Å).

The formation of ferrite and SiO2 matrix was monitored using a Spectrum BX II (Perkin
Elmer, Waltham, MA, USA) Fourier transform infrared spectrometer on pellets containing
1% sample in KBr.

AFM was performed by a JSPM 4210 (JEOL, Tokio, Japan) scanning probe microscope
using NSC15 cantilevers (diamond-coated silicon nitride tips) with a resonant frequency of
325 kHz and a force constant of 40 N/m in tapping mode. The samples were dispersed into
ultrapure water and transferred on glass slides by vertical adsorption for 30 s, followed
by natural drying. Areas of 2.5 µm × 2.5 µm to 1 µm × 1 µm of dried glass slides were
scanned for three different macroscopic sites.

A cryogen-free VSM magnetometer (Cryogenic Ltd., London, UK) was used for the
magnetic measurements. The MS was measured in a high magnetic field up to 10 T, while
the magnetic hysteresis loops were performed between −2 and 2 T, at 300 K on samples
incorporated in epoxy resin.

4. Conclusions

The microstructure, morphology, particle size, phase composition, and magnetic prop-
erties of Mn1−xNixFe2O4 (x = 0, 0.25, 0.50, 0.75, 1.00) NCs were investigated. The crystallite
size (6–46 nm), X-ray density (5.050–5.249 g/cm3), lattice parameter (8.402–8.485 Å), and
volume (593.1–606.6 Å3) of Mn1−xNixFe2O4 increase with the increase of Ni content. The
XRD patterns showed poor crystalized Mn1−xNixFe2O4 at 400 ◦C and highly crystalline
Mn1−xNixFe2O4, accompanied by secondary phases of Fe2SiO4, α-Fe2O3, cristobalite, and
quartz at 800 and 1200 ◦C. FT-IR spectroscopy confirmed the formation of the oxidic phases
and SiO2 matrix. AFM investigations revealed round-shaped nanoparticles with sizes
depending on the annealing temperature and Ni content. The magnetic properties of the
NCs were strongly dependent on the chemical composition, cation distribution between
tetrahedral (A) and octahedral (B) sites, as well as on the surface effects derived from the
synthesis methods. For the NCs annealed at 1200 ◦C, Ms (16.4–45.7 emu/g), MR, magnetic
moment per formula unit and K (2.678–5.310 erg/dm3) increased, while HC (260–185 Oe)
slightly decreased with the increase of Ni content. The small S values indicated the presence
of non-interacting single domain uniaxial particles. The magnetic parameters displayed
similar behavior for the NCs annealed at 800 ◦C, but their variations are smaller. All the
magnetic parameters increased with the annealing temperature. The obtained magnetic
Mn-Ni ferrite nanoparticles are potential candidates for biomedical applications such are
cancer therapy, drug delivery, magnetic resonance imaging, or magnetic hydrothermia.
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Despite the promising results, further studies of the biocompatibility, differential toxicity,
and pharmacokinetics of nanosized Mn-Ni ferrites are required.
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Abstract: The structural, morphological and magnetic properties of MFe2O4 (M = Co, Ni, Zn, Cu,
Mn) type ferrites produced by thermal decomposition at 700 and 1000 ◦C were studied. The thermal
analysis revealed that the ferrites are formed at up to 350 ◦C. After heat treatment at 1000 ◦C, single-
phase ferrite nanoparticles were attained, while after heat treatment at 700 ◦C, the CoFe2O4 was
accompanied by Co3O4 and the MnFe2O4 by α-Fe2O3. The particle size of the spherical shape
in the nanoscale region was confirmed by transmission electron microscopy. The specific surface
area below 0.5 m2/g suggested a non–porous structure with particle agglomeration that limits
nitrogen absorption. By heat treatment at 1000 ◦C, superparamagnetic CoFe2O4 nanoparticles and
paramagnetic NiFe2O4, MnFe2O4, CuFe2O4 and ZnFe2O4 nanoparticles were obtained.

Keywords: ferrite; thermal decomposition; heating temperature; crystalline phase; specific surface;
magnetic behavior

1. Introduction

Spinel ferrites of MFe2O4 (M = Co, Ni, Zn, Cu, Mn) type have a cubic, closely packed
arrangement of oxygen atoms with M2+ and Fe3+ ions occupying the tetrahedral (A) and
octahedral (B) sites [1]. The spinel structure determines excellent magnetic and electrical
properties, high chemical stability and low production costs [1–10]. These interesting
properties enable the use of nanostructured materials in a wide range of novel applications
in the field of science and technology [9–13].

Cobalt ferrite (CoFe2O4), nickel ferrite (NiFe2O4) and copper ferrite (CuFe2O4) have
inverse spinel structures with M2+ (M2+ = Co2+, Ni2+ or Cu2+) ions occupying the octahedral
(B) sites and Fe3+ ions equally distributed between the tetrahedral (A) and octahedral (B)
sites [5,14]. Zinc ferrite (ZnFe2O4) has a normal spinel ferrite with Zn2+ ions in tetrahedral
(A) and Fe3+ ions in octahedral (B) sites, while manganese ferrite (MnFe2O4) has a partially
inverse spinel structure, in which only 20% of divalent Mn2+ ions are located at octahedral
(B) sites and the remainder of them are positioned at tetrahedral (A) sites [6].

CoFe2O4 is a ferromagnetic material with unique characteristics, such as large coerciv-
ity, magnetocrystalline anisotropy, Curie temperature and electrical resistance, remarkable
thermal stability, moderate saturation magnetization, good chemical and mechanical sta-
bility, low eddy current loss and production cost [2,3,11,15]. These properties make it a
promising candidate for various kind of applications such as drug delivery, magnetic reso-
nance imaging, magnetic storage devices, catalysts and adsorption of toxic metals [15–19].
CoFe2O4 with unique architectures, including nanoparticles, hollow nanospheres, meso-
porous nanospheres, nanorods and three-dimensional ordered macroporous structures,
have been produced in the last years [3].
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NiFe2O4 may display paramagnetic, superparamagnetic or ferrimagnetic behavior de-
pending on the particle size and shape [20]. Due to its high magnetocrystalline anisotropy,
high-saturation magnetization and unique magnetic structure combined with high Curie
temperature, low coercivity, low eddy current loss, low price and high electrochemical
stability [12,20–22] it is one of the most suitable candidates for applications in biosen-
sors, corrosion protection, drug delivery, ceramics, medical diagnostics, microwave ab-
sorbers, transformer cores, magnetic liquids, magnetic refrigeration and high-density
magnetic recording media, water-oxidation processes, dye removal by magnetic separation,
etc. [5,21–23].

CuFe2O4 is a soft material with low coercivity, low-saturation magnetization, high
electrical resistance, low eddy current losses, great resistance to corrosion, thermal stability,
excellent catalytic properties and environmental benignity, and it is not readily demag-
netized [12,14,24,25]. CuFe2O4 shows ferromagnetic behavior with a single-domain state
and is widely used in magnetic storage, catalysis, photocatalysis, pollutant removal from
wastewater, color imaging, magnetic refrigeration, magnetic drug delivery and high-density
information storage [8,12,24–26].

ZnFe2O4 possess exceptional structural, optical, magnetic, electrical and dielectric
properties at nanoscale, besides low toxicity, chemical and thermal stability [5,7,9,11,15].
ZnFe2O4 is antiferromagnetic at temperatures below the Neel temperature, but when the
size of ZnFe2O4 approaches the nanometer range, it transforms into a diamagnetic, super-
paramagnetic or ferromagnetic substance [12,18]. Consequently, it has a wide potential
to be used in microwave absorption, energy storage, drug delivery, magnetic resonance
imaging, gas sensors, absorbent material for hot-gas desulphurization, high-performance
electrode materials, photocatalysts and pigments [5,9,11,12,27]. Additionally, ZnFe2O4
is a promising semiconductor that can sensitize and activate under visible light other
photocatalysts due to its small band gap [28].

MnFe2O4 have controllable grain size, high magnetization value, superparamagnetic
nature, ability to be monitored by an external magnetic field, an easy synthesis process,
surface manipulation ability, greater biocompatibility, thermal stability, non–toxicity, non-
corrosion and environmentally friendly ability. Its properties have attracted potential
consideration in biomedicine, in ceramic and paint industry as black pigment, and in
high-frequency magnetostrictive and electromagnetic applications [6,29,30].

Synthesis methods with low toxicity that are also economical in terms of energy
consumption, allowing for the production of fine, nanosized, highly pure, single-phase
nanocrystalline ferrites have received considerable interest [31]. Spinel ferrites are com-
monly synthesized using the ceramic technique, which infers high temperatures and
produces particles with small specific surface. In order to achieve ferrites with large
specific surface and high degree of homogeneity, different synthesis methods, namely
coprecipitation, polymeric gel, hydrothermal, microemulsion, heterogeneous precipitation,
sonochemistry, combustion, sol–gel methods, etc. were used [31]. Despite the resulting fine-
grained microstructure, the chemical methods have some disadvantages such as necessity
of complex apparatus, long reaction time and post–synthesis thermal treatment to complete
the formation and crystallization of final products, poor crystallinity and broad particle size
distribution, which may negatively influence the related properties (shape, surface area
and porosity) [32]. The sol–gel method has been used to prepare fine, homogenous, highly
dense and single-phase ferrite nanoparticles. Compared to other conventional methods, the
sol–gel method provides a good stoichiometric control and produces ferrites at relatively
low temperatures. Furthermore, it allows for the embedding of ferrites into silica (SiO2)
matrix to prevent particle growth and particle agglomeration and to improve the magnetic
properties [16,33]. However, despite its noticeable advantages, its main disadvantage
consists of limited efficiency and long processing time [34]. The thermal decomposition
method is a very efficient synthesis strategy, based on the heating of metallic precursors at
different temperatures. Additionally, this method is simple and environmentally friendly,
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has a relatively low cost, requires a low reaction temperature and provides small particle
size, narrow size distribution and no toxic by-products [35].

This paper focuses on the structural and morphological characteristics as well as the
magnetic properties of nanosized CoFe2O4, NiFe2O4, ZnFe2O4, CuFe2O4 and MnFe2O4,
obtained by thermal decomposition at 700 and 1000 ◦C. To the best of our knowledge, this
is the first work that investigates the structural, morphological and magnetic properties
of nanoferrites obtained by thermal decomposition of nitrates and compares them with
those of correspondent nanoferrites embedded in SiO2 matrix obtained by sol–gel method.
The reaction progress was monitored by thermal (TG/DTA) analysis, while the nanoferrite
composition was investigated by inductively coupled plasma optical emission spectrometry
(ICP-OES). The crystalline phases and crystallite size were investigated by X-ray diffraction
(XRD), while the particle properties such as shape, size and agglomeration were studied
by transmission electron microscopy (TEM). The influence of crystallite size and divalent
ions on the magnetic properties and the variation of saturation magnetization, remanent
magnetization, coercivity and anisotropy of nanoferrites were also studied.

2. Results

Figure 1 presents the thermal decomposition diagrams (thermogravimetric—TG and
differential thermal—DTA) of MFe2O4 systems. On the DTA diagram, the formation of
CoFe2O4 is indicated by three endothermic effects at 63, 143 and 195 ◦C and two exothermic
effects at 253 and 303 ◦C, respectively. The total mass loss is 65%. NiFe2O4, ZnFe2O4 and
CuFe2O4 show two endothermic effects at 96 and 210 ◦C, 69 and 213 ◦C, 83 and 204 ◦C
and an exothermic effect at 279, 267 and 289 ◦C, respectively. The total mass loss is 63% for
NiFe2O4, 57% for ZnFe2O4 and 62% for CuFe2O4, respectively. The formation of MnFe2O4
is showed by three endothermic effects at 69, 132 and 201 ◦C, and an exothermic effect at
270 ◦C. The total mass loss shown on the TG diagram is 60%.

Figure 1. Thermogravimetric (TG) (a) and differential thermal analysis (DTA) (b) diagrams for
MFe2O4 (M = Co, Ni, Zn, Cu, Mn).

The crystalline phases after heat treatment at 700 and 1000 ◦C are presented in Figure 2.
The XRD pattern of CoFe2O4 exhibits a single-phase cubic spinel CoFe2O4 (JCPDS card
no. 22-1086, [36]), belonging to Fd3m space group at 1000 ◦C, while at 700 ◦C, the presence
of Co3O4 (JCPDS card no. 80-1451 [36]) is also remarked. In case of NiFe2O4, ZnFe2O4
and CuFe2O4 at both temperatures, single phase crystalline NiFe2O4 (JCPDS card no.
89-4927 [36]), ZnFe2O4 (JCPDS card no. 16-6205 [36]) and CuFe2O4 (JCPDS card no. 25-
0283 [36]) are remarked. The presence of ZnO or CuO identified in case of ferrites embedded
in SiO2 matrix was not observed [33]. Single-phase crystalline MnFe2O4 (JCPDS card no.
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74-2403 [36]) is obtained at 1000 ◦C, while at 700 ◦C, the MnFe2O4 is accompanied by
α-Fe2O3 (JCPDS card no. 87-1164 [36]).

Figure 2. X-ray diffraction pattern of MFe2O4 (M = Co, Ni, Zn, Mn, Cu) heat treated at 700 ◦C (a) and
1000 ◦C (b).

The average crystallite size was estimated using the most intense diffraction (311)
peak from the Debye–Scherrer formula [7,23,25] (Table 1). The crystallite size increases
with the heating temperature, with the largest crystallite size being observed for CuFe2O4
at 1000 ◦C (81 nm), while the smallest crystallite size was observed for ZnFe2O4 at 700 ◦C
(13 nm). The lattice parameter (a) also increases with the annealing temperature, with the
highest value being observed for NiFe2O4 at 1000 ◦C (8.365 Å), while the lowest value
observed was for CuFe2O4 at 700 ◦C (8.207 Å). The M/Fe molar ratio calculated based
on Co, Mn, Zn, Ni and Fe concentrations measured by ICP-OES confirms the theoretical
elemental composition of the obtained nanoferrites (Table 1). In all cases, the best fit of
experimental and theoretical data is remarked for samples annealed at 1000 ◦C. In case of
CoFe2O4 and MnFe2O4 annealed at 700 ◦C, the M/Fe molar ratio could not be calculated
due to the presence of Co3O4 and α-Fe2O3 as secondary phases.

Table 1. Average particle size (DPS), average crystallite size (DCS), lattice parameter (a) and M/Fe
molar ratio for MFe2O4 (M = Co, Ni, Zn, Mn, Cu) heat treated at 700 and 1000 ◦C.

Temperature
(◦C) CoFe2O4 NiFe2O4 ZnFe2O4 MnFe2O4 CuFe2O4

DPS (nm) 1000 78 52 68 32 85

DCS (nm) 700
1000

23
69

18
49

13
57

14
29

27
81

a (Å)
700

1000
8.275
8.334

8.258
8.365

8.278
8.342

8.269
8.318

8.207
8.302

M/Fe
molar ratio

700
1000

-
0.99/2.00

0.98/2.04
0.99/2.01

0.97/2.01
0.99/2.00

-
0.98/1.99

0.98/2.03
1.00/2.01

Due to the low amount of adsorbed/desorbed nitrogen, the determination of porosity
and specific surface area (SSA) for samples heat treated at 700 and 1000 ◦C was not possible.
The SSA below the method detection limit (0.5 m2/g), suggests that all ferrites have a
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non–porous structure, probably as a consequence of particle agglomeration that limits the
absorption of nitrogen.

According to TEM images, the nanoparticles have spherical shape. The particle sizes
estimated by XRD and TEM are comparable, the low differences appearing probably due
to some large-size nanoparticles. CuFe2O4 displays the largest particle size (85 nm), while
MnFe2O4 has the smallest particle size (32 nm) (Table 1 and Figure 3).

Figure 3. TEM images for MFe2O4 (M = Co, Zn, Ni, Cu, Mn) heat treated at 1000 ◦C.

The hysteresis loops (Figure 4) have an S-shape at low magnetic fields and are linear at
higher fields, indicating the presence of small-sized magnetic particles with superparamag-
netic behavior [37]. The spin rotation energy for particles smaller than the critical diameter
is lower than the thermal energy. Thus, in the absence of an applied magnetic field, the
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random orientation of the magnetic moments results in zero average global magnetic
moment [36].

Figure 4. Magnetic hysteresis loops of MFe2O4 (M = Co, Zn, Ni, Cu, Mn) heat treated at 700 ◦C (a)
and 1000 ◦C (b).

The saturation magnetization (MS) and remanent magnetization (MR) increase with
the increase of heating temperature, with the highest values being measured for CoFe2O4
(29.7 emu/g) and the lowest for ZnFe2O4 (2.45 emu/g), as shown in Table 2. The coercivity
(HC) increases (from 49.5 Oe to 131 Oe in case of CoFe2O4) with the increase of heating
temperature, indicating that the magnetic moment arrangement is highly disordered at
high heating temperatures [27].

Table 2. Saturation magnetization (MS), remanent magnetization (MR), coercivity (HC), squareness
(S) and magnetic anisotropy constant (K) of MFe2O4 (M = Co, Zn, Ni, Cu, Mn) heat treated at 700 and
1000 ◦C.

Temperature
(◦C) CoFe2O4 NiFe2O4 ZnFe2O4 CuFe2O4 MnFe2O4

MS (emu/g) 700
1000

9.20
29.7

8.08
11.2

1.89
2.45

7.91
14.2

6.08
19.1

MR (emu/g) 700
1000

3.98
14.1

1.55
8.14

0.142
0.695

1.11
9.82

0.98
1.55

HC (Oe) 700
1000

49.5
131

4.62
12.8

1.81
10.1

10.4
14.7

20.8
51.6

S 700
1000

0.437
0.475

0.192
0.727

0.075
0.284

0.143
0.692

0.161
0.081

K × 103 (erg/cm3)
700

1000
0.286
2.44

0.023
0.090

0.002
0.015

0.052
0.131

0.079
0.619

In all cases, the squareness ratio (S, 0.075 for ZnFe2O4 at 700 ◦C—0.727 for NiFe2O4 at
1000 ◦C), the anisotropy constant (K, 0.002 × 103 erg/cm3 for ZnFe2O4 at 700 ◦C—2.44 × 103

erg/cm3 for CoFe2O4 at 1000 ◦C) also increase with the increase of heating temperature.
Compared to the same ferrites embedded in SiO2 matrix, the K value is much lower [33].
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3. Discussion

The thermal behavior of FeIII(NO3)3–MII(NO3)2–1,3-propanediol solutions was stud-
ied by DTA. The endothermic effect at 70–100 ◦C is attributed to the loss of moisture and
of crystallization water from the metallic nitrates used in the synthesis. The endothermic
effect at 132–213 ◦C on the DTA diagram is attributed to formation of metal-malonate
precursor. The formation of metal-malonate precursor for CoFe2O4 and ZnFe2O4 takes
place in two stages as indicated by the two endothermic effects. The first endothermic
effect was assigned to the divalent metal-malonate formation (143 ◦C for Co-malonate
and 132 ◦C for Mn-malonate), while the second endothermic effect (around 201 ◦C) was
assigned to the formation of Fe-malonate. In case of the other synthesis, the divalent metal
(Ni, Zn, Cu) malonates and the trivalent Fe-malonate formation takes place in a single
stage (204–213 ◦C). The formation of ferrites by decomposition of malonate precursors
is indicated on the DTA diagram by a single exothermic effect at 250–350 ◦C, except for
CoFe2O4, where two exothermic effects appear at 253 and 303 ◦C. The two-stage forma-
tion of CoFe2O4 in the metal nitrates–diol mixture could be explained by the fact that the
aqua cation [Fe(H2O)6]3+ is a stronger acid than the aqua cation [Co(H2O)6]2+ [17,36]. The
highest mass loss shown on the TG diagram is attributed to CoFe2O4 (65%), while the
lowest mass loss is attributed to ZnFe2O4 (57%), probably due to the fact that ZnFe2O4 is
quantitatively obtained at lower temperatures compared to other ferrites accompanied by
other crystalline or amorphous secondary phases.

The increase of heating temperature from 700 to 1000 ◦C did not affect the crystal
structure of the studied ferrites but improved the phase purity [10]. Moreover, by increasing
the heating temperature, the diffraction peaks become sharper and narrower, indicating the
formation of larger particles due to grain growth [25,38]. After heat treatment at 1000 ◦C, an
important agglomeration of the particles takes place without consequent recrystallization,
supporting the formation of single crystals rather than polycrystals [1,2,6]. Oppositely, at
700 ◦C, the surface dipole–dipole interactions, high surface energy and tension, as well
as the change of cation distribution within the nanocrystallite, induces lattice shrinking,
which further inhibits grain growth [1–6]. Generally, the size of the crystallite is higher
than the size of the corresponding ferrites embedded in SiO2 matrix, produced by sol–gel
method [15–19]. These findings indicate that the heating temperature and the synthesis
route plays a key role in determining the crystallite size [8]. Crystallite size has a significant
effect on the magnetic and optical properties of the material, especially when the grain size
is approaching the crystallite size [4–6,38].

The different particle size of the produced ferrites may be attributed to different ki-
netics of metal oxides formation, different particle growth rate or presence of structural
disorder and strain in the lattice caused by different ionic radii [39] The different particle
arrangement is attributed to the formation of well-delimited particles that generate solid
boundaries. Moreover, interfacial surface tensions appear most likely due to the agglomer-
ation tendency of small particles, weak surface interaction due to Van der Waals forces and
magnetic interactions [39].

The magnetic properties of nanoferrites are strongly influenced by the cation distri-
bution between the tetrahedral (A) and octahedral (B) sites, as well as by the interactions
between the magnetic ions [37,40]. Different size and morphology of the nanoparticles at
different heating temperatures results in different surface spin disorder, pinned magnetic
moment, different surface spin canting and consequently different cation inversion in the
spinel structure and magnetic features [8]. The lower MS values of ferrites heat treated at
700 ◦C compared to those at 1000 ◦C result from the lower crystallinity at 700 ◦C, presence
of vacancies, interatomic spacing, low coordination number and surface spin disorder [37].

At 1000 ◦C, the CoFe2O4 has superparamagnetic behavior, while the other ferrites
display paramagnetic behavior. The superparamagnetic behavior is attributed to the high
disorder of the magnetic moment orientation with the increase in the surface-area-to-
volume ratio [41]. For MnFe2O4, the sharp increase in MS with the increase of heating
temperature could be explained by the formation of trace paramagnetic α-Fe2O3 [27,30].
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The ZnFe2O4 heat treated at 700 ◦C is paramagnetic, the low MS values being attributed to
the lattice defects, core–shell interactions, spin canting, disordered cation distribution, A–B
super exchange interaction and random spin orientation on the surface of nanoparticles [30].
The MS values reported for ZnFe2O4 differ from study to study, indicating that MS strongly
depends on the synthesis route and heating temperature [27,41]. The changes of CuFe2O4
magnetic properties following the reduction in bulk grain size of CuFe2O4 nanoparticles
by milling was reported by Soufi et al. [12]. The MS value of NiFe2O4 is lower than that of
MnFe2O4 and CoFe2O4, probably due to the increase in surface effects with the decrease
in particle size [20]. The influences of surface effect on the magnetic properties may be
explained by the different exchange interactions and presence of magnetic defects on the
nanoparticles surface [20]. Priyadharsini et al. also reported the MS, MR and HC values
increasing with the heating temperature [25].

Generally, the HC of the spinel ferrite nanoparticles is governed by the magnetocrys-
talline anisotropy, strain, interparticle interaction, grain size and morphology [42]. The
HC also increase with the increase in the surface potential barrier caused by crystalline
lattice defects such as the deviation of atoms from the normal positions in the surface
layers [43]. The influence of the particle sizes, internal strain, magnetic domain structure,
shape and magnetocrystalline anisotropy of the nanoparticles on the HC value is not fully
explained [43]. The low HC of all ferrites for both heating temperatures indicate an en-
hanced coalescence of the crystallites that further results in strong magnetic coupling and
high magnetization [43]. At both temperatures, the HC of CoFe2O4 nanoparticles prepared
by thermal decomposition increases with the particle-size increase, suggesting the presence
of a single magnetic domain [8]. The transition from superparamagnetic to ferromagnetic
behavior of CoFe2O4 was noticed after heat treatment at 1000 ◦C [25]. The different HC of
NiFe2O4 is attributed both to the crystallite size and the presence of shape anisotropy [30].

The increasing squareness ratio (S) at high heating temperatures could be the con-
sequence of the reorientation of grains along the easy axis of magnetization when the
field is switched off [25]. The main factors that influence the magnetic anisotropy are the
crystallographic directions, surface defects and irregularities [44,45]. The high HC and K
of CoFe2O4 are the consequence of Co2+ ions in octahedral (B) sites, which induce frozen
orbital angular momentum and strong spin-orbital coupling [8,46].

4. Materials and Methods

Fe(NO3)3·9H2O, Co(NO3)2·6H2O, Ni(NO3)2·6H2O, Zn(NO3)2·6H2O, Cu(NO3)2·3H2O,
Mn(NO3)2·3H2O and 1,3-propanediol of purity higher than 98% were purchased from
Merck (Darmstadt, Germany) and used as received.

MFe2O4 (M = Co, Zn, Ni, Cu, Mn) were synthesized by mixing the metal nitrates in
1M/2Fe molar ratio with 1,3-propanediol in equimolecular ratio of NO3

−/1,3-propanediol.
The resulted solutions were heat treated at 700, and 1000 ◦C (5 h) in air using a LT9 muffle
furnace (Nabertherm, Lilienthal, Germany).

The ferrite formation was investigated by thermogravimetry (TG) and differential
thermal analysis (DTA) using a Q600 SDT (TA Instruments, New Castle, DE, USA) analyzer,
in air, up to 1000 ◦C, at 10 ◦C·min−1 using alumina standards. The crystalline phases were
investigated by X-ray diffraction using a D8 Advance (Bruker, Karlsruhe, Germany), at
ambient temperature, with CuKα radiation (λ = 1.54060 Å) and LynxEye detector, oper-
ating at 40 kV and 40 mA. The Co/Fe (CoFe2O4), Ni/Fe (NiFe2O4), Zn/Fe (ZnFe2O4),
Cu/Fe (CuFe2O4) and Mn/Fe (MnFe2O4) molar ratios were confirmed using an Optima
5300 DV (Perkin Elmer, Norwalk, CT, USA) inductively coupled plasma optical emis-
sion spectrometer (ICP-OES), spectrometer, after microwave digestion (Xpert microwave
system, Berghof, Eningen, Germany) with aqua regia. Specific surface area (SSA) was
calculated using the BET model from N2 adsorption–desorption isotherms recorded at
196 ◦C on samples degassed for 4 h at 150 ◦C and 2 Pa pressure using a Sorptomatic 1990
(Thermo Fisher Scientific, Waltham, MA, USA) instrument. The shape and clustering of
nanoparticles were studied on samples deposited and dried on carbon-coated copper grids
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using a transmission electron microscope (TEM, HD-2700, Hitachi, Tokyo, Japan). The
magnetic measurements were performed using a 7400 vibrating-sample magnetometer
(VSM, LakeShore Cryotronics, Westerville, OH, USA). The hysteresis loops were recorded
at room temperature in magnetic fields between −2 to 2 Tesla.

5. Conclusions

The structural, morphological and magnetic characteristics of nanosized CoFe2O4,
NiFe2O4, ZnFe2O4, CuFe2O4 and MnFe2O4 obtained by thermal decomposition were
investigated. The formation of ferrites appeared as a single exothermic effect at 250–350 ◦C,
excepting CoFe2O4 with two exothermic effects. The highest mass loss was attributed to
CoFe2O4 (65%), while the lowest mass loss was assigned to ZnFe2O4 (55%). Unlike similar
ferrites embedded in SiO2 matrix, at both temperatures, single crystalline phases were
remarked, excepting the presence of Co3O4 (in case of CoFe2O4) and α-Fe2O3 (in case of
MnFe2O4) at 700 ◦C. The SSA values lower than 0.5 m2/g indicated a non–porous structure
due to the particle agglomeration. CuFe2O4 showed the largest particle size (85 nm), while
MnFe2O4 had the smallest particle size (32 nm). The crystalline CoFe2O4 heat treated
at 1000 ◦C displayed the highest Ms, HC and K values, presenting superparamagnetic
behavior, while the other ferrites exhibited paramagnetic behavior.
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Abstract: The structure, morphology, and sonophotocatalytic activity of Ni-Zn-Co ferrite nanoparti-
cles, embedded in a SiO2 matrix and produced by a modified sol-gel method, followed by thermal
treatment, were investigated. The thermal analysis confirmed the formation of metal succinate
precursors up to 200 ◦C, their decomposition to metal oxides and the formation of Ni-Zn-Co ferrites
up to 500 ◦C. The crystalline phases, crystallite size and lattice parameter were determined based
on X-ray diffraction patterns. Transmission electron microscopy revealed the shape, size, and distri-
bution pattern of the ferrite nanoparticles. The particle sizes ranged between 34 and 40 nm. All the
samples showed optical responses in the visible range. The best sonophotocatalytic activity against
the rhodamine B solution under visible irradiation was obtained for Ni0.3Zn0.3Co0.4Fe2O4@SiO2.

Keywords: nickel-zinc-cobalt ferrite; thermal behavior; crystalline phase; sonophotocatalysis

1. Introduction

Despite the measures taken to reduce pollution, industrial effluents containing dyes
and pigments used in the textile industry often resurface in the surrounding environment.
Dyes are complex organic structures with a high resistance to chemical and biological
degradation, high water solubility, and have a negative impact on the environment, partic-
ularly aquatic ecosystems [1,2]. Therefore, the efficient treatment of industrial effluents and
wastewaters containing dyes is crucial for environmental protection.

The photocatalytic degradation of dyes is a simple, cost-effective, and environmentally
friendly approach for wastewater treatment as it allows the decomposition of complex
organic structures into CO2 and water [3,4]. In the last few years, the use of sonophotocatal-
ysis for the degradation of a wide range of organic pollutants in aqueous systems has been
the topic of several studies [5,6]. Sonophotocatalysis use the synergistic effects of ultrasonic
waves, UV-Vis irradiation and photocatalyst to form highly reactive free radicals in an aque-
ous medium that further react with dyes and lead to their degradation [7]. By providing
additional nuclei, the heterogeneous catalyst enhances the formation of cavitation bubbles,
which in turn increases the formation of reactive radicals through water pyrolysis [5]. The
mechanism of sonophotocatalytic degradation, as well as the main advantages of combined
ultrasound and photocatalytic processes, are presented by Abdurahman et al. [5]. The high
energy consumption of sonophotocatalysis makes its large-scale application difficult, how-
ever, the high costs could be compensated by the low time required for the degradation of
organic compounds [7]. Due to their magnetic properties, their recovery using an external
magnetic field and their reuse is possible [8,9].
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Oxides containing at least two types of metals are potential candidates for photoelec-
trochemistry and photocatalysis due to their band structure and energy position [10]. The
bandgap of several MFe2O4-type ferrites are presented by Dillert et al. [11]. Nanosized spinel-
type ferrites, containing first-row transition metals such are Ni, Co, Zn, Mn are attractive
materials in electronics, magnetic storage, ferrofluid technology, gas sensors, catalysis, photo-
catalysis and biomedicine, including magnet-guided drug carriers, contrast agents and tracers
for positive magnetic resonance imaging [12–17]. They are also promising candidates for
wastewater treatment as they could act both as adsorbents, due to their high specific surface
area, and as photocatalysis, due to their low energy band gap, that allow the conversion of UV
or visible light into chemical energy that favors the degradation of dyes [8,17–21]. The strong
photodegradation capacity of 3d transition metal ferrites such as CoFe2O4, CuFe2O4, NiFe2O4,
and ZnFe2O4, with magnetic properties, was previously demonstrated for different organic
compounds [12,13,21–27]. The surface coating of the ferrite nanoparticles with different ma-
terials, especially semiconductor materials such as TiO2 and SiO2, was proven to enhance
the photocatalytic activity [28]. CoFe2O4 nanoparticles coated with TiO2–SiO2 efficiently
degraded (up to 98%) the methylene blue dye [2], while Rhodamine B (RhB) degradation
by CoFe2O4, was only 80% [29,30]. The enhancement of the photocatalytic performance of
NixCo1-xFe2O4, prepared by the coprecipitation method against methylene blue at a high Ni
content, was reported by Lassoued and Li [31]. A good photodegradation efficiency (about
80%) of methylene blue under visible light irradiation was also delineated for Co-Zn ferrite
with various Co and Zn contents, obtained using the citrate precursor method [32]. The
increase of the rate constant with the increasing Co content was also observed [32]. The pho-
tocatalytic activity of Co0.6Zn0.4NixFe2-xO4 powders, obtained by the sol-gel method under
visible light against methyl orange dye in an aqueous solution, was also reported [33].

The spinel ferrite properties are determined by their composition, structure, particle
size, and morphology [34–37]. These characteristics strongly depend on the synthesis route,
chemical composition, doping cations, and sintering conditions [36,38]. The change in
preparation method and temperature affects the microstructure, cation distribution among
tetrahedral (A) and octahedral (B) sites and magnetic properties. Thus, to produce spinel
ferrite nanoparticles with a desired stoichiometry, high compositional control, excellent
chemical stability, high purity, crystallinity, saturation magnetization, and low coercivity
are of interest and the selection of the synthesis route is critical [15,38].

Soft chemical routes such as sol-gel, solid-phase, hydrothermal, coprecipitation, sono-
chemical, spray pyrolysis, citrate gel, microwave refluxing, flash auto combustion, etc., are
currently preferred for the synthesis of nano ferrites [17,37,39,40]. The solid-state reaction is a
simple and attractive preparation method that allows large productivity and well-controllable
grain sizes [41]. The conventional ceramic method is based on the solid-state reaction of metal
oxides/carbonates at high temperatures (>1000 ◦C) and produces particles in the micrometer
regime; however, agglomeration due to slow reaction kinetics is unavoidable [39]. Hence,
wet chemical methods have been used intensively to avoid the limitations of conventional
ceramic methods and to produce nanoscale materials with improved magnetic properties [35].
Wet chemical routes, such as hydrothermal, sol-gel method, and auto combustion, have been
employed to obtain ferrite nanoparticles at low temperatures [34,39,41]. The main drawback
of the wet methods is the formation of different oxide impurities, particularly Fe2O3 [17].
Highly homogenous Ni-Zn nanoferrite powders can be easily produced by a wet chemical
route, using low-cost raw materials, and in air atmospheres. Its properties can be adjusted to
fit the requirements of different applications by appropriately adjusting the Ni-Zn ratio and
the sintering process [37,42]. The properties of Ni-Zn nanoferrites can be further improved by
adding low amounts of other divalent ions such as Co2+ [37].

This paper investigates the formation, structure, morphology, and sonophotocatalytic
activity of mixed Ni-Zn-Co ferrites embedded in SiO2, obtained by a modified sol-gel
method and followed by thermal treatment. The reaction progress was investigated through
thermal analysis (TG-DTA) and Fourier transform infrared spectroscopy (FT-IR), while the
Ni-Zn-Co ferrites composition was investigated by inductively coupled plasma optical
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emission spectrometry (ICP-OES). The formation of the crystalline phase, crystallite size,
and lattice constant were monitored by X-ray diffraction (XRD). The surface (specific surface
area and porosity) was investigated using the Brunauer-Emmett-Teller (BET) method. The
sonophotocatalytic properties of the samples were evaluated under visible light irradiation,
assisted by sonication against RhB.

2. Results and Discussion
2.1. Thermal Analysis

The TG-DTA curves of all of the samples show three endothermic and two exothermic
processes characterized by very close, overlapping peaks (Figure 1).

The endothermic effect at 61–70 ◦C, accompanied by 3–5% mass loss, is attributed to
the loss of crystallization and constitution water. The endothermic effect at 136–144 ◦C,
accompanied by 17–26% mass loss, is assigned to the formation of divalent metal precursors
(Co, Ni, and Zn succinates), while the endothermic effect at 187–201 ◦C accompanied by
9–14% mass loss, is ascribed to the formation of a trivalent metal precursor (Fe succinate).
The distinct behavior of Fe succinate, compared to the divalent metal (Co, Ni, Zn) succinates,
can be attributed to the redox reaction between Fe(NO3)3 and 1,4BD, as well as to the
stronger acidity of the aqua-cation [Fe(H2O)6]3 [43]. The overlapping exothermic effects,
at 270–292 ◦C and 310–325 ◦C, accompanied by 19–25% mass loss, are attributed to the
decomposition of metal succinates to metal oxides, which leads to the formation of ferrites.

The exothermic peak, characteristic of the decomposition of divalent metal succi-
nates, decreases with the increasing Zn content and shifts toward higher temperatures,
leading to the increase of the exothermic peak, attributed to the decomposition of the Fe
succinates. The SiO2 matrix suffers various transformations during the thermal process,
making the demarcation of the processes attributed to the formation and decomposition
of succinate precursors difficult [44]. The total mass loss increases in the following order:
Ni0.5Zn0.1Co0.4Fe2O4@SiO2 < Zn0.6Co0.4Fe2O4@SiO2 < Ni0.3Zn0.3Co0.4Fe2O4@SiO2 < Ni0.6
Co0.4Fe2O4@SiO2 < Ni0.2Zn0.4Co0.4Fe2O4@SiO2 < Ni0.4Zn0.2Co0.4Fe2O4@SiO2 < Ni0.1Zn0.5
Co0.4Fe2O4@SiO2.

In the case of the samples dried at 40 ◦C, the intense band at 1379–1389 cm−1 is associated
with the N-O bonds stretching vibration in metal nitrates. This band disappears in the case
of samples dried at 200 ◦C, indicating the decomposition of nitrates [44]. The bands at
2958–2963 cm−1 and 2872–2888 cm−1 are specific to the symmetric and asymmetric vibration
of C-H bonds in 1,4-BD or succinate precursors. These bands also disappear in samples heat-
treated at 200 ◦C. The bands at 1578–1605 and 3200–3210 cm−1 are attributed to the stretching
and bending vibrations of O-H in 1,4-BD and adsorbed molecular water [44,45]. In the
samples dried at 200 ◦C, the band at 3200–3210 cm−1 is shifted towards higher wavenumbers
(3421–3437 cm−1), indicating that the metal succinates are hygroscopic [44,45]. The presence of
this absorption band could also be due to the O-H stretching vibration and Si-OH deformation
vibration caused by the hydrolysis of –Si(OC2H5)4 [44,45]. For samples dried at 40 and 200 ◦C,
the bands at 557–568 cm−1 are attributed to Ni-O and Zn-O vibrations, while the band at
433–452 cm−1 is attributed to the Fe-O vibration in the nitrates [44,45]. In samples at 40 ◦C,
the band at 683–393 cm−1 is assigned to the Co-O bond vibration in the cobalt nitrate [44,45].
The formation of the SiO2 matrix in the samples dried at 40 and 200 ◦C is confirmed by
the presence of specific bands of Si-O bond vibration (433–452 cm−1), cyclic Si-O-Si bonds
vibration (557–568 cm−1, more noticeable in samples dried at 40 ◦C), Si-O symmetric stretching
and bending vibration (792–815 cm−1), Si-OH bonds (938–943 cm−1, well delimited only in
case of samples dried at 40 ◦C) vibration and Si-O-Si bonds stretching vibration (1045 cm−1

at 40 ◦C and 1058–1068 cm−1 at 200 ◦C). The band at 938–943 cm−1 is distinguishable for
the samples dried at 40 ◦C, indicating the presence of unreacted TEOS, while the band at
1045 cm−1 suggests the formation of amorphous SiO2 [44,45]. Figure 3a shows the FT-IR
spectra of NCs thermally treated at 1000 ◦C. The band at 618–626 cm−1 is attributed to the
vibration of the M(II)-O (Co-O, Ni-O, Zn-O) bonds, while that at 485–490 cm−1 is attributed to
the Fe-O bond [44–46].
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Figure 1. TG-DTA diagrams of Zn0.6Co0.4Fe2O4@SiO2, Ni0.1Zn0.5Co0.4Fe2O4@SiO2, 

Ni0.2Zn0.4Co0.4Fe2O4@SiO2, Ni0.3Zn0.3Co0.4Fe2O4@SiO2, Ni0.4Zn0.2Co0.4Fe2O4@SiO2, 

Ni0.5Zn0.1Co0.4Fe2O4@SiO2 and Ni0.6Co0.4Fe2O4@SiO2 samples. 

2.2. FT-IR Analysis 

Figure 1. TG-DTA diagrams of Zn0.6Co0.4Fe2O4@SiO2, Ni0.1Zn0.5Co0.4Fe2O4@SiO2, Ni0.2Zn0.4Co0.4

Fe2O4@SiO2, Ni0.3Zn0.3Co0.4Fe2O4@SiO2, Ni0.4Zn0.2Co0.4Fe2O4@SiO2, Ni0.5Zn0.1Co0.4Fe2O4@SiO2

and Ni0.6Co0.4Fe2O4@SiO2 samples.
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2.2. FT-IR Analysis

As vibrational modes in FT-IR spectroscopy are determined by the bond type, the
symmetry of the lattice sites and the elements in the crystal lattice, the monitoring of the
ferrite formation process is possible [44]. The FT-IR spectra of the gels dried at 40 and
200 ◦C are presented in Figure 2.
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Figure 3. FT-IR spectra (a) and XRD patterns (b) of Zn0.6Co0.4Fe2O4@SiO2 (1), Ni0.1Zn0.5Co0.4Fe2O4

@SiO2 (2), Ni0.2Zn0.4Co0.4Fe2O4@SiO2 (3), Ni0.3Zn0.3Co0.4Fe2O4@SiO2 (4), Ni0.4Zn0.2Co0.4Fe2O4@SiO2 (5),
Ni0.5Zn0.1Co0.4Fe2O4@SiO2 (6) and Ni0.6Co0.4Fe2O4@SiO2 (7) samples at 1000 ◦C.

In comparison to the samples dried at 40 ◦C and 200 ◦C, in the samples thermally
treated at 1000 ◦C, the wavenumbers specific to Co-O bond vibration decrease, and the
wavenumbers specific to M(II)-O increase. The Jan-Teller effect, determined by the presence of
Fe2+ ions in the sublattices, can lead to band splitting, small bands and/or shoulders [47]. The
Fe2+ ions may result from the hopping process, namely M2+ + Fe3+↔M3+ + Fe2+ (M = Co,
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Ni, Zn). The Co3+ ion may migrate to tetrahedral (A) sites, while the Fe2+ ions remain in
their sites [31].

The bands at 790–795 cm−1 are characteristic for the vibration of the Si-O bond in SiO2
matrix, while those at 1090–1095 cm−1 and 485–490 cm−1 are characteristic to the stretching
and bending vibration of Si-O-Si chains and show a low degree of polycondensation of the
SiO2 network [44,45]. The difference in band position could be attributed to the difference
in M-O distance in the tetrahedral and octahedral sites [39].

2.3. XRD Analysis

The XRD patterns (Figure 3b) confirm the presence of well-crystallized ferrites in
all of the samples, while the positions and intensities of the diffraction lines support the
spinel structure [47]. The peaks with 2θ values of 30.07, 35.42, 37.07, 43.05, 53.41, 56.94, and
62.52 correspond to the (220), (311), (222), (400), (422), (511), and (440) planes [41,48]. In
all of the samples, the local crystal structure is cubic spinel-type, belonging to the Fd-3m
space group [21,40,41]. Additionally, two crystalline phases of the SiO2 matrix (SiO2-
cristobalite, JCPDS card 39-1425 [48] and SiO2-tridymite, JCPDS card 042-1401 [48]) are
identified. In the case of Zn0.6Co0.4Fe2O4@SiO2, the well-crystallized spinel is composed
by CoFe2O4 (JCPDS card 22-1086 [48]) and ZnFe2O4 (JCPDS card 70-6491 [48]. In the
case of Ni0.6Co0.4Fe2O4@SiO2, the well-crystallized spinel is composed of CoFe2O4 and
NiFe2O4 (JCPDS card 74-2081 [48]), while in the other samples (Ni0.1Zn0.5Co0.4Fe2O4@SiO2,
Ni0.2Zn0.4Co0.4Fe2O4@SiO2, Ni0.3Zn0.3Co0.4Fe2O4@SiO2, Ni0.4Zn0.2Co0.4Fe2O4@SiO2, and
Ni0.5Zn0.1Co0.4Fe2O4@SiO2), the crystalline phase contains NiFe2O4, ZnFe2O4 and CoFe2O4.
In ferrites with a high Zn content, the presence of hematite (Fe2O3, JCPDS card 89-0599 [48])
is also remarked. The presence of Fe2O3 indicates the decomposition of Fe(NO3)3 into
Fe2O3, leading to the formation of spinel ferrite [39]. The excess of metal oxides in insolu-
ble secondary phases (Fe2O3) can contribute to the densification by generating high pore
volumes and demagnetizing fields. During synthesis, the homogeneity of the metal oxide
particles may result in higher defects and pore volumes in the final products [36,42].

The average crystallites size (DXRD) was calculated using the Scherrer equation (Equation (1)).

DXRD =
0.9 ·λ

β ·cos θ
(1)

where λ is the wavelength of the CuKα radiation (1.5406 Å), β is the full width at half-
maximum intensity (FWHM), hkl are the Miller indices and θ is the Bragg angle (◦) [43,44,49,50].

The lattice constant (a), was calculated from Bragg’s law with Nelson-Riley Equat-
ion (2) [44,50].

a =
λ
√

h2 + k2 + l2

2·sin θ
(2)

where λ is the wavelength of CuKα radiation (1.5406 Å), hkl are the Miller indices, θ is the
Bragg angle (◦) [44,50].

The unit cell volume (V) and the hopping length (L) of magnetic ions for tetrahedral
(A) and octahedral (B) sites were calculated using Equations (3)–(5) [44,50].

V = a3 (3)

LA = 0.25·a
√

3 (4)

LB = 0.25·a
√

2 (5)

where a is the lattice constant (Å).
The average crystallite size lies in the nanocrystalline range and increases with the

increasing Ni content, while the lattice parameter (a) decreases with the increasing Ni
content (Table 1).
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Table 1. Parameters obtained from TEM, XRD and ICP-OES analysis for samples thermally treated at
1000 ◦C.

Nanocomposite DTEM
(nm)

DXRD
(nm)

DC
(%)

a
(Å)

V
(Å3)

LA
(Å)

LB
(Å) Quantitative Analysis (%) Ni/Zn/Co

Zn0.6Co0.4Fe2O4@SiO2 34 33.2 89.0 8.456 605 14.6 12.0 12% Zn0.6Co0.4Fe2O4/
4% α-Fe2O3/ 84% SiO2

0/0.60/0.39

Ni0.1Zn0.5Co0.4Fe2O4@SiO2 35 33.6 89.4 8.405 594 14.5 11.9 14% Ni0.1Zn0.5Co0.4Fe2O4/
4% α-Fe2O3/ 82% SiO2

0.08/0.49/0.39

Ni0.2Zn0.4Co0.4Fe2O4@SiO2 36 34.1 89.8 8.375 587 14.5 11.8 15% Ni0.2Zn0.4Co0.4Fe2O4/
4% α-Fe2O3/ 81% SiO2

0.19/0.38/0.41

Ni0.3Zn0.3Co0.4Fe2O4@SiO2 36 34.5 90.1 8.366 586 14.5 11.8 17% Ni0.3Zn0.3Co0.4Fe2O4/
2% α-Fe2O3/ 81% SiO2

0.28/0.27/0.42

Ni0.4Zn0.2Co0.4Fe2O4@SiO2 37 35.0 90.4 8.354 583 14.4 11.8 13% Ni0.4Zn0.2Co0.4Fe2O4/
87% SiO2

0.41/0.08/0.38

Ni0.5Zn0.1Co0.4Fe2O4@SiO2 38 36.6 90.6 8.346 581 14.4 11.8 15% Ni0.5Zn0.1Co0.4Fe2O4/
85% SiO2

0.49/0.08/0.38

Ni0.6Co0.4Fe2O4@SiO2 40 36.9 90.8 8.335 579 14.4 11.7 20% Ni0.6Co0.4Fe2O4/
80% SiO2

0.61/0.39/0

The change in the lattice constant (a) generates internal stress and suppresses addi-
tional grain growth during thermal treatment [44,50,51]. The tetrahedral (A) sites have
smaller radii (0.52 Å) than the octahedral (B) site (0.81 Å) [9]. The ionic radii of Ni2+ (0.69 Å),
Zn2+ (0.74 Å) and Co2+ (0.75 Å) ions are larger than the ionic radius of Fe3+ (0.64 Å) [3,38,52].
The amorphous to crystalline phase transformation and the relative content of crystalline
phases, after thermal treatment at 1000 ◦C, were assessed using the relative degree of
crystallinity (DC), calculated as the ratio between the area of diffraction peaks and the total
area of diffraction peaks and halos. The DC increases with the increase of the crystallite size
and Ni content. The Reference Intensity Ratio (RIR) method was used for the quantitative
phase analysis of NCs thermally treated at 1000 ◦C.

2.4. Elemental Analysis

The Ni/Zn/Co molar ratios, determined by microwave digestion and combined with
inductively coupled plasma optical emission spectrometry, are in good agreement with the
theoretical values (Table 1).

2.5. BET Analysis

Due to the low amount of adsorbed/desorbed nitrogen, the determination of porosity
and specific surface area (SSA) for the samples thermally treated at 1000 ◦C was not possible.
The SSA below the method detection limit (0.5 m2/g) suggests that all ferrites have a non-
porous structure, probably due to particle agglomeration that limits nitrogen absorption.

2.6. TEM Analysis

The TEM images of the mixed Ni-Zn-Co ferrites following thermal treatment at 1000 ◦C
(Figure 4) reveal spherical, small (high Zn content), or large (high Ni content) nanoparticles
that form large spongy aggregates.

The formation of agglomerates with irregular morphology composed of high Zn
content ferrite particles and the homogenous dispersion of high Ni content ferrite particles
is also remarked. The small grains have a high surface area to volume ratio and allow faster
oxygen diffusion than the larger grains, leading to an increase in the stoichiometry of the
sample [35]. Although the small particles are closely arranged together, a clear boundary
between adjacent particles is still observed. The average particle size is 34–36 nm, the
difference being attributed to the grain boundary motion that exerts a dragging force, while
the pores delay the force over the grain [41]. Moreover, the driving force increases the
grain boundaries over the pores, resulting in lower pore volume and higher density [41].
The average crystallite size estimated by XRD is close to the particle size determined by
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TEM, the slight differences being attributed to the amorphous SiO2 matrix and large-size
nanoparticles [43,44,50].
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2.7. UV-VIS Analysis

The optical response of the samples was evaluated by UV-Vis spectroscopy. The UV-
Vis absorption (Figure 5a) shows that all the samples have a broad response in the visible
range. Based on the absorption spectra and using the Tauc’s relation [50], the band gap
energy of the samples was evaluated (Figure 5b).
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Co0.4Fe2O4@SiO2 (5), Ni0.5Zn0.1Co0.4Fe2O4@SiO2 (6) and Ni0.6Co0.4Fe2O4@SiO2 (7) samples at
1000 ◦C.

The band gap energy values are in the range 1.21–1.49 eV, are lower than that of
NiFe2O4 (2.2 eV), ZnFe2O4 (1.91 eV) and CoFe2O4 (2.31 eV), and are comparable to those
reported for CoFe2O4 xerogel calcined at 500 ◦C (1.5 eV) [33,50]. The band gap of our
samples was also lower than those of NixCo1-xFe2O4 (1.37–1.78 eV) obtained by copre-
cipitation [52]. The optical band gap of the samples is due to the d-d transition. The
crystal field splits the d level in the eg and t2g levels and the band gap energy depends
on octahedral (B) and tetrahedral (A) sites. The band gap energy, in the case of the oc-
tahedral site, is higher than that of the tetrahedral (A) site [53]. The variation of the
band gap energy, by replacing Zn2+ ions with Ni2+, can be explained by the redistri-
bution of Ni2+ ions between the octahedral (B) and tetrahedral (A) sites. In the XRD
data, the peaks corresponding to the plane (220) and (422) are sensitive to the tetrahedral
(A) site, whereas the peak corresponding to the (222) plane is sensitive to the octahe-
dral (B) site [54,55]. The values of the I(220)/I(222) ratio, for the samples annealed at
1000 ◦C, are 4.29 for Zn0.6Co0.4Fe2O4@SiO2, 3.79 for Ni0.1Zn0.5Co0.4Fe2O4@SiO2, 4.26 for
Ni0.2Zn0.4Co0.4Fe2O4@SiO2, 4.10 for Ni0.3Zn0.3Co0.4Fe2O4@SiO2, 3.52 for Ni0.4Zn0.2Co0.4
Fe2O4@SiO2, 3.22 for Ni0.5Zn0.1Co0.4Fe2O4@SiO2 and 3.77 for Ni0.6Co0.4Fe2O4@SiO2, which
indicates that the population at the tetrahedral (A) site tends to decrease with the increase
of the Ni2+ ions. These findings are correlated with the optical band gap values, which
increases with the increase of Ni2+ content. The low band gap energy makes our samples
suitable for the absorption of visible light. The activation energy of the Co0.6Zn0.4NixFe2-xO4
ferrite nanoparticles obtained by sol-gel route decreased with the increasing Ni content,
from 2.71 eV (x = 0.2) to 1.46 eV (x = 1) [33].
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2.8. Sonophotocatalytic Activity

The sonophotocatalytic activity of the samples was evaluated using an RhB synthetic
solution under visible irradiation. Before visible irradiation, the samples were kept in
the dark for 1 h to reach the adsorption-desorption equilibrium. The adsorption capacity
of the sample varied between 7–28%. The adsorption properties depend on the surface
sites and specific surface area. In our case, the samples had almost identical particle sizes;
thus, those surface sites were responsible for the adsorption properties. The removal rate
(Figure 6) was evaluated after 7 h of visible irradiation and varied between 16 and 75%.
Similar removal efficiencies (83.9%) for methylene blue were obtained using Ni-Cu-Zn
ferrite@SiO2@TiO2 by Chen et al. [52,55].
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Fe2O4@SiO2 (3), Ni0.3Zn0.3Co0.4Fe2O4@SiO2 (4), Ni0.4Zn0.2Co0.4Fe2O4@SiO2 (5), Ni0.5Zn0.1Co0.4Fe2O4

@SiO2 (6) and Ni0.6Co0.4Fe2O4@SiO2 (7) samples.

The sample with similar Zn2+ and Ni2+ ions content (Ni0.3Zn0.3Co0.4Fe2O4@SiO2)
shows the highest removal capacity, indicating that the equilibrium between Ni-ferrite
and Zn-ferrite assures the best photocatalytic performance. In addition, based on the
quantitative crystalline phase analysis, this sample contains a lower amount of α-Fe2O3
(2%) compared with samples Zn0.6Co0.4Fe2O4@SiO2 (1), Ni0.1Zn0.5Co0.4Fe2O4@SiO2 (2),
Ni0.2Zn0.4Co0.4Fe2O4@SiO2 (3), which means that in the case of this sample, α-Fe2O3 does
not significantly influence photocatalytic activity.

For this sample, the photodegradation kinetic was analyzed with respect to the ab-
sorbance of RhB using the pseudo-first order kinetic model (Equation (6)).

− ln
At

A∗0
= ki·t (6)

where At is the absorbance of RhB at time t, A∗0 is the absorbance of RhB at time t0 and ki
is the apparent kinetic constant (min−1). A linear relationship with the irradiation time
(Figure 7), with a rate constant of 2.79 × 10−3 min was obtained.
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3.1. Synthesis  
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3. Materials and Methods
3.1. Synthesis

The Ni-Zn-Co ferrite embedded in SiO2 matrix (60% wt. ferrite, 40% wt. SiO2) were
synthesized by sol-gel method using Ni(NO3)2·6H2O, Zn(NO3)2·6H2O, Co(NO3)2·6H2O,
Fe(NO3)3·9H2O, 1,4-butanediol (1,4-BD), tetraethyl orthosilicate (TEOS), ethanol and
HNO3 65%, using a Ni:Zn:Co:Fe molar ratio of 0:6:4:20 (Zn0.6Co0.4Fe2O4@SiO2), 1:5:4:20
(Ni0.1Zn0.5Co0.4Fe2O4@SiO2), 1:2:2:10 (Ni0.2Zn0.4Co0.4Fe2O4@SiO2), 3:3:4:20 (Ni0.3Zn0.3Co0.4
Fe2O4@SiO2), 2:1:2:10 (Ni0.4Zn0.2Co0.4Fe2O4@SiO2), 5:1:4:20 (Ni0.5Zn0.1Co0.4Fe2O4@SiO2),
6:0:4:20 (Ni0.6Co0.4Fe2O4@SiO2) and a nitrate:1,4-BD:TEOS molar ratio of 1:1:0.67. All
chemicals were of analytical grade (Merck) and used without further purification. The
resulting sols were kept at room temperature until gelation (5 weeks), ground, dried at
40 ◦C (5 h), and then subjected to thermal treatment 1000 ◦C.

3.2. Characterization

The formation and decomposition of the carboxylate-type precursor were investigated
by thermogravimetry (TG) and differential thermal analysis (DTA) using the SDT Q600 ther-
mogravimeter, in air, up to 1000 ◦C, at 10 ◦C·min−1 heating rate, using alumina standards.
The FT-IR spectra were recorded on KBr pellets containing 1% samples using a Perkin Elmer
Spectrum BX II spectrometer, while the XRD patterns were recorded at room temperature
using a Bruker D8 Advance diffractometer with CuKα1 radiation (λ = 1.54060 Å). The
Ni/Zn/Co molar ratios were confirmed using Perkin Elmer ICP-OES Optima 5300 DV
(Norwalk, CT, USA) after closed-vessel microwave-assisted aqua regia digestion using a
Speedwave Xpert system (Berghof, Germany). The specific surface area (SSA) was obtained
using the BET model from N2 adsorption-desorption isotherms recorded at −196 ◦C by a
Sorptomatic 1990 (Thermo Fisher Scientific) instrument. The UV–VIS absorption spectra
were recorded using a JASCO V570 UV–VIS-NIR spectrophotometer, equipped with a
JASCO ARN-475 absolute reflectivity measurement accessory.
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3.3. Sonophotocatalysis

The sonophotocatalytic activity of the samples was evaluated against RhB solution
under visible light irradiation in a Laboratory-Visible-Reactor system using a 400 W halogen
lamp (Osram) and an ultrasonic bath. The catalyst (10 mg) was suspended in an aqueous
solution of RhB (1.0 × 10−5 mol L−1, 20 mL), and the mixture was stirred in the dark to
achieve the adsorption equilibrium on the catalyst surface. Each degradation experiment
was conducted for 240 min. Samples from a given mixture (3.5 mL) were withdrawn for
analysis every 60 min. After separating the catalyst from the suspensions with a permanent
magnet, the solution was analyzed using a UV–Vis spectrophotometer by recording the
maximum absorbance of RhB at 554 nm. The sonophotocatalytic activity was estimated
based on the calculated degradation rate. Before the sonophotodegradation experiments,
the RhB adsorption on the surface of the nanoparticles was analyzed. The adsorption was
verified in the dark by mixing the photocatalyst into the RhB solution for 60 min until the
adsorption-desorption equilibrium was reached.

4. Conclusions

Ni-Zn-Co ferrites, with different Ni:Zn:Co ratios (Zn0.6Co0.4Fe2O4, Ni0.1Zn0.5Co0.4Fe2O4,
Ni0.2Zn0.4Co0.4Fe2O, Ni0.3Zn0.3Co0.4Fe2O4, Ni0.4Zn0.2Co0.4Fe2O4, Ni0.5Zn0.1Co0.4Fe2O4,
and Zn0.6Co0.4Fe2O4@SiO2), embedded in SiO2 were obtained by sol-gel method, fol-
lowed by thermal treatment at 1000 ◦C. The thermal analysis revealed the formation and
decomposition of metal succinate precursors in two stages, with distinct formation and
decomposition of divalent (Ni2+, Zn2+, Co2+) and trivalent (Fe3+) succinates. The shapes of
the DTA curves are similar, with the exception of the divalent metal’s succinate decomposi-
tion stage, where for samples with high Ni content, the intensity of the exothermic peak
decreases and shifts to higher temperatures. The total mass losses vary between 54.4–58.5%.
The precursor formation and their decomposition into ferrites, as well as the formation of
the silica matrix, are also confirmed by the FT-IR spectra. The XRD revealed the presence
of well-crystallized ferrites along two crystalline phases of the SiO2 matrix (cristobalite
and tridymite). In samples with high Zn content, traces of hematite were also identified.
The agglomeration of particles and the particle size of Ni-Zn-Co ferrites increase with
the increasing Ni content, from 34 nm to 40 nm. All of the samples show a good optical
response in the visible range, the best sonophotocatalytic performance being found for the
Ni0.3Zn0.3Co0.4Fe2O4@SiO2 sample, most likely due to the equilibrium between Ni-ferrite
and Zn-ferrite.
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Abstract: Spent Ni–Cd batteries are now considered an important source for many valuable metals.
The recovery of cadmium, cobalt, and nickel from spent Ni–Cd Batteries has been performed in
this study. The optimum leaching process was achieved using 20% H2SO4, solid/liquid (S/L) 1/5
at 80 ◦C for 6 h. The leaching efficiency of Fe, Cd, and Co was nearly 100%, whereas the leaching
efficiency of Ni was 95%. The recovery of the concerned elements was attained using successive
different separation techniques. Cd(II) ions were extracted by a solvent, namely, Adogen® 464, and
precipitated as CdS with 0.5% Na2S solution at pH of 1.25 and room temperature. The extraction
process corresponded to pseudo-2nd-order. The prepared PTU-MS silica was applied for adsorption
of Co(II) ions from aqueous solution, while the desorption process was performed using 0.3 M H2SO4.
Cobalt was precipitated at pH 9.0 as Co(OH)2 using NH4OH. The kinetic and thermodynamic
parameters were also investigated. Nickel was directly precipitated at pH 8.25 using a 10% NaOH
solution at ambient temperature. FTIR, SEM, and EDX confirm the structure of the products.

Keywords: spent Ni–Cd batteries; separation; cadmium; nickel; cobalt

1. Introduction

Nowadays, cost-effective and low-cost techniques for collecting important metals
from secondary sources have been developed to help meet economic and environmental
constraints. In this regard, cadmium is prominent among non-ferrous metals. The principal
application of cadmium has moved during the past 40 years from coatings to portable
Ni–Cd batteries [1]. Rechargeable batteries (such as Ni–Cd batteries) have the highest
quality, when utilized at low temperatures, which makes them a key user priority [2,3].
Thanks to their multiple attributes, i.e., long life spans, easy-of-rechargeing, no maintenance
requirements, good shelf life, and reliability. The used Ni–Cd batteries wind up in large
amounts in landfill, and cadmium waste pollutes the environment [4]. Spent Ni–Cd
batteries are composed mostly of Ni–Cd electrode components corresponding to around
43–49% of battery weight. The remainder comprises the outer case steel parts/fundamental
plates (40–49%) and feed- and Ni grids (9%), electrolyte, and 2% plastic constituents [5,6].
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The recycling of spent Ni–Cd batteries has been thoroughly established and run
commercially at scale [7–11]. Huge amounts of spent Ni–Cd batteries have been recy-
cled internationally with pyrometallurgical procedures, including destructive cadmium
distillation. The recycling process was established using demounting, crushing, metal-
lurgic vacuum separation, and magnetic separation to produce environmentally friendly
technology [12,13].

Acid leaching is a significant stage in hydrometallurgical improvements of the shred-
ding of separated Ni–Cd battery powder. Cd and Ni efficiently dissolve during processes
based on Ni–Cd wasted battery liquidation with hydrochloric acid [14–16]. The hydrochlo-
ric acid solution actually has a substantially higher leaching capacity than other acids; yet
sulfuric acid has mostly been proposed as the total leaching and regeneration agent [17].

The separation and elimination of Cd from solutions involving various metal ions
could be attained by adsorption, precipitation, ion exchange, electrolysis, solvent extrac-
tion, etc. [18,19]. With almost equivalent valence configurations, metal species allow
co-transportation and selective extraction challenging. Selective extraction of Cd was possi-
ble in the presence of Ni, Mn, Zn, Fe, Mg, and Ca. However, Pb and Cu were co-extracted
with Cd from processes established for HCl liquidation of Ni–Cd spent batteries [20]. Cd in
the same mixture was observed to impair other metals’ physiological balance [21].

Solvent extraction is a very adaptable technique for the sometimes difficult extraction,
purification, recovery, and separation of the aqueous medium incorporating metal ions [22].
It is a quick and straightforward, economical method [23]. Liquid-liquid extraction is
employed for metal separation using immiscible fluids (usually one organic and another,
an aqueous phase containing metal cations) in contact with each other. Most investigations
employed the distribution ratios and metal separation factors with specified extractants for
a particular metal [24,25]. Ionic liquids are task-specific extractants. They have useful and
adaptable physicochemical properties, such as heat stability, high polarity, negligible steam
pressure, inactivity, and a wide range of miscellaneous effects on other organic solvents,
which have been highlighted in various scientific publications [26,27]. Adogen® 464 has
been widely investigated in the extraction of metal chloride complexes. It is suitable for
cadmium separation from cobalt, copper, zinc, and manganese [28,29].

The present work aims to recycle and separate different valuable constituents of spent
Ni–Cd batteries in a pure state using successive different separation techniques (solvent
extraction for cadmium, adsorption for cobalt, and precipitation for nickel). Significant
physical chemistry factors were investigated to develop the solvent extraction and adsorp-
tion approach, solvent, adsorbent concentration, pH, temperature, and extraction time.

2. Results and Discussion
2.1. Precipitation of Iron

The solution was treated with 1:1 of 32% hydrogen peroxide under agitation for 65 min
at 60 ◦C. A green solution was produced at pH 3.0. The solution pH was increased to pH 4.0
using 10 M NaOH, then raised to pH 5.0 using 32% ammonium solution. After warming
for 11 min at 73 ◦C, iron(III) hydroxide was the obtained product and was identified using
EDX analysis [30].

2.2. Factors Controlling Adsorption of Cadmium
2.2.1. Effect of pH

Using 25 mL battery liquor, 0.1 M Na2SO4 was added into deionized water as inert
salt to minimize phase separation problems linked to low ionic strength. The samples
were equalized at different pH values with 25 mL 0.02 M Adogen 464/kerosene while
maintaining the same phase rate because the pH of the solution substantially affects
extraction of the metal ions.

The pH was in the range 2.0–5.5. The pH recorded after extraction is 5.0 which was
greater than the original pH value. Subsequently, it declined with a rise in the original pH
for the ionic fluids. As the pH of the solution increases, Cd2+ extraction increases; however,
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at pH 5, the percentage of cadmium extraction was insufficient, with just 19% extraction
(Figure 1a). Increased pH with higher levels of Adogen 464 resulted in a higher percentage
of cadmium extraction [31]. This may be because acid competes with Cd2+ ions or bisulfate
ions at low pH values, hindering Cd2+ extraction. As the pH increased, extractable Cd2+

complexes were generated, which improved the extraction ratio.

Figure 1. (a) Impacts of pH (0.1 M Na2SO4, 0.02 M Adogen 464, 5 min, O:A 1:1, 25 ◦C); (b) equili-
bration time on Cd2+ extraction (0.1 M Na2SO4, pH 5.0, 0.02 M Adogen 464, O:A 1:1, 25 ◦C); (c) The
pseudo-1st-order; (d) pseudo-2nd-order modeling of Cd2+ extraction by Adogen 464.

2.2.2. Effect of Time

The kinetics of Cd2+ removal was tested with the ionic liquid Adogen 464 in kerosene
and with a 25 mL solution of leaching liquor and 0.1 M Na2SO4 in pH 5.0; the influence
of balanced cadmium (II) removal time was investigated. As demonstrated in Figure 1b,
the extraction efficiency improved gradually with the growth in contacting time until it
reached its maximum efficiency at 10 min of contact time, which is sufficient to achieve
equilibrium, after which the extraction efficiency became constant with any further increase
in the contact time.

The rate of cadmium ion extraction using Adogen 464 is described by its kinetics.
The kinetic parameters assist in assessing sorption rates and offer necessary details for
extraction approach setup and modelling. The Cd2+ extraction process by Adogen 464
and the rate constants were determined using pseudo-1st and 2nd-order modelling. The
following mathematical Equation (1) describes the pseudo-1st-order modelling [32–34]:

log(qe − qt) = log qe −
(

K1t
2.303

)
(1)

The following formula describes the quantity of metal generated per unit weight (qe)
and the quantity extracted per unit time (qt) increase: (t, min−1). As Figure 1c illustrates,
the extraction rate of the 1st order follows a straight line when plotting log (qe − qt) vs.
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t values. To discover the practical data in Table 1, one can apply the pseudo-1st-order
modelling, which matches the results shown in Table 1. A good correlation was established
between the calculated value of qe at a modest extraction rate of (K1 = 0.1029 mg/g), which
is around 18.74 mg/g. This is very different from the practical determining capability of
49.712 mg/g.

Table 1. The parameters of Cd2+ extraction kinetic by Adogen 464.

Pseudo-1st Order Exp. Capacity
qe, mg/g Pseudo-2nd Order

qe K1 R2
49.712

qe K2 R2

18.737 0.1029 0.9599 52.632 0.0153 0.9959

It is now apparent that the 1st-order modelling and the empirical data are not alike,
and therefore the modelling is not suitable for the system under investigation. Conversely,
the pseudo-2nd-order modelling is symbolized by the subsequent Equation (2) [35–38]:

t
qt

=
1

K2q2
e
+

t
qe

(2)

The rate constant is given as K2 (g/mg·min). The slope of the linear plotting is 1/qe,
and the intercept is 1/qe

2. From the model in Figure 1d, and the data in Table 2, it is obvious
that both the theoretical and experimental uptakes are close, and the correlation coefficient
R2 is 0.9959 is higher than the 1st order one. The obtained data establish that the 2nd-order
modelling is adapted to the extraction system.

Table 2. Thermodynamic parameters acquired from Cd2+ extraction temperature investigation.

∆H◦ (kJ·mol−1) ∆S◦ (J·mol−1·K−1) ∆G◦ (kJ·mol−1)

9.981 0.0505
303 K 313 K 323 K 333 K 343 K 353 K
−15.302 −15.808 −16.313 −16.818 −17.323 −17.829

2.2.3. Effect of Adogen 464 Concentration

A total of 25 mL battery leach liquor, and extractant concentrations between 0.001 and
0.1 M, were used in the experiments to examine ionic liquid concentration impact on Cd2+

extraction. The results showed that ionic liquid concentration had no marked effect on
Cd2+ extraction. Figure 2a illustrates that the percent extraction of cadmium rose as the
extractant concentration was increased. 0.2 M Adogen 464 was used to extract 99.9% of the
cadmium ions from the solution. At pH 5.0, and with other parameters constant, contact
time at room temperature was 10 min.

2.2.4. Effect of Sulfate Concentration

To explore the influence of Na2SO4 at concentrations of 0.1–1.0 M upon Cd2+ recovery,
experiments were conducted at room temperature using 0.2 M Adogen 464. The experiment
presented in Figure 2b showed that the percentage of cadmium extraction in the aqueous
feed decreased with an enlargement in the concentration of sulfate ions because of the
salting-out effect for Adogen 464/kerosene.
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Figure 2. (a) Impact of Adogen 464 concentration upon Cd2+ extraction (0.1 M Na2SO4, pH 5.0, O:A
1:1, 25 ◦C, 10 min); (b) Impact of sulfate concentration upon Cd2+ extraction (0.2 M Adogen 464,
pH 5.0, O:A 1:1, 10 min, 25 ◦C); (c) Impact of aqueous to organic ratio upon Cd2+ extraction (0.2 M
Adogen 464, pH 5.0, 0.1 M Na2SO4, 10 min, 25 ◦C); (d) FTIR spectra of 0.2 M Adogen 464/toluene
and cadmium/Adogen 464/toluene); (e) Impact of temp. upon Cd2+ extraction (0.2 M Adogen 464,
pH 5.0, 0.1 M Na2SO4, O:A 1:1, 10 min); (f) Influence of temp. on Cd2+ partition coefficient (0.2 M
Adogen 464, pH 5.0, 0.1 M Na2SO4, O:A 1:1, 10 min).

Nayl (2010) described the relationship between quaternary ammonium extractants,
which were employed to extract metal ions, as only occurring with a solvation reaction
mechanism. The extraction of the Cd2+ mechanism from SO4

2− media by R3R’N.SCN
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obeyed the addition mechanism, and the removed dominant species were (R3R’N.CdSO4.
SCN) [39].

3Cd2+
(aq) + 3SO4

2−
(aq) + 2H+ + 3(R3R’N.SCN)(org) ↔ 3(R3R’N.CdSO4.SCN)(org) + 2H+

where R = C10H21, C9H19, C8H17 and R’ = CH3 groups. The extraction (Kex) constant for
Adogen 464 is gained from Equation (3).

Kex =
[(R3R’N.CdSO4.SCN)]3(org)

[Cd2+]
3
(aq)[SO2−

4 ]
3
(aq)[(R3R’N.SCN)]3(org)

(3)

2.2.5. Effect of Organic to Aqueous Ratio

The ratio between aqueous/organic phases was studied with various ratios or relations
of aqueous leach liquid with the fitting organic solvent, generating the balance curve. The
influence of varying the aqueous to organic phase ratio (A:O) upon Cd2+ extraction was
examined using different aqueous/organic phase ratios from 4:1 to 1:4 at 25 ◦C, 10 min
of shaking time, pH 5.0, and 0.2 M Adogen 464/kerosene. According to Figure 2c, the
A:O ratio slightly influences the extraction efficiency in the case of increasing the organic
volume. In the other case, however, the extraction efficiency decreases gradually with
increasing the aqueous phase. Hence, the O:A ratio of 1:1 was selected as the optimal ratio,
with 96.4% extraction.

Fourier infrared spectroscopy technique (FTIR) has been employed to detect many
characteristic vibrational bands [40]; it can detect the functional groups of Adogen 464
before and after the extraction of cadmium. A study was conducted using Adogen 464,
diluted in kerosene and presented in Figure 2d. The peak at 1030 cm−1 for Adogen 464
was assigned for –C–N stretching vibration that was transformed to 1044 cm−1 for Cd-
Adogen 464 complex, after the bonding among Cd2+ and Adogen 464 happened. The wide
absorption band at 3604 cm−1 for Cd-Adogen 464 was assigned for the stretching vibration
of –OH of soluble moisture [41]. The distinctive peak of quaternary amine at 1464 cm−1

appeared in both spectra and was induced via (CH3)N+. The asymmetric –CH peaks
(2923 cm−1) for a combination of Adogen 464 prior to and after extraction investigations
were equivalent.

2.2.6. Effect of Temperature

The extraction rate may rise or decrease depending on the temperature of the environ-
ment. Temperatures ranging from 30 ◦C to 80 ◦C were used to scrutinize the temperature
influence upon Cd2+ extraction via ionic liquid Adogen 464. The aqueous solution used
in this experiment was the battery leach liquor with 0.1 M Na2SO4, pH 5.0, and 0.2 M
Adogen 464 in kerosene, as shown in Figure 2e. Altogether, the outcomes demonstrated
that temperature had a favourable influence on Cd2+ extraction. The extraction of Cd2+

ions rose as the temperature increased; it reached its maximum E% (99.9%) at 50 ◦C. From
the successive van’t Hoff Equation (4) [42–45].

log Kd =
−∆H

◦

2.303RT
+

∆S
◦

2.303R
(4)

The enthalpy (∆H◦) and entropy (∆S◦) were determined via the plot of log Kd vs. 1/T
(Figure 2f). From the relation of ∆G◦ = ∆H◦ − T∆S◦, the values of ∆G◦ were computed and
are listed in Table 2.

The positive significance value of the ∆H◦ in Table 2 shows that the extraction of
cadmium ions through Adogen 464 is an endothermic mechanism, which is confirmed by
the temperature impact that affects the E% of Cd2+ ions. Negative ∆G◦ values show that
the suggested extraction contrivance is spontaneous and feasible. The Arrhenius relation
is important as the straight-line slope in Figure 2f is applicable for assessing the apparent
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activation energy (Ea) of cadmium ions extraction at different temperatures [46]. Values are
calculated from the following Equation (5) [47].

log Kd =
−2.303Ea

RT
+ log A (5)

The partition coefficient, Kd, and Ea (kJ·mol−1) denote the extraction activation energy,
R (8.314 J·mol−1·K−1 is the molar gas constant), and T is the absolute temperature in Kelvin.
Cadmium ions extraction required 1.882 kJ·mol−1 of activation energy, and the Arrhenius
constant is 436.4. This signifies that Cd2+ ions extraction by Adogen 464 is an endothermic
approach, which means that the reaction requires energy to be completed.

2.3. Cadmium Stripping from Cadmium/Adogen 464 and Preciptation

The removal of Cd2+ ions from the loaded Adogen 464 in toluene was accomplished
using different concentrations of H2SO4 and EDTA. Figure 3a demonstrates that raising
the acid concentration from 0.1–2.0 M causes an increase in Cd2+ stripping from 25% to
83.5%. The use of 2.0 M H2SO4 and/or 0.1 M EDTA in two successive stages at an O:A
ratio of 1:2 resulted in a significant increase in Cd2+ stripping from 23.4% to 69.5% with an
increase in EDTA concentration from 0.01 to 0.1 M, resulting in the complete removal of the
entire cadmium content of the solvent, as shown in Figure 3b. As a result, 2.0 M H2SO4
was selected as the most effective stripping agent for this work.

Figure 3. Influence of (a) H2SO4; (b) EDTA concentration upon Cd2+ stripping from the loaded
Adogen 464.

The sulfate solution containing Cd2+ produced from the stripping process was sub-
jected to precipitation using 0.5% Na2S solution. Adjusting the pH to 1.25 at room temper-
ature, a yellow precipitate of CdS was formed; it was separated via filtration and dried
in the oven at 70 ◦C. The obtained product was about 2.0 g. The product has also been
subjected to SEM-EDX analysis, as shown in Figure 4, which reveals a maximum purity.
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Figure 4. SEM-EDX chart for CdS product.

2.4. Adsorption of Cobalt Using Prepared Silica Adsorbant

The leachate is now free of cadmium and iron and contains nickel and cobalt. The
remaining solution was subjected to the selective separation of Co2+ from Ni2+ utilizing a
new adsorbent, PTU-MSA.

2.4.1. Characterization of PTU-MSA

The morphology of PTU-MS was gained via an electron scanning microscope (SEM-
EDX). The matrix mainly consisted of a hexagonal formation and showed a rather homoge-
neous particle size of about 0.85 mm PTU-MSA adsorbent (mean size) [48]. It was different
from PTU-MS (Figure 5a,b). Moreover, the PTU-MS was analyzed using FTIR. The data
showed major typical peaks in the range of 2900–3000 cm−1 due to aliphatic stretching
of C–H. The feature at 1655 cm−1 is C=O for urea, that at 3410 cm−1 is due to phenolic
–OH, and peaks at 1454 cm−1 and 1568 cm−1 correspond to N–H and N–C, respectively.
Three bands are attributed to silica at 1075, 794, and 456 cm−1 of Si–O–Si. Moreover, a peak
at 949 cm−1 is assigned to Si–OH [49–54].

The spectrum of sulphonic acid-modified PTU-MSA shows new bands at 1151 cm−1

and a specific peak is recorded at around 584 cm−1, resulting from the SO3 group. The
peak at 650 cm−1 is dispersed due to the stretching vibration of the S–N. The S–N band
was predicted to overlap with the Si–O stretching band of the identical area of energy
(Figure 5c). The spectrum of FT-IR confirmed that the surface of prepared PTU-MS and
PTU-MSA material was successfully functionalized and synthesized [55,56].

The nitrogen adsorption/desorption isotherm curves (BET) of the two samples (PTU-MS
and PTU-MSA) were obtained through steep condensing/evaporation capillary stages [57–59].
Recognizable H1 hysteresis loops were shown for the adsorption/desorption of nitrogen
in the two samples (PTU-MS and PTU-MSA), which are typical for mesoporous materials
with cylindrical mesoporous following the IUPAC classification. The PTU-MSA’s specific
surface area is decreased due to the sulphonic acid group’s incorporation into the PTU-MS
framework. The results in Table 3 along with Figure 5d, showed a reduction in the pore
diameter and pore volume indicating successful incorporation of the group.
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Figure 5. (a) SEM photograph after sulfonation of PTU-MS; (b) SEM photograph after sulfonation
of PTU-MSA; (c) FT-IR spectra of PTU-MS and PTU-MSA materials; (d) N2 adsorption-desorption
isotherm curves of PTU-MS and PTU-MSA.

Table 3. Physico-chemical properties of PTU-MS material sorption, for the examination of N2 prior
and after incorporation of a sulphonic group.

Materials Specific Surface Area (m2·g−1) Pore Volume (cm3·g−1) Pore Diameter (Å)

PTU-MS 634 0.71 68
PTU-MSA 357 0.42 55

2.4.2. Factors Controlling the Adsorption Process of Cobalt

The adsorption of cobalt was initially tested using PTU-MSA from a synthetic solution.
It was then applied on the leach liquor free of cadmium and iron, containing only cobalt
and nickel.

1. Impact of pH

The pH has a vital role in reducing or increasing the adsorption selectivity of efficiently
hydrolysable metal ions. As already established, most metal ions are hydrated in water [60].
Figure 6a indicates the pH dependency of Co2+ ions on PTU-MSA. The Co2+ ions form
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insoluble aqueous complexes with increased pH, when Co2+ ions undergo hydrolysis
reactions in water.

Figure 6. (a) impact of pH upon Co2+ adsorption (20 mL of 250 mg/L Co2+, 10 min, 0.1 g of PTU-
MSA, 25 ◦C); (b) Impact of contacting time upon Co2+ adsorption (20 mL of 250 mg/L Co2+, pH 8.0,
0.08 g of PTU-MSA, 25 ◦C); (c) 1st-order kinetic plot; (d) 2nd-order kinetic plot of PTU-MSA’s Co2+

adsorption (20 mL of 250 mg/L Co2+, pH 8.0, 0.08 g of PTU-MSA, 25 ◦C).

The solution pH influences the speed of surface reactions. The adsorption capacity
changes with pH scope mostly due to the impact of pH upon the adsorption aspects of the
PTU-MSA surface. Over the pH range 4.0–10.0, Co2+ adsorption efficiency increased with
higher pH, as demonstrated in Figure 6a. The adsorption conditions were kept constant
at Co2+ concentration of 250 mg/L, 10 min, and 0.1 g of PTU-MSA at room temperature,
while the pH was varied.

The results shown in Figure 6a indicate that the Co2+ adsorption on the surface of
PTU-MSA steadily rose with the solution pH rising to the highest or maximal at pH 8. The
Co2+ species exclusively exist in a divalent ionic state at this pH, enhancing the removal
of the adsorbent from the solution. The pH effect can be explained by the presence in
working solutions with pH values just below 8.0 of various ionic shapes such as Co2+,
Co(OH)+, Co(OH)2, and Co(OH)3

−, which reduce the overall effectiveness of the Co2+

removal [61,62]. PTU-MSA has the maximum adsorption efficiency at pH 8.0. At rising pH
levels (pH > 8.0), the Co2+ was precipitated as cobalt hydroxide. This outcome displays the
pH effect on the adsorbent.
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2. Impact of time and kinetics

The foremost important feature of cobalt adsorption was the adsorption time. Se-
quences of experiments with 0.08 g PTU-MSA adsorbent were examined at differing contact
times (5–70 min) while the rest of the experimental conditions were maintained constant. As
shown in Figure 6b, Co2+ sorption capacity rose by 5 min to 61.69 mg·g−1 upon PTU-MSA.
However, the Co2+ ions uptake was not affected when the contact period extended after
20 min. As a result, the balance was extended to 20 min, and the adsorption conditions of
cobalt were then improved.

The kinetics of the adsorption process of Co2+ regulates the Co2+ uptake rate and, in
turn, the adsorbate residence time was controlled by this rate at the solid-solution inter-
face. Lagergren’s 1st- and 2nd-order kinetic modellings derived PTU-MSA rate constants
were used to quantify Co2+ adsorption [63,64]. The correlation coefficient was utilized to
measure the consistency of the investigational outcomes by the values estimated through
the two models (R2). A higher R2 assessment suggests that Co2+ adsorption kinetics were
accurately characterized by a particular model.

The pseudo-1st- and pseudo-2nd-order kinetics (see Equations (1) and (2)) were shown
in Table 4 and Figure 6c,d. The 2nd-order correlation coefficient is 0.9758 and the theoretical
uptake is 61.69 mg·g−1, which resembles the investigational finding. The result suggests
that Co2+ adsorption upon PTU-MSA hinges on the initial Co2+ concentration. Thus,
pseudo-2nd-order kinetics anticipates the adsorption performance throughout the extent of
the whole concentration examined [61].

Table 4. Kinetic factors of Co2+ adsorption upon PTU-MSA.

Pseudo-1st Order Exp. Capacity qe
(mg·g−1) Pseudo-2nd Order

qe K1 R2
61.69

qe K2 R2

26.922 0.08659 0.8252 63.692 0.00272 0.9758

3. Impact of PTU-MSA dose

The influence of PTU-MSA dosage upon Co2+ adsorption was investigated over the
range 0.02–0.2 g. As demonstrated in Figure 7a, with augmented PTU-MSA dosage from
0.02 to 0.08 g, the Co2+ uptake improved [58,59]. The Co2+ adsorption upon PTU-MSA
does not differ substantially when the PTU-MSA dosage is more than 0.08 g with the same
constant Co2+ concentration in the medium. For the subsequent experiments, 0.08 g of
PTU-MSA was therefore chosen.

4. Impact of initial Co2+ concentration and adsorption isotherms features

For three constant temperatures (298, 323, and 343 K), the effect of the initial Co2+

concentration was explored. The Co2+ adsorption ability improved as the initial Co2+

concentration was increased, according to the results reported in Figure 7b. Increased
Co2+ ion concentrations enhanced the forces in the aqueous and solid phase that suppress
the mass transfer. In addition, a beneficial effect was seen on the uptake of Co2+ ions in
PTU-MSA which shows the process could have an endothermal origin.

Two isothermal models have been utilized to explore the interaction and distribution
mechanism between Co2+ and solid interface, the isotherms of Freundlich and Langmuir.
The Langmuir isothermal pattern implies that monolayers with homogenous binding sites
form on the surface of the PTU-MSA (Figure 7c) [65–67]. The model is usually described by
Equation (6):

Ce

qe
=

1
bqmax

+
Ce

qmax
(6)

where Ce (mg·L−1) is the equilibrium concentration, qe (mg·g−1) is the equilibrating up-
take of adsorbed Co2+, qmax (mg·g−1) is maximal sorption capability, and b (L·mg−1) is
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equilibrating adsorbance constant. Freundlich modeling is presumed such that adsorption
performance is carried out with variable binding energies in scenarios with a heterogeneous
surface (Figure 7d) [68–73]. The Freundlich modeling is expressed as Equation (7):

ln qe = ln k f +
1
n

ln Ce (7)

where kf (mg·g−1) is the uptake of the Freundlich continuum and n is the sorption intensity
parameter. Table 5 shows that the result agrees more with the Langmuir than Freundlich
isothermal for Co2+ adsorption. This may be due to the greater correlation coefficient
(R2 = 0.9992) and the maximal sorption capacity at all three temperatures, which are closer
to the experimental. The outcomes showed that there was sorption upon a homogenous
monolayer surface and that the energy of every metal-binding place is the same [74–76].
In the Freundlich isotherm, the computed value is 1/n higher than 1.0 (Table 5), which
showed normal adsorption. It may be inferred that the higher the kf, the higher is the
adsorption intensity [77,78].

Figure 7. (a) Impact of PTU-MSA dose upon Co2+ adsorption (20 mL of 250 mg/L Co2+, pH 8.0,
20 min, 25 ◦C); (b) Impact of initial Co2+ concentration upon PTU-MSA uptake (20 mL of 250 mg/L
Co2+, pH 8.0, 20 min, 0.08 g PTU-MAS); (c) Langmuir isotherm model; (d) Freundlich isotherm mode
for Co2+ adsorption upon PTU-MSA (20 mL of 250 mg/L Co2+, pH 8.0, 20 min, 0.08 g PTU-MAS).

Table 5. Langmuir and Freundlich data for Co2+ adsorption by PTU-MSA.

Temp ◦C
Langmuir Isotherm

qe (mg·g−1)
Freundlich Isotherm

b qmax R2 kf 1/n R2

25 14.045 88.496 0.9992 87.625 14.716 4.6521 0.886
50 14.288 95.24 0.9994 94.125 15.079 12.848 0.985
70 14.451 106.38 0.9998 103.2 19.724 14.325 0.9573
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When the values of the separation factor constant (RL) are calculated, the degree
of adsorptive capacity of PTU-MSA towards Co2+ can be predicted, and this gives an
indicator of whether the adsorption development can occur. A suitable environment for
Co/PTU-MSA adsorption exists when the RL values fall within the range of 0 to 1.0. It
is found that the relative lightness (RL) ranges between 0.003614 and 0.10626, indicating
that the PTU-MSA is capable of adsorbing Co2+ from the aqueous phase. The following
thermodynamic evaluation factors can prove this Equation (8):

RL =
1

1 + KLCo
(8)

5. Thermodynamic parameters for systems of cobalt adsorption

The intercept and slope of the plot of log Kd vs. 1/T for the cobalt adsorption sys-
tem were used to compute the values of ∆H◦ and ∆S◦, besides the values of ∆G◦ from
Equation (4) [79]. The thermodynamic parameters are shown in Table 6. Both ∆H◦ and ∆S◦

are positive, and T∆S◦ is larger than ∆H◦.

Table 6. Factors controlling the thermodynamics of Co2+ adsorption upon PTU-MSA at different temperatures.

∆H◦ (kJ·mol−1) ∆S◦ (J·mol−1·K−1) ∆G◦ (kJ·mol−1)

15.921 7.018
298 K 323 K 343 K
−2.075 −2.251 −2.391

These findings support the idea that this adsorption mechanism is endothermic.
Positive values of ∆S◦ indicate that there is a strong affinity between PTU-MSA and Co2+

ions. Furthermore, a decline in negative ∆G◦ quantities with increasing temperature
demonstrates that sorption processes are more effective at more elevated temperatures,
most likely because ions are more mobile in the solution [46].

6. Impact of Ni2+ ion concentration on PTU-MSA selectivity for Co2+ adsorption

In this experiment, we use a mixture of Co2+ and Ni2+ in the same solution, while
changing the concentration of Ni2+ to study the influence of Ni2+ on the selectivity of
PTU-MSA for Co2+ adsorption. The data in Figure 8 demonstrate that increasing the
concentration of nickel to more than 15-fold the concentration of Co2+ ions has no influence
on the adsorption of cobalt. There is no affinity of PTU-MSA for adsorption of Ni2+ ions.
This study covered the application of PTU-MSA to leach liquor that contained only nickel
and cobalt ions.

Figure 8. Influence of nickel concentration upon the selectivity of PTU-MSA for Co2+ ions.
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2.5. Desorption and Precipitation of Cobalt

The cobalt was eluted from Co/PTU-MSA to a varied phase ratio in the range of
0.01–0.5 M for a 5 min duration using different concentrations of sulfuric acid and ethylene
diamine tetraacetic acid (EDTA). Metal values were examined in the aqueous phase. The
elution percentage of Co2+ vs. H2SO4 concentration (M) is shown in Figure 9a. The cobalt
desorption grew from 10.8 to 99.9% by enhancing the concentration of H2SO4 from 0.01
to 0.2 M. In case of EDTA, the maximal desorption of Co2+ was realized at 0.5 M; the
highest elution percentage in H2SO4 concentration, 0.3 M H2SO4 was unique as the greatest
eluting agent.

Figure 9. (a) Effect of eluents concentration on elution of cobalt loaded on PTU-MSA; (b) Reusability
of PTU-MSA.

At this juncture, to identify how often the adsorbent can be used for the adsorption
process, and whether its effectiveness changes or not, the regeneration process has been
carried out seven times after every adsorption cycle. Figure 9b shows that the adsorption
capacity was reduced with higher numbers of cycles. In the first 4 cycles, the positive
results were evident. However, the adsorption percentage fell in cycle number 5 compared
to the first cycle from around 99 to 84%. Cycles 6 and 7 were extremely close in their
adsorption percentages. A decrease in adsorption percentage may be due to poisoning of
the active sites or partial leaching.

After desorption of cobalt ions, the precipitation of Co2+ was achieved by increasing
the pH of the solution pH to 9.0 using NH4OH; a pale pink precipitate of Co(OH)2 was
formed. It was filtrated and cleaned with distilled H2O numerous times, after which the
precipitate was dried at 60 ◦C for 2 h. Later, it was calcined at 900 ◦C to obtain a cobalt
(II) oxide (CoO) product. The final product was analyzed by SEM-EDX (Figure 10), which
showed that the product is entirely cobalt.

2.6. Nickel Recovery

The final solution contains only nickel ions after separation of cadmium and cobalt
from the Cd–Ni batteries leach liquor. 200 mL of the sulfate leach liquor contains about
0.823 g of Ni. This has been precipitated at pH 8.25 using 10% NaOH, added to the Ni
solution at room temperature. After filtration, the precipitate Ni(OH)2 was washed several
times with distilled H2O to eliminate any impurities and ignited at 650 ◦C for 1.5 h. The
NiO product was recovered and identified using chemical and SEM-EDX techniques, as
shown in Figure 11. The recovery of Ni was attained 98% with a purity ≥ 97%. In fact, the
interference problem from Co2+ ions has been overcome by the prior removal of Co2+ ions.
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Figure 10. EDX and SEM analysis of CoO.

Figure 11. EDX and SEM analysis of NiO.

3. Materials and Methods
3.1. Chemicals and Instruments

Cadmium sulfate, xylenol orange, Adogen 464, KSCN, and sulfuric acid were supplied
from Riedel-Dehaen AG and Merck, Merck, Darmstadt, Germany. 3-(Triethoxysilyl) propy-
lisocyanate (95%), poly 2,4-diaminophenol (98%), and ethylene glycol were bought from
Sigma-Aldrich chemicals, St. Louis, MO, USA. Tetraethyl orthosilicate, nickel nitrate, block
polypropylene glycol-block polyethylene glycol (P123, EO20PO70EO20, MW = 5800 g/mol),
chromium nitrate, cobalt nitrate anhydrous, chlorosulphonic acid, triethylamine trihy-
drochloride and copper nitrate anhydrous were obtained from Merck, Darmstadt, Germany.
Distilled water was utilized in all processes. The structure and molecular weight of Adogen
464 are shown in Figure 12. A pH meter (systronics µ pH-System 362) was used to monitor
pH for the aqueous phase before and after extraction. An ICP-OES spectrometer (OPTIMA
5300 DV, PerkinElmer, Waltham, MA, USA) was utilized for elemental analysis. A mass
balance provided the metal quantities extracted by the solvent extractor. FTIR Affinity-1S
(Shimadzu, Kyoto, Japan) was applied to detect the FTIR spectra of samples.
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Figure 12. Structure of Adogen® 464.

3.2. Preparation of Cd–Ni Batteries Leachate

The spent batteries were manually broken into various fractions. Plastic and paper
wastes were removed while the electrodes (anode and cathode-active materials) were
separated and mixed, ground then washed with distilled water to remove electrolyte
(KOH). Figure 13 shows the SEM diagram powder of a deconstructed Ni–Cd battery. After
that, the mixture was roasted at 550 ◦C to oxidize metallic cadmium and decompose
cadmium and nickel salts. The net weight of the mixture was about 50 g; the leaching
process occurred using 20% H2SO4, solid/liquid (S/L) of 1/5 at 80 ◦C for 6 h. Before
leaching, a combination of conventional and tooling methods was utilized to scrutinize the
chemical formatting of the examined powder (originated from Ni–Cd battery) [80]. Table 7
shows the concentrations of the components that agree with published data before and
after the leaching procedure [81–83]. Therefore, the solution contained some iron, which
had to be precipitated. The iron-free leaching solution was also employed for selective
extraction of Cd2+ ions using Adogen 464.

Figure 13. SEM image of Ni–Cd battery powder and a digital photograph of a dismantled spent
Ni–Cd battery.

Table 7. Chemical composition of consumed Ni-Cd battery powder.

Elements Chemical Configuration of
Powder Ni–Cd Batteries (g/kg)

Elements Concentration in
Ni–Cd Batteries Leachate (g/L) Leaching Efficiency, %

Ni 21.89 20.80 94.90
Cd 13.31 13.31 99.90
Co 0.85 0.85 99.90
Fe 2.71 2.71 99.90
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3.3. Preparation of Adogen® 464 for Extraction Process

Adogen® 464 (30%) was converted from chloride to thiocyanate form; this was exposed
to 1.5 M KSCN solution, at a 1:1 ratio of water to organic material. It was agitated for 20 min.
After two injections of organic solution with a new SCN− solution, there were still traces
of thiocyanate in the organic solution. After being in contact with the organic solution,
thiocyanate titration was indicated by AgNO3 concentration [29]. An appropriate volume
of Adogen® 464 with commercial-grade kerosene (diluent) was diluted and/or dissolved
to generate organic solutions of varied levels unless otherwise indicated. Concentration
levels of the ionic fluid were determined.

3.4. Extraction Processes and Measurements

A 100 mL separation funnel with the aqueous phase of Cd2+ was balanced with organic
Adogen 464 solvent at room temperature (except for temperature variation). After the
water layer separation, the pH was determined with a pH meter. Each trial was explored
three times, with error bars added on each occasion. Following extraction, the amount
of a metal in water increases when it moves from the aqueous stage to the organic stage,
according to the equation (Equation (8)). [M]o equals the metal amount in the organic layer,
and [M]A equals the metal amount in the aqueous layer following extraction:

D =
[M]o
[M]A

=
[M]i,A − [M]A

[M]A
(9)

D =
[M]i,A − [M]A

[M]A
× VA

Vo
(10)

VA and VO are volumes of aqueous and organic layers. Hence, the extraction efficiency
was applied as observed [84]:

E% =
100D

D +
(

VA
Vo

) (11)

3.5. Preparation of Precursor, 1,1′-(4-hydroxy-1,3-phenylene)bis(3-(3-(triethoxysilyl)propyl)urea (PTU)

A 2,4-Isocyanate of propyl-di-aminophenol (1.2 g) and 3-(triethoxysilly)propyl iso-
cyanate (5.0 g) was liquefied at the concentration of 1:2 in 85 mL dry acetonitrile (Figure 14).
The mix was warmed to 85 ◦C for 24 h via static reflux. Thin-layer chromatography (TLC)
was utilized to assess reaction advancement. The solvent was then evaporated to produce
a white precipitate during over 5 h in dry hexane. The puffed white outcome was purified,
cleaned with hexane, and dried with a vacuum.

Figure 14. Preparation of PTU-MS and PTU-MSA.
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3.6. Synthesis of PTU Bridged Mesoporous Organosilica (PTU-MS)

N1,1′-(4-hydroxy-1,3-phenylene) bis(3-(3-(triethoxysilyl)propyl)urea, a bridging meso-
porous material, was prepared [85]. TEOS as the parent source of silica and the structure-
directing agent, PTU as the organic bridging groups, and pluronic P-123 as a sample were
used and mixed in a flask. The synthesized materials were designated PTU-MS. Solutions
of P123, HCl, and water were mixed with a strong stirring at 35 ◦C in a typical process.
The combination of 2 mixtures was allowed to mix for 24 h at the above temperature until
white precipitation was established, and the heterogeneous blend aged with mixing for a
further 24 h and 80 ◦C. The white precipitate was filtered, cleaned with H2O, and dried in
air for various times.

Before using the produced adsorbent PTU-MS, it was subjected to washing with HCl
(3 mL)–ethanol (150 mL) solution for 12 h at 25 ◦C to get rid of the surfactant template. This
was performed three times until the surfactants had been eliminated. To obtain the final
product, PTU-MS was filtered, cleaned with ethanol, and desiccated overnight at 60 ◦C.

Finally, 2.0 g of PTU-MS was dipped in chloroform, stirred at 45 ◦C for 1 h and
mixed with 0.08 mL of chlorosulphonic acid (ClSO3H), to generate enough triethylamine
to eliminate the released hydrochloric acid with 18 h of stirring (Figure 14). The yield
was filtered, cleaned with excess chloroform, and vacuum-dried to gain organic-inorganic
mesoporous silica improved by a group of sulphonic acids. The end product received the
symbol PTU-MSA. The preparation of PTU-MS and PTU-MSA are illustrated in Figure 14.

4. Conclusions

The Scarp Ni–Cd batteries (50 g) were treated with 20% H2SO4, with the 1:5 solid/liquid
(S:L) ratio at 80 ◦C for 6 h. The leaching efficiency of Cd, Fe, and Co was nearly 100%,
whereas the leaching efficiency of Ni was 95%. Both newly prepared materials were
confirmed via FTIR and SEM techniques. Adogen 464 was used for Cd2+ extraction,
followed by precipitation as a yellow CdS product with 0.5% Na2S solution by setting the
pH at 1.25, at room temperature. PTU-MS silica adsorbent was used as an ion exchanger
for Co2+ ions. 0.3 M H2SO4 was employed as an eluant and the precipitation of cobalt was
achieved at up to pH 9.0 as Co(OH)2. The kinetic and thermodynamic parameters were
also investigated. Lastly, nickel was directly precipitated at pH 8.25, using a 10% NaOH
solution at ambient temperature.
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Abstract: The present work aims to show how the main properties of poly(methacrylic acid) (PMAA)
hydrogels can be engineered by means of several silicon-based fillers (Laponite XLS/XLG, mont-
morillonite (Mt), pyrogenic silica (PS)) employed at 10 wt% concentration based on MAA. Various
techniques (FT-IR, XRD, TGA, SEM, TEM, DLS, rheological measurements, UV-VIS) were used to
comparatively study the effect of these fillers, in correlation with their characteristics, upon the struc-
ture and swelling, viscoelastic, and water decontamination properties of (nano)composite hydrogels.
The experiments demonstrated that the nanocomposite hydrogel morphology was dictated by the
way the filler particles dispersed in water. The equilibrium swelling degree (SDe) depended on both
the pH of the environment and the filler nature. At pH 1.2, a slight crosslinking effect of the fillers
was evidenced, increasing in the order Mt < Laponite < PS. At pH > pKaMAA (pH 5.4; 7.4; 9.5), the
Laponite/Mt-containing hydrogels displayed a higher SDe as compared to the neat one, while at pH
7.4/9.5 the PS-filled hydrogels surprisingly displayed the highest SDe. Rheological measurements on
as-prepared hydrogels showed that the filler addition improved the mechanical properties. After
equilibrium swelling at pH 5.4, G’ and G” depended on the filler, the Laponite-reinforced hydrogels
proving to be the strongest. The (nano)composite hydrogels synthesized displayed filler-dependent
absorption properties of two cationic dyes used as model water pollutants, Laponite XLS-reinforced
hydrogel demonstrating both the highest absorption rate and absorption capacity. Besides wastew-
ater purification, the (nano)composite hydrogels described here may also find applications in the
pharmaceutical field as devices for the controlled release of drugs.

Keywords: nanocomposites; poly(methacrylic acid); hydrogel; montmorillonite; Laponite; pyrogenic
silica; water decontamination

1. Introduction

Composite materials have increasingly attracted the attention of researchers within
the last few decades due to their properties being far superior to simple materials [1–5]. A
special class of such materials is represented by composite hydrogels, which may generally
be defined as hydrophilic polymer networks capable of retaining certain quantities of
aqueous solutions in the presence of small particles acting as reinforcing agents [6–8].
Composite hydrogels have been and are being studied a great deal due to their improved
mechanical, electrical, thermal, and optical properties, absorption capacity, and sensitivity
to different stimuli as compared to their unreinforced counterparts [9,10]. The improved
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properties of the composite hydrogels are a consequence of the synergistic effect of the
individual phases, i.e., the polymer matrix and the inorganic filler [11]. Various nano-
and microparticles have been used as reinforcing agents for hydrogels over the years,
such as graphene and its derivatives (graphene oxide, carbon nanotubes) [12,13], bioactive
glass [14], metal nanoparticles (Ag, Au), and metal oxides (Fe3O4, Fe2O3, alumina, etc.) [15],
the distinct properties of the reinforcing agents allowing the design of the final hydrogel in
agreement with the required characteristics.

A special class of fillers for hydrogels is represented by materials that contain Si-
O groups within their structure. This category includes various types of silica-based
nanoparticles [16], such as pyrogenic silica [17–20] and layered clays such as montmo-
rillonite (Mt) [21] and Laponite (Lap) [22], which have the advantage of being cheaper
than the agents listed above. Among them, clays have attracted more and more atten-
tion as fillers due to their remarkable properties, such as high specific surface area and
adsorption capacity, optimal rheological properties, chemical inertia, and low toxicity,
Lap and Mt being the most used for hydrogel reinforcement [6,21–24]. From a structural
point of view, they have similarities, as both belong to the smectite class. Clays are usu-
ally micro- or nanometric particles made up of layered sheets of 2D silicate (Figure S1).
The empirical formula of Mt is (Na,Ca)0.33(Al,Mg)2(Si4O10)(OH)2·nH2O [25]. Its layers,
approximately 1 nm thick and 100 nm × 100 nm width × length, are composed of two
tetrahedral sheets formed by O-Si-O bonds and an octahedral sheet formed by O-Al(Mg)–O
bonds [26]. The Lap layers are instead in the form of disks of approximately 25 nm diame-
ter and 0.92 nm thickness [26]. The empirical formula of Lap reported in the literature is
Na0.7

+[(Si8Mg5.5Li0.3)O2(OH)4]−0.7 [27]. Commercial Lap is available in different varieties:
XLG, XLS, RD, RDS, XLG, and XLS possessing a higher purity and a lower content of heavy
metals than Mt. In aqueous dispersions with concentrations higher than 2%, Laponite
XLG can form the so-called “house of cards” structure, leading to gelation due to the ionic
interactions among the positively-charged edges of some sheets and the negatively-charged
faces of others [27]. Laponite XLS does not form the “house of cards” structure because it is
modified with pyrophosphate ions [28,29].

Pyrogenic (fumed) silica nanoparticles (Figure S1) are obtained by SiCl4 pyrolysis at
temperatures above 1000 ◦C and are in the form of silica spheres with 5–30 nm diameter,
forming particle chains of 100–1000 nm length. These particle chains lead eventually to
porous networks that extend up to 250 µm. The primary particles are composed of SiO4
tetrahedra, while on the surface they display both oxygen atoms belonging to siloxane
groups (Si-O-Si) and silicon atoms from silanol groups (Si-OH) [30]. Pure pyrogenic silica
is hydrophilic and has a high surface energy due to the presence of these groups [31].
Pyrogenic silica nanoparticles are stable in aqueous solutions [32], but unlike layered
silicates, they do not dissociate with the formation of free ions [17].

Both clays [24,33] and pyrogenic silica nanoparticles [17–19] have proven their effect
on hydrogels, especially by increasing their mechanical and/or thermal properties or
changing the swelling degree, but silica nanoparticles are less studied as reinforcing agents
for hydrogels as compared to clays. Incorporating clays into the hydrogel matrix is also
a good way to increase the final absorption properties of the hydrogel because they can
absorb positively-charged pollutants, such as heavy metals and cationic dyes [34]. A study
in this regard was conducted by Peng et al., who synthesized a hydrogel from cellulose
and Mt that was tested for the adsorption of methylene blue, obtaining an absorption
capacity of over 90% [35]. For methylene blue absorption as well, Yi et al. synthesized
hybrid hydrogels based on polyacrylamide, sodium humate, and Lap [36].

Acrylic hydrogels are used in many biomedical fields such as drug delivery, intraocular
and contact lenses, bone cement for orthopedics, dressings, and implants for regenerative
medicine [37]. Another possible application is for removing pollutants from wastewater
through possible interactions between the polymer functional groups and the pollutant. It
is well known that one of the big challenges of the environment is the pollution of water by
dyes, and various studies have shown that hydrogels represent a promising way to solve
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this problem [38]. Among the acrylic hydrogels, those based on methacrylic acid (MAA)
have an important share due to their remarkable properties, such as pH-sensitive char-
acter, mucoadhesive characteristics [33], good absorption properties [39], lack of toxicity,
etc. [40]. Composite hydrogels based on poly(methacrylic acid) (PMAA) were obtained by
reinforcing hydrogels with different types of clays: bentonite [41], Mt [42–44], modified
Mt [11], Lap [45,46], kaolin [47], gold nanoparticles [48], pyrogenic silica [17], and carbon
nanotubes [49]. By introducing different nanoparticles into the PMAA matrix, properties
such as the mechanical and thermal ones, and water absorption have been improved. Po-
tential applications for PMAA-based composite hydrogels reported in the literature include
controlled drug release [48,50,51] or treatment of contaminated water [39,44,49]. Regarding
the employment of PMAA hydrogels as dye absorbents, there are only two studies on this
subject, as far as we know, describing the use of both unreinforced and zeolite-reinforced
hydrogels in connection with Yellow 28 dye [39,52].

The present work aims to show how the main properties of the PMAA hydrogels
can be engineered by means of several silicon-based fillers, namely Laponite XLS (XLS),
Laponite XLG (XLG), montmorillonite (Mt), and two commercial brands of pyrogenic
silica differing mainly by the particle size and zeta potential of their 1.5% aqueous disper-
sion. For this purpose, the effect of these fillers on the structure and swelling, viscoelastic
properties, and water decontamination ability of the (nano)composite hydrogels was com-
paratively studied in correlation with the filler characteristics. The hydrogels obtained
were structurally characterized by FT-IR spectroscopy, X-ray diffractometry, thermogravi-
metric analysis, and electron microscopy (SEM, TEM). The viscoelastic properties were
studied for both as-prepared and after equilibrium swelling hydrogels, while their swelling
capacity was analyzed in aqueous media with various pHs, as a function of the nature
of the reinforcing agent. Finally, the absorption properties of two cationic dyes, namely
methylene blue and crystal violet, which are often found in the wastewater from several
industries, were studied. To the best of our knowledge, this is the first report of such a
comparative study of the influence of various reinforcing nano-agents, in particular clays
and pyrogenic silica, in correlation with their characteristics, on the properties of some
pH-sensitive PMAA-crosslinked hydrogels. This study also comparatively shows, for the
first time, how the cationic dye absorption ability of a composite hydrogel depends on
the reinforcing agent used. It should also be mentioned that the nanocomposite PMAA
hydrogels reinforced with pyrogenic silica have already been reported in a paper that ana-
lyzed only the physical interactions occurring in the nanocomposite hydrogel [17]. Unlike
that paper, the present work provides, for the first time, the extended characterization of
these hydrogels, both structurally and in terms of rheological and swelling properties. The
results presented in this paper may be useful in selecting an appropriate filler in order to
adjust the properties of a PMAA hydrogel in agreement with the intended application.
Previously, Zhang and Wang [Zhang, J; Wang, A. Study on superabsorbent composites. IX:
Synthesis, characterization and swelling behaviours of polyacrylamide/clay composites
based on various clays. React. Func. Polym. 2007, 67, 737–745] compared the effect of five
clays (attapulgite, kaolinite, mica, vermiculite and Na+-montmorillonite) upon the thermal
stability and swelling properties of some superabsorbent polyacrylamide hydrogels.

2. Results and Discussion

The studied hydrogels were obtained by the radical copolymerization of MAA with
N,N’-methylenebisacrylamide (BIS) in aqueous solution, in the presence of ammonium per-
sulfate (APS) as the initiator, by using different reinforcing agents (XLG, XLS, and Mt clays
and two types of pyrogenic silica nanoparticles—HDK and FS—differing mainly by the
particle size and zeta potential of their 1.5% aqueous dispersion). The characteristics of both
reinforcing agents in water and their aqueous dispersions, determined by us, are displayed
in Table 1. According to the measured zeta potential (Table 1), the aqueous dispersions
of these fillers are stable over time and allow the acquisition of hydrogels with a uniform
distribution of the reinforcing agent. Measurement of their particle size in 1.5 wt% aqueous
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dispersion showed that only XLG and XLS were exfoliated and dispersed as individual
sheets. Mt was in the form of particles composed of non-exfoliated stacked clay layers,
possibly mixed with individual sheets, while FS and HDK appeared as agglomerations of
silica nanospheres (Table 1). In addition, the measurement of the pH of the filler aqueous
dispersion indicated the presence of ionized basic functional groups in the case of clays,
while the Si-OH functional groups on the surface of the pyrogenic silica particles were
shown to be practically non-ionized in DI (pH ≈ 5.4).

Table 1. Characteristics of the investigated fillers and their aqueous dispersions 1.

Filler Code Average Particle Size
(nm)

Polydispersity
Index

Zeta Potential
(mV)

pH of
Aqueous Dispersion

FS 367 0.417 −22.8 5.8
HDK 570 0.481 −17.5 5.9

Mt 724.5 0.535 −37.7 9.6
XLG 45.8 0.591 −41.9 9.6
XLS 38.2 0.521 −49.2 9.5

1 Concentration of the aqueous dispersion = 1.5 wt%; room temperature; dispersing time in deionized water = 24 h.

The control hydrogel was prepared from an aqueous solution containing 15 wt% MAA
and 2 mol% BIS based on MAA, plus the initiator (APS, 1 mol% to MAA), whereas in
the case of (nano)composite hydrogels, reinforcing agents in a proportion of 1.5 wt% to
the whole reaction mass were added. Hydrogels are indicated by an “H” followed by the
abbreviation for the reinforcing agent. For example, “H” indicates the control hydrogel
without reinforcing agent, while “HXLG” and “HHDK” stand for the hydrogels having
Laponite XLG and HDK N20 pyrogenic silica as reinforcing agents, respectively.

The hydrogels were structurally characterized, and their viscoelastic and swelling
properties were also investigated. The viscoelastic properties were investigated both in
as-prepared state, when the composition of the hydrogels was the same in all cases, as well
as after swelling at equilibrium. In addition, for a correct interpretation of the results, the
water absorption/swelling degree was determined after the purification of the hydrogels
and calculated only in relation to the amount of polymer in the hydrogel, excluding the
mass of reinforcing agent incorporated in the case of composite hydrogels (Equation (6)).
Because both the viscoelastic properties of hydrogels and their swelling degree depend on
monomer conversion, this was determined in each case (Equation (1)). The results showed
very high conversions (92–95%), which allowed comparison of the rheological and swelling
measurements in all cases.

2.1. Hydrogel Structure

The structure of the synthesized hydrogels was studied by FT-IR spectroscopy, X-ray
diffraction (XRD), electron microscopy (SEM, TEM), and thermogravimetric analysis (TGA)
measurements. FT-IR spectroscopy was used to identify the interactions between the
polymer matrix and each reinforcing agent, and also to observe the influence of the pH
of the swelling aqueous medium upon the hydrogel structure. By comparing the FT-IR
spectra of the (nano)composite hydrogels swelled in deionized water (pH 5.4) with both
the control hydrogel and corresponding reinforcing agent (Figure S2), a strong solid-state
interaction between the polymeric matrix and the inorganic agent was revealed by the shift
of the Si-O band, characteristic to both clays and pyrogenic silica, to higher wavenumber
values. The Si-O band was present in the spectrum of xerogels as a shoulder more (HFS,
HDK, Figure S2d,e) or less (HXLG, HXLS, Figure S2a,b) pronounced or as a well-defined
peak (HMt, Figure S2c).

Due to the pH-sensitive nature of PMAA hydrogels, their contact with aqueous
solutions with different pHs causes changes of the contained functional groups, leading
to different swelling behavior. To observe these changes, the hydrogels were analyzed
by FT-IR after swelling at pH 1.2, 5.4, 7.4, and 9.5; drying; and grinding (Figure 1). The
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FT-IR spectra of the hydrogels swelled at pH 7.4 and 9.5 displayed a band characteristic of
the carboxylate group at 1537 cm−1, simultaneously with the decrease of the COOH band
from 1650 cm−1. This may be explained by the basic character of the swelling medium [53],
whose pH was appreciably higher than the pKa value of the MAA units in the hydrogel.
No notable differences were seen between the spectra at pH 7.4 and 9.5, although the
hydrogels behaved differently at these pH values from a swelling point of view (see below).
The decrease of pH to 1.2 led to the conversion of all hydrogel groups to COOH, and
therefore, to the disappearance of the COO− band in all spectra. At pH 5.4, which is the pH
of the deionized water (DI) in which the hydrogels were synthesized and purified, different
situations were encountered in the case of various nanocomposite hydrogels.
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Thus, the FT-IR spectra of HXLG and HXLS (Figure 1b,c) displayed the COO− group 
characteristic band, but of a much lower intensity than at pH 7.4/9.5, which can be ex-
plained by the basic groups contained by Lap clays, as proven by the basic pH of their 
aqueous dispersions (Table 1). They reacted with MAA in the hydrogel synthesis step to 
form COO− groups, which were then preserved in the hydrogel structure after the purifi-
cation step [45]. Very interesting is the fact that, although the aqueous dispersion of Mt 
also had a basic pH, practically identical to that of Lap, the FT-IR spectrum of HMt swelled 
to pH 5.4 did not show the COO− characteristic band (Figure 1d). This may be explained 
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Figure 1. FT-IR spectra of (nano)composite hydrogels swelled at different pH values. (a) H; (b) HXLG;
(c) HXLS; (d) HMt; (e) HHDK; (f) HFS.

Thus, the FT-IR spectra of HXLG and HXLS (Figure 1b,c) displayed the COO− group
characteristic band, but of a much lower intensity than at pH 7.4/9.5, which can be ex-
plained by the basic groups contained by Lap clays, as proven by the basic pH of their
aqueous dispersions (Table 1). They reacted with MAA in the hydrogel synthesis step
to form COO− groups, which were then preserved in the hydrogel structure after the
purification step [45]. Very interesting is the fact that, although the aqueous dispersion
of Mt also had a basic pH, practically identical to that of Lap, the FT-IR spectrum of HMt
swelled to pH 5.4 did not show the COO− characteristic band (Figure 1d). This may be
explained by the smaller number of COO− groups in the hydrogel formed in the synthesis
stage as compared to the Lap-reinforced hydrogels. The smaller number of carboxylate
groups was probably due to the much weaker exfoliated structure of Mt in water, leading
to a lower contact with the monomer. The COO− group band was not observed at pH 5.4
in the case of HHDK and HFS, due to the lack of basic character of the pyrogenic silica
aqueous dispersions (Table 1). As it will be shown below, some of the COOH groups were
ionized at pH 5.4 because of the lower pKa of the MAA units, but their concentration was
probably too small to become visible in the FT-IR spectrum of H hydrogel (Figure 1a). The
presence of COO− groups in the hydrogels, as indicated by the FT-IR spectra, correlated
very well with the swelling experiments that will be presented later in Section 2.2.
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The XRD analysis revealed the complete disappearance of the clay characteristic peaks
in the case of Lap-reinforced hydrogels (Figure 2a,b), proving that exfoliated nanocomposite
hydrogels were obtained [54]. In the case of Mt-reinforced xerogels (Figure 2c), the Mt
characteristic reflection at 2θ = 6.6◦ was present, indicating the formation of intercalated
composite hydrogels [42]. Pyrogenic silica-reinforced hydrogels were also characterized by
XRD analysis (Figure 2d,e). The X-ray diffraction spectra of the silica nanoparticles showed
only a wide band, indicative of the amorphous nature of commercial silica [55]. This band
was no longer present in the corresponding hydrogel spectra, suggesting a strong polymer
matrix-silica interaction.
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The TEM analysis of HHDK and HFS xerogels showed that the fillers were dispersed
within the xerogel in the form of approximately spherical particles of several tens of
nanometers diameter, associated in large groups (Figure 3). In the case of the Mt-reinforced
xerogel, the multi-layer clay particles were visible in the polymer matrix, suggesting the
formation of intercalated nanocomposites, while for the XLS- and XLG-filled xerogels
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the TEM micrographs proved the exfoliation of the clay, as indicated by the single Lap
layers with random orientation (Figure 3). Therefore, the TEM analysis supported the
conclusions obtained by the XRD measurements. It should also be noted that the filler par-
ticles preserved in the hydrogel the structure they had in aqueous dispersion, i.e., isolated
sheets in the case of XLG and XLS, stacked clay layers for Mt, and agglomerated spherical
nanoparticles in the case of FS and HDK, as revealed by the DLS measurements.
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Figure 3. TEM images for hydrogels reinforced with various reinforcing agents.

The SEM analysis of the hydrogels swollen in DI and lyophilized revealed a structure
with large open and interconnected pores in the case of both unreinforced and reinforced
hydrogels (Figure S3).

The TGA investigation of the obtained (nano)composite xerogels showed an increased
residue amount at 700 ◦C as compared with the unreinforced one (Figures 4, S4, and S5,
and Table 2), thus proving once again the presence of the inorganic filler within the polymer
matrix. The thermogravimetric curves (Figures 4, S3, and S4) showed three decomposition
steps. The first step (0–120 ◦C) was characteristic for the evaporation of the moisture
existing in the xerogel and the second step (120–300 ◦C) was ascribed to both polymer
dehydration by inter- and intramolecular water removal and decarboxylation of COOH
groups, while the total decomposition of the PMAA chains took place in the third stage
(300–700 ◦C) [50]. The inclusion of the reinforcing agents into the PMAA matrix did not lead
to an appreciable change of the decomposition temperature of the polymer. However, some
small differences could still be observed regarding the third stage, which seemed to start
earlier for Lap samples, followed by the Mt sample and then the pyrogenic silica samples.
This may be explained by the basic character of both Laponite and Mt (Table 1), which
promoted the decomposition of PMAA chains, unlike the pyrogenic silica samples. As Lap
was better dispersed within the xerogels than Mt, its effect on the polymer decomposition
was more pronounced than for Mt, and therefore the PMAA chains started to decompose at
a lower temperature in the case of Lap-filled samples. One should mention that, according
to literature data, the presence of the inorganic component into organic–inorganic nanocom-
posites does not necessarily increase the thermal resistance of the material, being reported
both increase [56] and decrease [57] of the thermal stability of the material, depending on
its composition.
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Table 2. TGA/DTG results obtained for the investigated composite xerogels.

Hydrogel
Weight Loss

(%) Residue at 700 ◦C
(%)

0–120 ◦C 120–300 ◦C 300–700 ◦C

H 0.90 17.38 73.78 7.92
HMt 0.59 15.07 68.87 15.42

HXLG 0.40 16.32 63.90 19.36
HXLS 0.60 16.73 64.13 18.50

HHDK 0.62 15.51 69.18 14.65
HFS 0.66 15.65 68.59 15.08

2.2. Hydrogel Swelling

The investigation of the swelling properties of the PMAA composite hydrogels at
four different pHs (1.2, 5.4, 7.4, 9.5) at 25 ◦C showed a different behavior of the hydrogels,
depending on both pH and reinforcing agent. Due to the pH-sensitive nature of PMAA-
based hydrogels, the equilibrium swelling degree increased with increasing pH from 1.2 to
5.4 and further to 7.4/9.5, regardless of the nature of the filler, as expected, but at constant
pH, hydrogels with different reinforcing agents behaved differently (Figure 5).
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In a strong acidic environment (pH 1.2), the reinforced hydrogels swelled less than
H, most likely because of the slight crosslinking effect of the fillers [44]. The additional
crosslinking effect induced by the filler could be best identified at this pH because no COO−

groups formed due to the basicity of the medium or the reinforcing agent being present
(Figure 1) [43,45,58]. An estimation of the structural parameters of the hydrogels at this pH
(Equations (2)–(5)) showed an increase in the crosslinking density (ρc) as a function of the
filler (H < HMt < HXLG ≈ HXLS < HHDK ≈ HFS, Table 3), probably determined by the
number of additional PMAA network-reinforcing agent interactions.

Table 3. Dependence of the structural parameters Mc and ρc of the composite hydrogels on the
reinforcing agent at pH = 1.2.

Hydrogel Mc (Da) ρc×10−4 (mol/cm3)

H 643.0 20.0
HMt 539.7 23.8

HXLG 440.3 29.2
HXLS 423.3 30.4

HHDK 271.2 47.4
HFS 266.2 48.3

The pH increase to 5.4 (deionized water) led to a general SDe increase and also to a
different swelling behavior of hydrogels as a function of the reinforcing agent in comparison
with their behavior at pH 1.2 (Figure 5). The general SDe increase was due to the ionization
of a part of the COOH groups (pKaMAA ≈ 4.5 [59] < 5.4 = pH), which led to both electrostatic
repulsion among the COO− groups and increase of osmotic pressure due to the formation
of electrical charges inside the hydrogel [60]. This was the only phenomenon occurring in
the case of H, HFS, and HHDK, and therefore, the SDe of silica-reinforced hydrogels was
lower than that of the control hydrogel due to the crosslinking effect of inorganic particles
(Figure 5).

Unlike FS and HDK, the other three reinforcing agents had a basic reaction in water
(Table 1) due to the functional groups contained. As a result, HXLS, HXLG, and HMt
contained COO− groups from the synthesis step, which added to those formed at pH 5.4,
leading to higher SDe as compared to H, HFS, and HHDK (Figure 5). The lower amount of
COO− groups of HMt (Figure 1) led to a smaller SDe than for HXLS and HXLG.

Further increase of the swelling medium pH to 7.4 determined a strong SDe increase in
all cases, due to the formation of an increased number of COO− groups within the hydrogels
(Figure 5). It can be seen that, while the clay-reinforced hydrogels have maintained their
advance in terms of SDe as compared to the control hydrogel for the reason discussed
above, the SDe of silica-reinforced hydrogels displayed a dramatic increase at pH 7.4,
exceeding the SDe of all the other hydrogels. This may be explained by their weakly acidic
character (pKa ≈ 6–6.5 of the Si-OH groups on the surface of pyrogenic silica) [30], which
meant they were not ionized at pH 5.4 and therefore they did not alter the water absorption
of HFS and HHDK, but at the weak basic pH 7.4 they became ionized, which resulted in an
increased water absorption.

The pH rise to 9.5 surprisingly led to a decrease in the SDe values for all hydrogels,
while the hydrogel SDe order noticed at pH 7.4 was generally preserved (Figure 5). This
phenomenon has been previously reported [61,62] in the case of PMAA hydrogels, but
no explanation was provided. We do not have a clear explanation of this effect at this
moment. As the FTIR spectra at pH 7.4 and 9.5 did not differ too much (Figure 1), we
may only assume that an ionization degree reduction of the hydrogel COO− groups may
have happened, although the ionic strength of the swelling media was the same at these
pH values.
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2.3. Viscoelastic Properties

The viscoelastic properties of the (nano)composite hydrogels were investigated, both
in the as-prepared state, when the composition of the hydrogel was the same as in the
precursor solution, and after equilibrium swelling in deionized water (pH 5.4). The fre-
quency sweep measurements showed, in all cases, G’ higher than G” over the whole
investigated range, thus confirming the crosslinked character of the hydrogels (Figure 6).
In addition, G’ and G” increased with frequency, which is characteristic for networks with
wide meshes [63].
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The inclusion of reinforcing agents within the PMAA hydrogel matrix improved the
mechanical properties, as confirmed by the rheological measurements on as-prepared
hydrogels. The G’ values of these hydrogels (Figures 6a and 7a) followed roughly the
same order as the crosslinking density calculated for the swelled hydrogels at pH 1.2, thus
confirming the previous results.
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The same measurements on hydrogels swelled at equilibrium in DI (pH 5.4) showed,
as expected, a decrease in G’ due to increased swelling (Figures 6b and 7b) [64]. The
G’ values obtained for the hydrogels reinforced with various fillers displayed an inverse
tendency in relation to their swelling degree, i.e., the hydrogels with the lowest swelling
degree (HFS, HHDK, Figure 5) showed the highest G’ (Figure 6a), while the hydrogels with
the largest SDe (HXLG, HXLS, Figure 5) showed the lowest G’ values (Figure 7a).

The G’ and G” values at 1 Hz were used to calculate the loss factor (tan δ = G”/G’,
Figure 7c). The tan δ values less than 1 obtained for all our hydrogels represented an
additional confirmation of their crosslinked character. Additionally, tan δ greater than
0.15 in the case of H, HMt, HHDK, and HFS (Figure 7c), combined with the frequency
dependency of G’ and G” (Figure 6), indicated their weak gel character [65], in both as-
prepared and equilibrium-swollen (pH 5.4) states, although the G’ values were in the range
of tens of kPa. Stronger hydrogels, with a more elastic character than the others, were
obtained with XLG and XLS as the fillers, as indicated by the tan δ values less than 0.1 in
both as-prepared and equilibrium-swollen states.

2.4. Absorption Properties of Cationic Dyes

Composite hydrogels have begun to gain more and more ground over time as potential
candidates for use in the treatment of contaminated water [23,38]. Contamination with dyes
from various fields, such as paper printing and textiles, plastics, and food and cosmetics
industries is one of the biggest problems of environmental pollution [66]. Methylene blue
(MB) and crystal violet (CV) are two of the most-used dyes in these industries. They belong
to the category of cationic dyes containing the azo chromophore group and represent a
concern for society due to their complex structure and non-biodegradable nature. They
also hinder the penetration of sunlight into water, which affects living organisms [67].

MB and CV were used within the present work as cationic dye models in aqueous
solutions of 20 mg/L concentration in order to investigate the absorption properties of the
synthesized composite hydrogels. The study of dye absorption by the (nano)composite
hydrogels showed similar results in the case of both dyes, but the behavior of the hydrogels
was different. Thus, HXLS showed the highest rate of dye absorption among all hydrogels,
practically the entire amount of dye being absorbed from the solution in less than 30 min
(Figure 8), a performance that was not achieved by the other hydrogels, even after 30 h
(Figure 9).
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For both dyes, a lowest absorption rate was displayed by the control hydrogel. This
demonstrated the overall contribution of the reinforcing agent to the absorption process,
through both its chemical structure and effect upon the hydrogel swelling degree.

In the case of PMAA hydrogels, the absorption of the cationic dyes was determined
mainly by the carboxylate groups formed in the hydrogel in deionized water (pH 5.4),
as explained earlier, which attract the positively-charged dye [68]. The control hydrogel,
HFS, and HHDK contained only carboxylate groups from the ionization of MAA units in
water, while hydrogels reinforced with clays (HMt, HXLG, HXLS) comprised additional
carboxylate groups due to the clay basic reaction in water. In addition, the clay network
also contained anionic groups that rapidly ionize in water, leading to the fast absorption
of the cationic dye by an ion exchange process involving the positively-charged inorganic
counterions of the clay [36]. Due to its preparation procedure, Laponite XLS also con-
tains tetrasodium pyrophosphate, which represents additional anionic charges within the
hydrogel, leading to an increased rate of dye absorption (Figure 8).

Although FS and HDK do not influence the pH of deionized water (Table 1), the weakly
acidic groups on the surface may contribute to the absorption of the dye. As a result, HFS
and HHDK displayed a higher absorption rate as compared to the control hydrogel. The
absorption curves showed in all cases a high absorption rate of the dye in the first 60 min,
after which it considerably decreased (Figure 8). At the end of the investigated period
(30 h), the absorption of the dye was over 85% in all cases, the lowest value being recorded
for the control sample and the highest in the case of HXLS (Figure 9). The amount of dye
ρ (mg) absorbed by 1 g of hydrogel after 30 h also depended on the nature of the reinforcing
agent, decreasing for both dyes in the order HXLS > HXLG > HMt ≈ HHDK > HFS > H,
from approximately 199.5 mg/g (MB)/196 mg/g (CV) in the case of HXLS to approximately
173 mg/g (MB)/174 mg/g (CV) for H (Figure 10). This represents a further confirmation
of the beneficial contribution of the reinforcing agents described here to the absorption of
cationic dyes.
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3. Materials and Methods
3.1. Materials

Laponite XLG and Laponite XLS (BYK Additives & Instruments, kindly donated by
Cosichem & Analytical, Romania), the two commercial brands of hydrophilic pyrogenic
silica (fumed silica, FS, Sigma and HDK N20 pyrogenic silica, HDK, Wacker Silicones),
methacrylic acid (MAA, Jansen Chemistry, 99%), N,N’-methylenebisacrylamide (BIS, 99%,
Sigma Aldrich), ammonium persulfate (APS, Sigma Aldrich, 98%), methylene blue (MB,
Loba Chemie, 95%), and crystal violet (CV, Loba Chemie, 96%) were used as received.
Unmodified montmorillonite (Mt, Cloisite Na, a gift from Southern Clay Products Inc.
Gonzales, TX, USA) was purified by the method previously described [43]. The characteris-
tics of both reinforcing agents in water and their aqueous dispersions, determined by us,
are displayed in Table 1. Deionized water (DI, 18.2 MΩ resistivity) was employed as the
solvent for all syntheses. The swelling investigations were performed in DI (pH 5.4), HCl
solution (pH 1.2), PBS solution (0.01 M, pH 7.4) obtained from tablets (Phosphate Buffered
Saline, Sigma) and NaHCO3-Na2CO3 buffer (0.01 M, pH 9.5), whose ionic strength was
adjusted by adding NaCl to make it equal to that of PBS (I = 0.17).

3.2. Synthesis of Hydrogels

The procedure employed was similar to the one previously described in reference [43].
The hydrogels were obtained by the radical copolymerization of MAA (15 wt% to the whole
reaction mass) and BIS (2 mol% based on MAA) in the presence of APS (1 mol% based on
MAA) as an initiator in aqueous solution. For the preparation of composite hydrogels, the
calculated amount of reinforcing agent (1.5 wt% based on the whole hydrogel composition)
was dispersed in DI for 24 h, and then MAA and BIS were added, followed by the initiator.
The final reaction mixture was injected into a mold made up of two glass plates separated
by a 1-mm thick Teflon gasket and glued with silicone. The mold was then placed in a
thermostatted bath at 60 ◦C for 5 h. At the end of the polymerization time, the mold was
removed from the thermostatted bath and allowed to cool to room temperature. Discs with
diameters of 20 mm and 8 mm were cut from the material resulted after opening the mold.
Part of the 20-mm discs were immediately subjected to rheological analysis, while the rest
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were analyzed after undergoing a purification-swelling process in DI for 7 days, together
with the 8-mm discs, with a daily change of water.

To determine the monomer conversion, part of the hydrogel was first dried in atmo-
sphere and then over anhydrous CaCl2 to a constant mass and weighed (Wo). The dry
xerogel was then immersed for purification in excess DI, which was changed daily for
7 days, dried again, then the final mass (Wext) was recorded. The monomer conversion
(C%) was calculated according to Equation (1):

C% = (Wext − WAR)/(Wo − WAR)·100 (1)

where WAR is the amount of reinforcing agent contained in the material employed to
determine the conversion.

3.3. Crosslinking Density and Average Molecular Weight between Crosslinks

The average molecular weight between crosslinks (Mc) and the crosslinking density
(ρc) were estimated in the case of hydrogels swelled at pH 1.2 in order to avoid the influence
of the basic character of the filler aqueous dispersion on the swelling degree of the composite
hydrogels. At pH 1.2, all the MAA units within the hydrogel were in acid form, and
therefore the hydrogels can be considered as non-ionic. In the case of non-ionic hydrogels
and neglecting the contribution of the chain-end defects, Mc can be calculated according to
Equation (2) [64,69]:

Mc = −
(
1 − 2

f

)
V1υ

2/3
2r υ1/3

2m

υ
[
ln(1 − υ2m) + υ2m + χυ2

2m
] (2)

where f is the functionality of the crosslinking site (f = 4), V1 represents the molar volume
of the solvent (for water V1 = 18 cm3/mol), υ2r and υ2m represent the polymer volume
fraction of the as-prepared (relaxed state) hydrogel and the hydrogel swelled at equilibrium,
respectively, υ is the specific volume of the polymer, calculated as 1/ρp (cm3/g), while
χ represents the Flory polymer–solvent interaction factor (0.48 for water—PMAA at 0%
degree of ionization [70]). Both υ2r and υ2m were calculated by excluding the amount of
filler contained by hydrogel and xerogel.

The polymer volume fractions (υ2r,υ2m) were calculated using Equation (3) [71]:

ν2r/m =

[
1 +

ρp

ρs
×

(
Wh
Wx

− 1
)]−1

(3)

where ρp and ρs are the polymer and solvent densities (1.00 g/cm3 in the case of water),
respectively, while Wh and Wx represent the mass of the hydrogel at equilibrium swelling
(υ2m) or under as-prepared conditions (υ2r), and the mass of the corresponding xerogel,
respectively, after excluding the filler in both cases. The polymer density was determined
by the picnometer method, using Equation (4) and toluene as the non-solvent [72]. The
polymer density represents the density of the H xerogel (corresponding to the hydrogel
without filler).

ρX =
mXρT

ma + mX − mb
(4)

where mX is the xerogel weight, ρT is the density of toluene, determined by us with the
picnometer, while ma and mb represent the weights of the picnometer filled with toluene
and of the picnometer filled with toluene and containing the xerogel sample, respectively.

The crosslinking density of the hydrogels was calculated according to Equation (5) [71]:

ρc =
1

υ·Mc
(5)
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3.4. Swelling Degree

To determine the swelling degree, pre-weighed xerogels (Wx) were immersed in 40 mL
of swelling solution and kept at 25 ± 0.5 ◦C for 72 h. At the end of the time interval, the
hydrogels were removed from the solution, wiped superficially with filter paper, and
weighed (WH). The equilibrium swelling degree (SDe) was calculated as the ratio of the
amount of water absorbed to the mass of polymer in xerogel according to Equation (6):

SDe (g/g) = (WH − WX)/(WX·(100 − %AR)/100) (6)

where %AR is the percentage of the reinforcing agent in xerogel, calculated based on the
amount of monomers and filler employed in the polymerization and the overall monomer
conversion. Each experiment was carried out in duplicate, and the average value ± the
error was calculated for each point and reported.

3.5. Absorption Properties

To test the absorption properties of the synthesized materials, two cationic dyes,
methylene blue (MB, maximum UV absorption at λ = 664 nm [73]) and crystal violet
(CV, λ = 591 nm [74]), were used as models. The absorption capacity of hydrogels was
determined using xerogel powders obtained by grinding in a ball mill, followed by drying
over anhydrous CaCl2. A precisely weighed amount of approximately 0.003 g of xerogel
was immersed in a centrifuge tube containing approximately 30 mL of a 20 mg/L aqueous
dye solution and kept at 25 ± 0.5 ◦C with continuous orbital stirring on a heating–cooling
dry plate (Torrey Pines Scientific Inc., USA) for 30 h. The pH of the dye solutions was
5.0 in the case of MB and 5.1 for crystal violet. The xerogel amount/dye solution volume
ratio was kept constant in order to be able to compare the results obtained for the different
xerogels used. Solution samples of 2 mL volume were withdrawn at predetermined time
intervals, and the dye concentration was determined by UV-VIS spectrometry (UV-VIS
Thermo instrument) by comparison with a calibration curve. To keep the solution volume
constant, the volume withdrawn was reintroduced into the centrifuge tube after each
analysis. The percentage of dye absorbed at various time intervals (PCt) and the amount of
dye absorbed by 1 g of hydrogel (ρ) were determined using Equations (7) and (8):

PCt (%) =
Co − Ct

Co
× 100 (7)

ρ (mg/g) =
Co − Ct

m
× V (8)

where Co and Ct (mg/L) represent the initial dye concentration and the concentration at
time t, respectively, m = amount of xerogel used (g), and V = volume of solution used (L).

3.6. Characterizations

The viscoelastic properties of the hydrogels were investigated in both as-prepared and
equilibrium-swollen state by means of a Kinexus Pro rheometer (Malvern Instruments, UK,
software 1.60), equipped with a Peltier element for temperature control. The rheological
measurements were performed at 25 ◦C using a geometry with 20-mm parallel plates with
rough faces to avoid slippage. The applied normal force was 0.5 N. The amplitude sweep
measurements were performed at 1 Hz constant frequency, and a strain within the linear
viscoelasticity region was selected to be used in the frequency sweep measurements.

FT-IR analyses were run on a Tensor 37 Bruker (Woodstock, NY, USA) equipment with
a resolution of 4 cm−1 and accumulation of 16 scans. The X-ray diffraction measurements
were carried out in continuous mode, at room temperature and atmospheric pressure, on a
Rigaku Ultima IV (Tokyo, Japan) instrument with CuKα radiation (λ = 1.5406 Å), operated
at 40 kV and 30 mA. The data were collected over the 2θ range 1–50◦ and a scanning speed
of 1◦/min. Xerogel powders were used in both cases.
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The thermogravimetric analyses (TGA) were performed on a TA Q5000 IR (TA Instru-
ments) equipment under nitrogen atmosphere (40 mL/min), the samples being heated
from room temperature to 700 ◦C at a rate of 10 ◦C/min.

SEM micrographs were obtained using an environmental scanning electron microscope
(ESEM-FEI Quanta 200, Eindhoven, The Netherlands). The analyses were carried out under
low vacuum at 30 kV acceleration voltage. The swollen samples were previously freeze-
dried in an ALPHA 1-2 LDplus lyophilizer, Martin Christ, Germany. The morphology of
the nanocomposite xerogels were obtained by transmission electron microscopy (TEM) by
means of a TECNAI F20 G2 TWIN Cryo-TEM (FEI, USA) equipment. The dried hydrogels
were milled to a fine powder. Lacey formvar/carbon 200 mesh copper grids from Ted Pella,
Inc., Redding, CA, USA, were gently contacted with each powder and thoroughly shaken
afterwards to remove large powder particles. The samples were analyzed in bright field
mode at an acceleration voltage of 120 kV.

The particle size of the reinforcing agents was measured by dynamic light scattering
(DLS). The zeta potential of each aqueous dispersion of nanoparticles with a concentration
of 1.5% was also measured. The measurements were performed by using a Nano ZS
ZEN3600 Zetasizer instrument, Malvern Instruments (Malvern, UK). The pH of the aqueous
dispersions of the reinforcing agents was measured with a pH-meter (Hanna Instruments),
which was previously calibrated.

4. Conclusions

The present study showed that both the structure of hydrogels and some of their
properties, such as viscoelastic, swelling, or absorbent/depolluting properties, can be
adjusted to meet the requirements of a certain application by the correct choice of the
reinforcing agent. To demonstrate this, the effect of five silicon-based fillers (Laponite XLS
and XLG, Mt, and two commercial brands of pyrogenic silica), which differed mainly in
particle size and pH of the aqueous dispersion, upon the PMAA crosslinked hydrogels was
compared. Thus, XRD and TEM analyses showed that the two Lap clays and Mt led to
exfoliated and respectively intercalated nanocomposites, while pyrogenic silica formed
agglomerations of spherical nanoparticles within the hydrogel. The distribution of the
nanoparticles within hydrogels was in agreement with the way the filler particles dispersed
in water, i.e., isolated sheets in the case of XLG and XLS, stacked clay layers for Mt, and
agglomerated spherical nanoparticles in the case of FS and HDK, as revealed by the DLS
measurements. The structure of PMAA hydrogels was also affected by the reinforcing agent
through the pH of its aqueous dispersion. Thus, Lap and Mt, displaying a basic reaction
in water, determined the formation of carboxylate groups on the PMAA chains during
the hydrogel synthesis stage. This led to an increase of the SDe of the nanocomposite
hydrogels as compared to the one without filler at pH values larger than the pKa of the
MAA monomer units.

The effect of the filler on SDe depended on both its nature and the pH of the swelling
medium. At strong acidic pH (pH 1.2), a slight crosslinking effect of the filler was no-
ticed, the most pronounced effect being displayed by pyrogenic silica. At pH 5.4, SDe
significantly increased for all samples, the most pronounced increase occurring for the
hydrogels synthesized in the presence of Laponite XLS and XLG. The crosslinking effect of
pyrogenic silica particles was still evident at this pH. At basic pH, i.e., 7.4 and 9.5, the SDe
of the pyrogenic silica-reinforced hydrogels surprisingly exceeded the SDe of all the other
hydrogels. Also unexpectedly, the SDe at pH 9.5 was lower than at 7.4 for all hydrogels.

At approximately constant swelling degree, the filler addition improved th me-
chanical properties of the (nano)composite hydrogels, while after equilibrium swelling
(pH 5.4), the viscoelastic moduli values depended on the filler. The rheological measure-
ments also showed that the strongest hydrogels were obtained in the case of Lap as the
reinforcing agent.

The (nano)composite hydrogels synthesized displayed a different ability to decontami-
nate cationic dye-containing waters as a function of the filler included, with both the highest
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absorption rate and absorption capacity being displayed by the Laponite XLS-reinforced
hydrogel. Additionally, the presence of the filler within the hydrogel increased, in all cases,
the amount of dye absorbed.
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33. Güler, M.A.; Gök, M.K.; Figen, A.K.; Özgümüş, S. Swelling, Mechanical and Mucoadhesion Properties of Mt/Starch-g-PMAA

Nanocomposite Hydrogels. Appl. Clay Sci. 2015, 112–113, 44–52. [CrossRef]
34. Shabtai, I.A.; Lynch, L.M.; Mishael, Y.G. Designing Clay-Polymer Nanocomposite Sorbents for Water Treatment: A Review and

Meta-Analysis of the Past Decade. Water Res. 2021, 188, 116571. [CrossRef]
35. Peng, N.; Hu, D.; Zeng, J.; Li, Y.; Liang, L.; Chang, C. Superabsorbent Cellulose–Clay Nanocomposite Hydrogels for Highly

Efficient Removal of Dye in Water. ACS Sustain. Chem. Eng. 2016, 4, 7217–7224. [CrossRef]
36. Yi, J.-Z.; Zhan, L.-M. Removal of Methylene Blue Dye from Aqueous Solution by Adsorption onto Sodium Humate/Polyacrylamide/Clay

Hybrid Hydrogels. Bioresour. Technol. 2008, 99, 2182–2186. [CrossRef]
37. Serrano-Aroca, Á.; Deb, S. Acrylic-Based Hydrogels as Advanced Biomaterials. In Acrylate Polymers for Advanced Applications;

Serrano-Aroca, Á., Deb, S., Eds.; IntechOpen: London, UK, 2020; ISBN 978-1-78985-183-0.
38. Pereira, A.G.B.; Rodrigues, F.H.A.; Paulino, A.T.; Martins, A.F.; Fajardo, A.R. Recent Advances on Composite Hydrogels Designed

for the Remediation of Dye-Contaminated Water and Wastewater: A Review. J. Cleaner. Prod. 2021, 284, 124703. [CrossRef]
39. Panic, V.V.; Velickovic, S.J. Removal of Model Cationic Dye by Adsorption onto Poly(Methacrylic Acid)/Zeolite Hydrogel

Composites: Kinetics, Equilibrium Study and Image Analysis. Sep. Purif. Technol. 2014, 122, 384–394. [CrossRef]
40. Munteanu, T.; Ninciuleanu, C.M.; Gifu, I.C.; Trica, B.; Alexandrescu, E.; Gabor, A.R.; Preda, S.; Petcu, C.; Nistor, C.L.; Nitu,

S.G.; et al. The Effect of Clay Type on the Physicochemical Properties of New Hydrogel Clay Nanocomposites. In Current
Topics in the Utilization of Clay in Industrial and Medical Applications; Zoveidavianpoor, M., Ed.; InTech: London, UK, 2018; ISBN
978-1-78923-728-3.

41. Zhumagaliyeva, S.N.; Iminova, R.S.; Kairalapova, G.Z.; Beysebekov, M.M.; Beysebekov, M.K.; Abilov, Z.A. Composite Polymer-
Clay Hydrogels Based on Bentonite Clay and Acrylates: Synthesis, Characterization and Swelling Capacity. Eurasian Chem.
Technol. J. 2017, 19, 279–288. [CrossRef]

42. Junior, C.R.F.; de Moura, M.R.; Aouada, F.A. Synthesis and Characterization of Intercalated Nanocomposites Based on
Poly(Methacrylic Acid) Hydrogel and Nanoclay Cloisite-Na + for Possible Application in Agriculture. J. Nanosci. Nanotechnol.
2017, 17, 5878–5883. [CrossRef]
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Abstract: In this work, we coated polypropylene (PP) fibrous filters with sulfonated pentablock copoly-
mer (s-PBC) layers and tested them for the removal of cationic organic dyes, such as methylene blue
(MB), and heavy metal ions (Fe3+ and Co2+) from water by adsorption and filtration experiments. Some
of the coated filters were irradiated by UV light before being exposed to contaminated water and then
were tested with unirradiated filters in the same adsorption and filtration experiments. Polymer-coated
filters showed high efficiency in removing MB from an aqueous solution in both absorption and filtration
processes, with 90% and 80% removal, respectively. On the other hand, for heavy metal ions (Fe3+

and Co2+), the coated filters showed a better removal performance in the filtration process than for the
adsorption one. In fact, in the adsorption process, controlled interaction times allow the ionic species to
interact with the surface of the filters leading to the formation and release of new species in solution.
During filtration, the ionic species are easily trapped in the filters, in particular by UV modified filters,
and we observed for Fe3+ ions a total removal (>99%) in a single filtration process and for Co2+ ions
a larger removal with respect to the untreated filter. The mechanisms involved in the removal of the
contaminants processes were investigated by characterizing the filters before and after use by means of
scanning electron microscopy (SEM) combined with energy-dispersive X-ray (EDX) analysis and Fourier
transform infrared spectroscopy (FT-IR).

Keywords: sulfonated pentablock copolymer; ions removal; adsorption; filtration

1. Introduction

Nowadays, a large part of the world’s inhabitants has limited access to clean water,
and this is one of the most dramatic effects deriving from anthropogenic activities. This
problem is expected to increase due to the high rate of world population growth and,
in the coming years, it will also affect regions currently considered to be rich in water.
Harmful and toxic waste produced by industrial and agricultural activities ends up in the
waterbodies and, therefore, new effective strategies are required to prevent pollution or to
remove it from water.

For this reason, much effort is dedicated to find new remediation methods to purify
water, efficiently, with less energy, minimizing the consumption of chemical compounds.
Much attention is also given to the impact that the various techniques/materials used have
on the environment.
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Research is mainly focused on four fronts: disinfection, decontamination, water reuse
and desalination [1].

Several conventional techniques were used to reduce toxic dye compounds in wastew-
ater, including separation [2], reverse osmosis, precipitation, ion exchange method, and
ultra-filtration adsorption on activated carbon [3]. The greater disadvantage of these
techniques is the formation of secondary waste that cannot be reprocessed.

Instead, photocatalytic methods consist of highly advanced oxidation processes that
are used for the photodegradation of toxic compounds, showing high efficiency, simple
operation, low cost, and low energy consumption [4]. Many photocatalytic materials are
known, including ZnO [5], TiO2 [6], BiOBr [7], and WO3 [8].

In this context, membrane technology plays an important role in water treatment
due to its interesting features, easy operation, no addition of chemical additives (or less),
cost-efficiency, high productivity, easy scaling, and suitable removal capacity. A membrane
is a selective system that allows wanted materials to pass through and unwanted to be
retained on the membrane surface [9].

The current membranes are based on some conventional polymeric materials, and
they frequently suffer from limited chemical, mechanical and thermal stabilities [10]. Inor-
ganic membranes that can achieve high selectivity and/or high permeability are also weak,
expensive and difficult to expand [11]. In this context, the development of innovative new
generation membrane material, such as two-dimensional (2D) porous organic polymers
(POPs), is receiving great attention due to highly tunable pores/channels, robust frame-
works/networks, intrinsic flexibility, and light weight for multiple separation purposes. It
has recently been shown that the filtering properties of a membrane, as well as the resistance
to acidic environments, can be increased either by modifying the surface of the polymer or
by incorporating polymers/molecules with different structures and properties [12–14].

In our previous works [15–18], we showed that sulfonilic groups of sulfonated pentablock
copolymer (s-PBC) are highly hydrophilic, negatively charged, and acidic, making this poly-
mer a suitable high capacitive adsorbent for the removal of cationic species. In particular,
membranes and s-PBC/graphene oxide (GO) nanocomposite membranes show suitable ad-
sorption abilities for the removal of different heavy metal ions (Ni2+, Co2+, Cr3+, and Pb2+)
from aqueous solutions containing the corresponding metal salts at different concentrations,
due to the presence of sulfonic groups that play a fundamental role in the adsorption process
of metal ions. Starting from these considerations, we proposed for the first time the application
of s-PBC (NexarTM) as a multifunctional coating for water filters [19,20]: due to hydrophilicity,
acidity, and smoothness of the coating layer, the adhesion, and proliferation of planktonic
P. aeruginosa was contrasted by a combined repulsion and contact killing mechanism avoiding
the biofilm formation. This polyvalent antimicrobial nature of NexarTM could provide a
substantial improvement to the surface coatings for multi-purpose filters with antifouling
properties and simultaneous removal of bacteria and cationic contaminants from water. Fur-
thermore, this strategy allows reducing the use of chemical and toxic agents to avoid the
biofouling effect, increasing the filter’s lifespan.

To take advantage of the described properties, in this work polypropylene (PP) fibrous
filters were coated by a s-PBC layer (s-PBC@PP) and tested in adsorption and filtration
processes for a fast and efficient removal of water contaminants. The PP filter has the
double role of support and porous structure. The s-PBC layer provides useful additional
functionalities to the commercial filter (not only size separation, but also molecules and
ions removal by adsorption). This is very important since it allows to keep the filter cost low
by using only a thin active coating layer on a cheap commercial PP filter. The filtration in
this integrated process is assumed (understandable) as a transport and deposition complex
phenomenon. To explore the possibility of further increasing the filtering efficiency of
s-PBC coating, the coated filters were irradiated by UV light. The modifications induced by
irradiation were investigated by FT-IR and EDX analysis.

Aiming to study the adsorption and filtration properties of the s-PBC-coated PP filters,
with and without UV-induced modification, two kinds of contaminants were chosen: a
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cationic dye, i.e., methylene blue (MB), and two heavy metal ions, i.e., Fe3+ and Co2+, using
the raw PP filter as a reference. The contaminants removal rate was measured by UV-Vis
absorbance spectroscopy during both adsorption and filtration processes.

Cationic dye and metal ions were efficiently removed by s-PBC-coated PP filters due
to their hydrophilic, acid and negatively charged character. In particular, the polymer-
coated filters showed a high efficiency in removing MB from an aqueous solution in both
absorption and filtration processes.

In the presence of heavy metal ions (Fe3+ and Co2+), on the other hand, the coated
filters show a better efficiency for the filtration process, in particular in the filters whose
surface has been modified by UV treatment.

The filters were characterized before and after removal processes by scanning electron
microscope (SEM) energy-dispersive X-ray (EDX) analysis and FT-IR.

2. Results
2.1. Samples Characterization

Polypropylene filters were coated by s-PBC solution (s-PBC@PP), as described in the
Section 3, and some of them underwent a UV irradiation process (s-PBC@PP_UV).

Their morphology was characterized by SEM analysis, and images are reported in
Figure 1. For each sample, the corresponding picture is also shown in the insets.
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Figure 1. SEM images of PP (left), s-PBC@PP (middle) and s-PBC@PP after UV irradiation (right) samples.

As we showed in previous works [19,20], the casting procedure used to cover the PP
surface produces a homogeneous and complete coverage of PP fibers. Indeed, the PP filter
(Figure 1, on the left) is white and is formed by a three-dimensional network of randomly
distributed fibers with diameters ranging between 0.2 and 5 µm. The porosity εF is 0.98
and was determined, as described in Section 3.1 and in ref [20]. After s-PBC deposition, the
sample surface turns to light yellow (Figure 1, in the middle) and the s-PBC completely
covers the PP fibers as shown in the image on the right resulting in a homogeneous and
smooth surface. After UV irradiation, the s-PBC layer covering PP became dark yellow
(Figure 1, on the right) and the fibers become more visible under the surface, suggesting the
occurrence of shrinkage or a rearrangement of the coating layer, probably due to drying,
even though the sample weight does not change significantly.

The change from hydrophobic to hydrophilic behavior of the PP surface after the
deposition of s-PBC and the effect of UV irradiation on s-PBC hydrophilicity was confirmed
by water uptake and contact angle measurements reported in Table 1 for PP, s-PBC@PP,
and s-PBC@PP_UV samples, respectively.

Table 1. Water uptake (%) and contact angle measured for PP, s-PBC@PP, and s-PBC@PP_UV samples.

Sample Water Uptake (%) Average Contact Angle (Deg)

PP 3 129.6
s-PBC@PP 262 103.1

s-PBC@PP_UV 308 85.6

The starting PP surface is totally hydrophobic. The s-PBC coating results in a highly
hydrophilic surface as shown by the water uptake value (262%). This value increases up
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to 308% for the sample after UV irradiation. The change from hydrophobic to hydrophilic
behavior of the PP surface after the deposition of s-PBC was confirmed by contact angle
measurements (see Figure S3 of Supplementary Materials). The average angle measured
on three drops for each sample, is 129.6◦ for PP samples and decreases to 103.1◦ for s-PBC-
coated PP and down to 85.6◦ after UV irradiation of the coating layer. In other words, the
s-PBC coverage turns the PP surface character from totally hydrophobic to less hydrophobic
and to hydrophilic after the UV irradiation.

The more hydrophilic character of s-PBC@PP and s-PBC@PP_UV was confirmed
by FT-IR analysis in comparison with spectra acquired on PP. Previous studies [15,16]
performed by FT-IR analysis on s-PBC structure demonstrate that its molecular structure
in a polar solvent does not undergo chemical modification with respect to the commercial
material. In fact, the IR absorption peaks characteristic of SO3H groups were unmodified
after dispersion in polar solvent. These are responsible for the negative charge and acid
character of s-PBC coating, as also confirmed by its ability to adsorb positively charged
molecules [16–18].

Figure 2 reports the FT-IR spectra of a s-PBC film deposited on a PP filter before
(red line) and after (blue line) the UV treatment in the 4000–500 cm−1 wavelength range
(Figure 2a) and in a reduced range between 1900 and 900 cm−1 (Figure 2b) to highlight
some features more in detail. The IR spectrum of an unmodified PP filter (black line) is
reported for comparison.
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not possible for different molecules to have the same IR spectrum. The characteristic peaks 
of functional groups instead (always) fall at the same frequencies, regardless of the 
structure of the molecule in which the group is present. 
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Figure 2. (a) FT-IR spectra of a PP filter (black line), s-PBC-coated PP filter before (red line) and after
(blue line) the UV treatment. In (b), the same spectra in the wavelength range 1900–900 cm−1 are
reported to show the IR features more in detail.

There are two “types” of signals in the IR spectrum: those related to the presence of
functional groups (4000–1900 cm−1) and those considered to be fingerprint (1000–400 cm−1)
typical and characteristic of the single molecules. These fingerprint signals mean that it
is not possible for different molecules to have the same IR spectrum. The characteristic
peaks of functional groups instead (always) fall at the same frequencies, regardless of the
structure of the molecule in which the group is present.

A wide band corresponding to stretching vibrations of the hydroxyl group (OH group,
from adsorbed water) occurs in the wavenumber range 3700–3000 cm−1 only for the filters
coated with s-PBC, confirming the hydrophilicity of the polymeric coating and the totally
hydrophobic behavior of the PP filter. Negligible differences in the shape of this band before
and after the UV treatment were evidenced. The three peaks between 2800 and 3000 cm−1

are associated with asymmetric and symmetric CH- stretching vibrations from the methyl
groups. The region between 2400 and 2000 cm−1 is strongly influenced by the presence of
carbon dioxide, and the intense and broad band centered at about 1707 cm−1 is attributable
to the C=O (carboxylic groups) stretching vibrations. Peaks evident at 1411, 1126, 1035, and
1006 cm−1 constitute the characteristic peaks of the SO3

− (Figure 2, right panel), whereas
the peak at 1151 cm−1 is the C-O stretching [21,22]. The wavelength region below 900 cm−1
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is characterized by the presence of double bonds C=C bending and C-H bending. The
fingerprint area, from 1300 to 400 cm−1, is characterized by the presence of specific bands of
each molecule, originating from vibrations of the entire molecular skeleton. The absence
of new peaks after UV treatment suggests that no change of the polymer main structure
occurs [23].

2.2. Adsorption and Filtration Tests

PP, s-PBC@PP, and s-PBC@PP_UV samples were tested for the removal of cationic
contaminants, i.e., Methylene Blue, Fe3+, and Co2+ ions, both by adsorption and filtration.

Before testing the filters for contaminants removal, water flux through each filter was
measured by filtering 40 mL of water in the same apparatus used for contaminants removal.
The water flux for each filter, calculated as the mean value of five consecutive tests, is
18.8 mL/s for the PP filter and 4.1 and 4.9 mL/s for the ones coated by s-PBC before and
after UV irradiation, respectively. The strong decrease in the water flow observed after
depositing s-PBC on the PP surface is due to a reduction in the porosity of the PP filter.
By comparing Figure 1a–c, we observe that the s-PBC layer completely covers PP fibers
forming a compact layer, thus reducing PP porosity (also reported in [20]).

2.2.1. MB Adsorption and Filtration

Figure 3 reports the UV-Visible absorbance spectra of MB solutions (a) after adsorption
or (b) after filtration for PP (black curve), s-PBC@PP (red curve), and s-PBC@PP_UV (green
curve) samples. The reference spectrum of MB solution with the initial concentration is also
reported (blue curve). In the inset, a photo of each sample after three hours of adsorption is
reported.
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after three hours of adsorption; (b) UV-Visible absorbance spectra of MB solutions after filtration 
for PP (black curve), s-PBC@PP (red curve) and s-PBC@PP_UV (green curve) samples. The blue 
curve in both graphs represents the UV-Vis spectrum of MB at the initial concentration. 

Methylene blue is a cationic, thiazine dye, which absorbs light at 664 nm (n-ð*) 
(monomer) with a shoulder at 610 nm corresponding to the dimer. In concentrated 
aqueous solutions, aggregation occurs, resulting in a shift of absorbance peak to lower 

Figure 3. (a) UV-Visible absorbance spectra of MB solutions after dipping PP (black curve), s-PBC@PP
(red curve), and s-PBC@PP_UV (green curve) for 3 h. In the inset a photo of each sample after three
hours of adsorption; (b) UV-Visible absorbance spectra of MB solutions after filtration for PP (black
curve), s-PBC@PP (red curve) and s-PBC@PP_UV (green curve) samples. The blue curve in both
graphs represents the UV-Vis spectrum of MB at the initial concentration.

Methylene blue is a cationic, thiazine dye, which absorbs light at 664 nm (n-ð*)
(monomer) with a shoulder at 610 nm corresponding to the dimer. In concentrated aqueous
solutions, aggregation occurs, resulting in a shift of absorbance peak to lower wavelengths
with respect to the monomer [17]. The covering of the PP surface with a layer of s-PBC
makes the adsorption of MB possible due to the presence of sulfonic groups giving the
surface a hydrophilic and acid character with negatively charged adsorption sites. The MB
absorbance peak in solution decreased by increasing the contact time with coated samples:
the main adsorption occurred suddenly, and low variations occurred in the following hours
up to being constant after three hours. Thus, we report the spectra of MB solutions after
three hours of contact with samples. At this time, for a solution in which s-PBC-coated
PP samples were immersed, the absorbance peak of the monomer slightly shifts to higher
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wavelengths while the one related to dimer shifts to lower wavelengths. Their relative ratio
is reduced, indicating that MB higher aggregates do not reduce linearly with monomers,
or even they may form while an MB adsorption–desorption equilibrium is reached. This
is not observed for the PP sample for which the adsorption is neglectable. MB removal
(%) for all the samples and the amount (mg) of adsorbed MB molecules per g of deposited
s-PBC layer for the coated samples are reported in Table 2 after 3 h of dipping.

Table 2. MB removal (%) and amount of adsorbed dye per gram of adsorbent (Qt, mg/g), considering
the peak at 664 nm after adsorption and filtration tests.

Sample MB Removal by
Adsorption (%) Qt_ads (mg/g) MB Removal by

Filtration (%) Qt_filt (mg/g)

PP 5 - 20 -
s-PBC@PP 90 0.58 80 0.45

s-PBC@PP-UV 80 0.56 70 0.38

The PP filter adsorbs only ~5% of MB. By covering its surface with s-PBC, a strong
increase in MB removal efficiency is observed after three hours, i.e., up to 90% and 80% for
s-PBC@PP and s-PBC@PP_UV, respectively. This result is also clearly visible by observing
the color of samples after being immersed in MB solutions for three hours (see inset of
Figure 2). The reference sample remained unaltered after being in contact with MB solution,
while the s-PBC@PP sample changed its color to blue, indicating a strong MB adsorption.
The UV-irradiated s-PBC@PP sample shows a removal efficiency and Qt values such as
s-PBC@PP; however, its color does not turn blue after MB adsorption. This suggests that
MB is converted into solution or adsorbed on the sample surface in its colorless form (i.e.,
leuco) as a result of a reduction process of MB molecules; this reduction could be ascribed
to a modification induced on the sample surface by UV irradiation that enriches its surface
of electrons. When MB is reduced to its leuco form, the main absorbance peak of MB at 664
nm disappears, and a new absorbance peak in the UV range appears, i.e., 254 nm [24]. This
peak is not observed in the absorbance spectra of the residual solution, thus suggesting
that MB is reduced to its leuco form only after adsorption on the s-PBC@PP_UV sample.

The leuco MB species is not observed when MB is removed by filtration using PP,
s-PBC@PP, and s-PBC@PP_UV filters. Indeed, the s-PBC@PP filters treated or not by
UV irradiation became blue after filtration while the eluate was uncolored. This could
be ascribed to the processing time: filtration occurred in less than one minute while
adsorption occurred in three hours. In the last case, the contaminant molecules have more
time to interact with radical species generated within the polymeric matrix during its
irradiation [25].

PP alone (black curve) removes about 20% of MB after the first filtration process, and
then this percentage decreases with subsequent filtrations, possibly due to a release of MB
from the filter (spectra not shown here). For the s-PBC@PP (red curve) sample, the filtration
removal efficiency reaches 80% for the first process, and for the s-PBC@PP_UV (green curve)
sample, the removal is lower (about 70%). In both cases, the peak associated with dimers
and oligomers at about 600 nm is more intense than the one due to the monomer at 664 nm.

Table 2 reports the Qt values also for filtration processes: s-PBC@PP shows a Qt value
of 0.45 mg/g that reduces to 0.38 mg/g after UV irradiation of the s-PBC layer. These
values are lower but quite similar to the one reported for adsorption tests suggesting
that a longer contact time between filter and contaminants (3 h for adsorption process vs.
1 min for filtration) results in better removal efficiency. However, in terms of time required
for removal, filtration is clearly more advantageous and can be repeated consecutively to
improve the final result.

2.2.2. Fe3+ Adsorption and Filtration

Figure 4 reports the UV-Visible absorbance spectra of FeCl3 solutions where filters were
immersed in the dark for three hours (Figure 4a) or after filtration (Figure 4b). The red curve
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represents the PP filter whose adsorption is neglectable, and only a small decrease in Fe3+

concentration is observed after filtration (i.e., 20% Fe3+ reduction). After covering the filter
with s-PBC, the adsorption ability increased up to 75% with respect to PP itself (see the blue
curve of Figure 4a), and this is due to the hydrophilicity and negative charge of the s-PBC
layer surface. A similar result was obtained for filtration using the s-PBC@PP filter: the Fe3+

concentration was reduced by 50% at the first filtration (see the blue curve of Figure 4b) and
up to 80% by filtering the same solution for the second time through the same filter (see the
magenta curve of Figure 4b). The UV irradiation of s-PBC layers worsened the adsorption
ability (i.e., 28% Fe3+ reduction, see the green curve of Figure 4a) but highly increased the
filtration efficiency since the total removal of Fe3+ ions was observed immediately after the
first filtration process (see the green curve of Figure 4b), due to the higher hydrophilicity of
the sample.
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Figure 4. UV-Visible absorbance spectra of FeCl3 solutions after (a) adsorption on the different filters or
(b) filtration through them. The reference spectrum of the initial FeCl3 solution is reported in both graphs.

However, observing the shape of the spectra after absorption and filtration of the
solution, they show a different shape for the sample treated with UV. In fact, for the s-
PBC@PP filter, the spectra of the absorbed and filtered solutions are similar in shape, both
with each other and with the initial solution. The only difference is represented by the
intensity, which is lower for the filtered solution, indicating a release of Fe3+ ions from the
sample during the three hours of absorption. For the s-PBC@PP_UV filter, the spectra of
the absorbed and filtered solution show different shapes, both with each other and with
the initial solution. In particular, while the spectrum after filtration shows only a strong
variation in intensity (>99% of the ions were removed), the spectrum after adsorption
shows the appearance of a very intense absorbance signal for wavelengths lower than
300 nm. From the literature [26], it is known that Fe ions show absorption peaks whose
position varies according to the oxidation number (Fe2+ and Fe3+) and the group to which
the Fe ion is bound (Fe(OH)2+, Fe(SO4)2

−, FeSO4
+, FeCl2+, FeCl2+, . . . ). So, considering

that the shape of the UV-Vis spectrum changed for the s-PBC@PP_UV filter after three
hours of contact with the iron solution in the dark, we believe that the change is due to the
formation of different iron species in the solution. Accordingly, the UV-irradiated layer
reacts with iron ions in solution instead of adsorbing them.

The s-PBC coating of the PP filter increased its Fe3+ removal efficiency with respect to PP
by both adsorption and filtration. Higher adsorption efficiency is shown by the s-PBC@PP
filter (i.e., 7.75 mg/g), while UV irradiation reduces this performance (i.e., 2.8 mg/g). On the
contrary, the UV-irradiated filter showed a higher removal efficiency by the first filtration test
(up to 8.48 mg/g). A similar result was shown by the s-PBC@PP filter after filtering twice the
same solution through the same filter (i.e., 7.96 mg/g).

121



Int. J. Mol. Sci. 2022, 23, 11777

2.2.3. Co2+ Adsorption and Filtration

Figure 5 reports the UV-Visible spectra of (i) as-prepared CoCl2 solution and the same
after contact with different filters in the dark for three hours (Figure 5a); (ii) as-prepared
CoCl2 solution and the same after filtration (Figure 5b). The main peak associated with
Co2+ is positioned at 520 nm. The red curve represents the initial PP filter whose adsorption
is neglectable. After coating the filter with s-PBC, the adsorption ability increases, and 15%
of the initial Co2+ concentration is removed (see the blue curve of Figure 5a) due to the
more negatively charged surface of the s-PBC layer with respect to the totally hydrophobic
PP surface. For the UV-irradiated s-PBC layers, 14% Co2+ reduction is observed (see the
green curve of Figure 5a), indicating that the UV treatment did not significantly affect the
adsorption ability with respect to the s-PBC@PP filter. However, similarly to the case of Fe3+

ions described in the previous section, a significant variation in the shape of the absorbance
spectra occurs at wavelengths below 400 nm after the prolonged interaction of the filters
with the Co2+ ions solution.
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Figure 5. UV-Visible absorbance spectra of CoCl2 solutions after (a) adsorption on the different filters
for two hours or (b) filtration through them. The reference spectrum of the initial CoCl2 solution is
reported in both graphs.

After filtration through the PP filter, Co2+ concentration decreases by 15% (red curve
in Figure 5b). A slightly better result was obtained using the s-PBC@PP filter: 20% of
the initial Co2+ concentration was removed after the first process (see the blue curve of
Figure 5b) and 28% by re-filtering the same solution twice through the same filter (see the
magenta curve of Figure 5b). The same decrease (28%) of the 520 nm peak was observed for
the s-PBC@PP_UV filter, along with a moderate absorbance increase at low wavelengths
(below 400 nm).

The higher removal efficiency observed for filtration may be mainly ascribed to the
higher hydrophilicity of polymer-coated filters after UV irradiation.

We believe that the large increase in the absorbance at low wavelength values observed
for s-PBC@PP_UV, more evident in the case of adsorption but also present after filtration,
might be due to the formation of different cobalt species in solution as byproducts of a
reaction occurring between the UV-irradiated polymer layer and the cobalt ions in solution.
This could explain the absorbance increase observed in the UV range of the spectrum and
the very small decrease in the 520 nm peak.

The Qt values for cobalt removal by adsorption and filtration were calculated according
to the definition given in the Section 3. Coating the PP filter by an s-PBC layer allows a
moderate Co2+ removal by adsorption, i.e., Qt = 21.9 mg/g (no adsorption is observed for
raw PP filter) that slightly increases (Qt = 24.0 mg/g) by filtration. UV irradiation lowers
the removal efficiency of the filter to 20.0 mg/g and 17.3 mg/g for adsorption and filtration,
respectively.

To understand in more detail these results, we have performed FT-IR and EDX analysis
on the three kinds of filters after adsorption and filtration of Fe2+ and Co2+ ions.
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2.3. Post-Process Filters Characterization
2.3.1. FT-IR Analysis

Figure 6 shows the FT-IR spectra of an s-PBC@PP filter after UV treatment (black
line) and the s-PBC@PP filters without and with UV treatment after being dipped in a 1.1
mM FeCl3 solution (red and blue line, respectively, Figure 6a,b) or after being dipped in
a 17.5 mM CoCl2 solution (red and blue line, respectively, Figure 6c,d). As a reference,
we report the s-PBC@PP after UV treatment because it shows the same features as the
untreated s-PBC@PP, as shown in Figure 3.
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Figure 6. FT-IR spectra of (a,b) s-PBC@PP filter (red line) and UV-treated s-PBC@PP filter (blue line)
after being dipped in a FeCl3 solution; (c,d) s-PBC@PP filter (red line) and UV-treated s-PBC@PP
filter (blue line) after being dipped in a CoCl2 solution. The (b,d) figures show more in detail the
1900–900 cm−1 range. FT-IR spectra of the s-PBC@PP filter after UV treatment is reported in all the
graphs as a reference (black line).

After the adsorption of Fe3+, the main differences observed among the spectra are in
the ranges 1900–2350 cm−1 and 1400–1100 cm−1: we observe the presence of two large
features in the range 2250–1900 cm−1 only in the case of the UV-treated s-PBC@PP sample.
The peaks centered at approximately 2350 and 2157 cm−1 (indicated by the arrows in
Figure 6a) are present in all the filters and are related to the O=C=O and C=C=O bonds,
respectively. The peaks centered at 2027 e 1973 cm−1 and circled in yellow have not been
identified. Further differences concern the band centered at 1707 cm−1 (related to the C=O
stretching vibrations) that shifts to 1679 cm−1, and the decrease in relative intensities of the
peaks at 1375 cm−1 (S=O), 1338 (S=O) cm−1 indicated by the arrows in Figure 6b.

In the case of Co2+ adsorption, the two features in the range 2250–1900 cm−1 are present
for both s-PBC@PP with and without UV treatment, and, in particular, the peaks centered at
2027 e 1973 cm−1 and circled in yellow are present (Figure 6c), more evident for the untreated
sample. The band centered at 1707 cm−1 (related to the C=O stretching vibrations) shifts to
1650 cm−1, and the intensity of the peaks at 1375 cm−1 and 1338 cm−1 (both related to S=O
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stretching) decrease, such as in the case of Fe3+ adsorption. Furthermore, the 1153 cm−1

peak (related to C-O stretching) shifts to 1161 cm−1, and its relative intensity increases after
the interaction with CoCl2, as indicated by the arrows in Figure 6d.

The results of our adsorption/filtration tests indicate that after the contact between
s-PBC@PP and s-PBC@PP_UV samples with FeCl3 and CoCl2 solutions: (i) the amount
of S=O bonds decreases; (ii) the peaks related to C=O (1707 cm−1) and C-O (1153 cm−1)
stretching shift, respectively, to a lower and to a higher value, suggesting that there is
a change in the electron distribution of the molecular bonds, probably due to strong
interaction with cationic ions. All the observed changes (change of relative intensity and
shifts) are much more evident in the case of contact with the CoCl2 solution, highlighting a
stronger interaction of sulfonilic groups with Co2+ with respect to Fe3+ ions.

2.3.2. EDX Microanalysis

Figure 7 reports the C/O, S/O, and S/C weight ratios obtained by EDX analysis
carried out on s-PBC@PP and s-PBC@PP_UV samples before and after being dipped for
180 min in a 1.1 mM FeCl3 solution or in a 17.5 mM CoCl2 solution. The comparison
between the s-PBC layer before and after UV irradiation (black and red curves, respectively)
indicates that the UV treatment slightly changes the relative amounts of O and S with
respect to C. In particular, we observe a decrease in the S/C ratio and an increase in the
C/O ratio, while S/O remains almost unvaried.
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PBC@PP_UV samples before and after dipping in FeCl3 solution or in CoCl2 solution for 180 min.

The S/C and S/O weight ratios measured for the samples exposed to FeCl3 and CoCl2
strongly decrease with respect to the values measured for the corresponding as-prepared
samples, and this effect is enhanced in the case of immersion in the CoCl2 solution. The
C/O weight ratio decreases moderately for the samples in contact with the FeCl3 solution
and much stronger for the samples in contact with the CoCl2 solution. No significant
difference in the general trend is observed between s-PBC@PP and s-PBC@PP treated by
UV irradiation.

A decrease in the S content in the s-PBC coating is in agreement with the FT-IR results,
where a reduction in the S=O stretching features (1376 cm−1, 1338 cm−1) is observed. EDX
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provides the additional information that this decrease is strongly enhanced by the presence
of CoCl2 with respect to FeCl3.

An increase in O content seems to be supported by smaller C/O and S/O ratios after
contact with both solutions and by the increase in the IR peak at 1153 cm−1 assigned to
C-O stretching. Changes in the electron distribution of the molecular bonds between C and
O are also suggested by the downshifts observed in the FT-IR features from 1707 cm−1 to
1679–1650 cm−1 (C=O stretching) and by the upshift from 1153 to 1161 cm−1 (C-O).

These results suggest that adsorption/filtration of ions, in particular, cobalt, occurred
by coordination with sulfonilic groups that dissolve in solution as sulfate salts, as demon-
strated by the presence of byproducts shown in Figures 4 and 5.

3. Materials and Methods
3.1. Chemicals

Multilayer polypropylene (PP) filters were produced using the melt-blown technology
process, as reported in [19,27].

The produced PP fibers have diameters smaller than 5 mm and form a three-dimensional
network with a range distribution of the pore size. The filter porosity εF is 0.98 and was
determined using the formula: εF = 1 − ρSF/(ρF·L), where rSF is the surface density calcu-
lated as the mass of the filter divided by the surface area (mF/AF); ρF is the fibers material
density (910 Kg/m3 for polypropylene was used); L is the PP filter thickness.

A sulfonated pentablock copolymer poly(tBS–HI–sS:S–HI–tBS) solution, or s-PBC,
with 10–12 wt% polymer in a cyclohexane/heptane mixed solvent was provided courtesy
of Kraton Polymers LLC. A scheme of this copolymer, commercially available as NexarTM,
is reported in Figure S1 of Supplementary Materials [15–18]. The sulfonation degree is
52 mol%, and these groups confer to the polymer an ion exchange capacity (IEC) value
of 2.0 meq/g. The molecular weight is 112,500 g mol−1 and the volume fraction (tBS–
[sS:S]–HI) is 0.300–[0.226:0.208]–0.266 [28]. The structure of this polymer is composed of
an alternation of hydrophobic and hydrophilic domains within a micellar morphology in
solution, depending on the solvent polarity [28]. This morphology affects the morphology
of casted film: discrete, spherical ion-rich microdomains are formed in films cast from
nonpolar solvent, whereas an apparently mixed morphology with a continuous ion-rich
pathway and channels is generated when the casting solvent is more highly polar [28].
The presence of these pathways and channels could facilitate the diffusion of ions and/or
other polar species through the nanostructured medium. Taking into consideration these
observations, we prepared an s-PBC solution (3 wt%) by dispersing the commercial s-PBC
after evaporation of commercial solvents in a polar solvent, i.e., isopropyl alcohol (IPA),
since the obtained structure could be more suitable for filtration purpose.

3.2. Samples Preparation

For adsorption tests, polypropylene filters were cut into circular coupons of ~0.3 cm
thickness and ~2.25 cm diameter. A 1 mL volume of s-PBC solution was spotted on the PP
coupon to obtain a homogeneous coverage of its surface. Each coupon was air-dried for
24 h before weighing. The amount of deposited s-PBC was ≈0.030 ± 0.01 g for each coupon.
Similarly, we prepared larger coated filters for filtration processes: polypropylene filters
were cut into circular coupons of ~0.3 cm thickness and ~5 cm in diameter. These were
coated with 5 mL of s-PBC solution, and each filter was air-dried for 24 h before weighing.
The amount of deposited s-PBC was ≈0.1468 ± 0.0030 g for each filter as measured by a
precision weight scale. PP samples covered by s-PBC are here named s-PBC@PP samples.

Some s-PBC@PP samples underwent a UV irradiation process for 7 h, respectively (here
named s-PBC@PP_UV). The irradiation was performed by an 18 W UVA/blue DULUX n.78
OSRAM lamp (producing mainly UV emission at 365 nm and a few narrow lines in the visible).
The emission spectrum of the lamp is reported in Figure S2 of Supplementary Materials.
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The irradiated and unirradiated s-PBC@PP samples were characterized and tested for
water contaminants removal as described below. These were compared with unmodified
PP samples.

3.3. Samples Characterization

Morphological characterization and chemical mapping of the samples were per-
formed using a field emission scanning electron microscope (Supra 35 FE-SEM by Zeiss,
Oberkochen, Germany) equipped with an energy-dispersive X-ray (EDX) microanalysis
system (X-MAX, 80 mm2 by Oxford Instruments, Abingdon, UK).

The hydrophilicity of the sample’s surface was investigated by contact angle measure-
ments using an Optical compact angle meter (CAM 200 model by KSV Instruments LTD,
Helsinki, Finland). Moreover, their water uptake values were calculated according to the
following simple mass balance equation [15–18]:

Uptake% = [(mwet − mdry)/mdry] × 100 (1)

where mdry is the mass of the sample air-dried at least for 24 h and then put into a desiccator;
mwet is the weight of the sample soaked in distilled water at room temperature for 48 h
and quickly wiped with a paper tissue in order to remove most of the free surface water.
Both masses were measured by a microbalance.

IR measurements on irradiated and not covered PP filters were performed by Jasco
FT-IR-4700 spectrophotometer. Equipped with an ATR (ATR-PRO ONE) with a diamond
prism. Clamps ensure sample contact with the crystal.

Water flux through the initial PP filter and s-PBC-coated filters before and after UV
irradiation, respectively, was measured by the ratio of water volume on filtration time for
five consecutive filtration processes of a 40 mL water sample using a vacuum filtration unit
with a diaphragm vacuum pump. The same system was used for filtration experiments, as
reported below.

3.4. Adsorption and Filtration Tests

s-PBC@PP and s-PBC_UV samples were tested for the adsorption and filtration of
a cationic molecule (i.e., methylene blue MB) and cationic metals such as Fe3+ and Co2+

from water. For adsorption experiments, samples were immersed in the dark in 5 mL of
contaminant aqueous solutions with an initial concentration of 10−5 M for MB, 1.1 mM
for FeCl3, and 17.5 mM for CoCl2, respectively, for three hours. For each filtration process,
three different 20 mL aliquots of initial contaminant solution were filtered, and each eluted
aliquot was filtered for consecutive cycles. The filtration tests were conducted through
commercial vacuum filtration systems (Nalgene®). In the systems, the membrane in PES
Supor® machV was removed and replaced with the filters to be tested. The mean flow (mL/s)
was calculated for all filters by filtering 40 mL of H2O 4 times. The mean values obtained were
4.18, 4.11, and 4.87 mL/s for PP, s-PBC@PP, and s-PB@/PP_UV, respectively. Filtration time
was recorded for each process. All the solutions before and after adsorption and filtration
were analyzed by recording the absorbance spectra variations using a UV/Vis AGILENT
Cary 50 spectrophotometer in a wavelength range between 200 and 800 nm. The contaminant
removal was evaluated by the Lambert–Beer law via the absorbance peak at 664 nm for MB,
286 nm for Fe3+, and 520 nm for Co2+. Adsorption and filtration processes on PP filters used
as references were also evaluated to point out the role acted by s-PBC covering.

The efficiency of adsorption and filtration tests is measured as an amount (%) of
removed ions or as a weight ratio (Qt, mg/g) between removed ions and the s-PBC amount
of the coating layer.

4. Conclusions

New technical solutions for functionalizing materials by assigning them defined
structural features create the possibility of integrating processes to increase the separation
efficiency and reduce the operational costs of the process. This paper describes an example
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of such an operation for the case of water purification using coupled adsorption and
filtration processes.

In this work, we coated PP filters with s-PBC layers and tested them for the removal
of cationic organic dyes, such as methylene blue (MB), and heavy metal ions (Fe3+ and
Co2+) from water by adsorption and filtration experiments. Some of the coated filters were
irradiated by UV light before being exposed to contaminated water and then were tested
with the unirradiated filters in the same adsorption and filtration experiments.

S-PBC coating made PP filters partially or totally able to remove the cationic dye and metal
ions from water solutions due to their hydrophilic, acid, and negatively charged character.

In particular, the polymer-coated filters showed high efficiency in removing MB from
an aqueous solution in both adsorption and filtration processes, with efficiencies of 90%
and 80%, respectively.

In the presence of heavy metal ions (Fe3+ and Co2+), on the other hand, the coated
filters showed a better performance for the filtration process rather than in the adsorption
processes. In particular, the UV treatment improves the removal ability of Co2+ ions (about
28% rather than 20% obtained for the untreated s-PBC@PP filters) and allows a total removal
of the Fe3+ ions (>99% instead of 50% achieved by the untreated s-PBC@PP filters) after
just one single filtration step.

The characterization of the filters before and after use by FT-IR and EDX analysis
allowed us to investigate the mechanisms involved in the metal ions removal processes: in
the adsorption processes, the interaction times are long enough to allow the ionic species to
interact with the surface of the filters, leading to the formation and release of new species
in solution. The filtration processes are faster, and, therefore, the interaction time is not
enough to release reaction byproducts to the solution; the ionic species are easily trapped
in the filters, in particular for the filters whose surface was modified by UV treatment. It
has also been shown that the treatment increases the hydrophilicity of the filters, enhancing
their filtration capacity. Although further work is needed to extensively investigate the
lifetime and regeneration processes of such kinds of filters, we have shown that functional
polymeric coating of commercial and low-cost filters is a promising and low-cost strategy
for the effective removal of pollutants from water.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/ijms231911777/s1.
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Abstract: The granulation of bismuth oxide (BO) by alginate (Alg) and the iodide adsorption efficacy
of Alg–BO for different initial iodide concentrations and contact time values were examined. The
optimal conditions for Alg–BO granulation were identified by controlling the weight ratio between
Alg and BO. According to the batch iodide adsorption experiment, the Alg:BO weight ratio of 1:20
was appropriate, as it yielded a uniform spherical shape. According to iodide adsorption isotherm
experiments and isotherm model fitting, the maximum sorption capacity (qm) was calculated to be
111.8 mg/g based on the Langmuir isotherm, and this value did not plateau even at an initial iodide
concentration of 1000 mg/L. Furthermore, iodide adsorption by Alg–BO occurred as monolayer
adsorption by the chemical interaction and precipitation between bismuth and iodide, followed
by physical multilayer adsorption at a very high concentration of iodide in solution. The iodide
adsorption over time was fitted using the intraparticle diffusion model. The results indicated that
iodide adsorption was proceeded by boundary layer diffusion during 480 min and reached the
plateau from 1440 min to 5760 min by intraparticle diffusion. According to the images obtained using
cross-section scanning electron microscopy assisted by energy-dispersive spectroscopy, the adsorbed
iodide interacted with the BO in Alg–BO through Bi–O–I complexation. This research shows that
Alg–BO is a promising iodide adsorbent owing to its high adsorption capacity, stability, convenience,
and ability to prevent secondary pollution.

Keywords: bismuth oxide; alginate; granulation; iodide adsorption

1. Introduction

At present, nuclear energy is being widely used as a reliable and clean energy source
for electricity. Despite those advantages, nuclear accidents, such as those of the Chernobyl
and Fukushima nuclear power plants, may release dangerous radioisotopes such as Cs-
134, Cs-137, I-129, and I-131 into the environment [1,2]. The recovery of radioactive
iodine (I-129 and I-131) from the environments is challenging owing to its high radioactive
toxicity, solubility, and mobility [3,4]. Moreover, the considerably longer half-life of I-129
(1.57 ± 0.006 × 107 years) than that of I-131 (8 days) means that it may expose humans and
other living organisms to chronic toxicity [5,6]. In aqueous systems, iodine (I2) mainly
occurs as iodide (I−) and iodate (IO3

−), depending on the pH, with iodide being the
dominant species at neutral pH [7–9]. The release of radioactive iodide is attributable to the
dissolution of CsI, which is typically used as nuclear fuel in light-water reactors [10]. The
iodine is mainly released as a gaseous contaminant due to its high volatility, but it can be
easily dissolved in the resulting water form of radioactive iodide ions. Therefore, effective
strategies to remove radioactive iodide from the aqueous medium must be established to
ensure the safety of the nuclear industry and environment.

Many researchers have examined iodide adsorption with mineral-based, metal-based,
polymer-based, and carbon-based adsorbents in aqueous systems [11–16]. Bismuth-based
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adsorbents, e.g., bismuth oxide (BO), basic bismuth nitrate, and bismuth subcarbonate,
have attracted considerable research interest because of their high selectivity for iodide
and low toxicity and cost [17–19]. The high iodide selectivity of bismuth-based adsorbents
is attributable to the formation of effective Bi–O–I compounds as a novel waste form [20].
It was reported that ~76% of the removal capacity was still maintained in the presence
of chloride when iodide adsorption on mesoporous bismuth oxide was performed with
6 mM chloride ions [17]. The stable adsorption behavior under a wide pH range of 4–11
was also verified using Microrosette-like δ-Bi2O3 [21]. However, powdered adsorbents are
challenging to separate and recycle. Granulation of the powdered form of particulate matter
was considered an effective process for enhancing its practical applicability [22–25]. Many
researchers have attempted to prepare granules of adsorbents through pellet molding
methods by applying strong compressive force as a facile methodology. Notably, the
equipment for pellet molding is expensive, and the process requires the application of
high pressure, which may block the pores on the surface or change the internal structure
of the adsorbents [26]. To address these problems, bismuth-based adsorbents were fixed
on a substance or granulated using polymers [27]. Among various polymers, alginate
(Alg) extracted from brown algae is a promising candidate owing to its environmental
friendliness, low cost, and easy preparation method by simply dropping it on a crosslinking
agent such as Ca2+ ions [28]. Owing to the ionotropic gelation of spherical drops, the
polyguluronate units in the alginate molecules form a chelated structure with metal ions.
Then, the chelate structure is transformed to become kinetically stable toward dissociation
while the polymannuronate units show normal cations binding [29]. According to the
two interactions, granulation by Alg leads to the formation of spherical-shaped beads [30].
Spherical Alg granules are convenient to use as adsorbents in practical applications. They
can help avoid secondary pollution resulting from dissolution, as reported in several articles
with various powder adsorbents, such as iron oxide, clay, and activated carbon [31–33].

Considering these aspects, in this study, BO was prepared using the solvothermal
method and then granulated with Alg to realize iodide adsorption in an aqueous system.
Specifically, Alg–BO was prepared in a facile manner by dropping the Alg and BO sus-
pension into a calcium chloride (CaCl2) solution to achieve a uniform spherical shape.
The granulation of BO by Alg was characterized by powder X-ray diffraction (PXRD),
Fourier-transform infrared (FT-IR), Brunauer–Emmett–Teller (BET) surface area analysis,
and microscopic analysis. The optimal conditions for granulation were identified by control-
ling the weight ratio of Alg to BO through batch iodide adsorption experiments. Moreover,
iodide adsorption isotherm experiments were conducted, and the results were fitted using
the Langmuir and Freundlich models for the adsorption isotherm. According to the kinetic
experiment results fitted with the intraparticle diffusion model, iodide adsorption occurred
through boundary layer diffusion in the initial stage and then through intraparticle diffu-
sion. The effect of pH on iodide adsorption, as well as the integrity of granules, was also
investigated. After iodide adsorption, the Alg–BO sample was characterized via PXRD,
FT-IR, and scanning electron microscopy (SEM) assisted by energy-dispersive spectroscopy
(EDS) to evaluate the structural changes and adsorbed iodide distribution.

2. Results and Discussion
2.1. Optimization of Alg–BO Preparation Conditions for Iodide Adsorption

The granulation conditions were optimized by preparing Alg–BO considering five
weight ratios of Alg to BO (1:5, 1:10, 1:20, 1:30, and 1:40). As shown in Figure S1, the beads
prepared with weight ratios ranging from 1:5 and 1:20 were spherical with a diameter of
approximately 0.3 mm. When the ratio was increased to 1:30 and 1:40, the shape of Alg–BO
was slightly elongated and irregular. At higher BO ratios, the Alg was inadequate to
establish a stable structure once it reacted with the calcium ions in the bath. Similar results
have been observed for halloysite–alginate and organoclay–alginate nanocomposites [33,34].
The sphericity of grains of the filtration bed applied for water treatment was considered an
important parameter for column design as it affects the bed porosity. Siwiec (2007) reported
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that high sphericity could bring lower porosity in the filter bed [35]; therefore, a denser
adsorbent bed could be expected. Furthermore, as adsorption performance is affected by
the adsorbent mass in the unit bed volume, the bed filled with spherical granules could
expect a higher performance and lifetime. These results indicated that Alg:BO ratios of 1:5
to 1:20 were suitable for stable bead formation.

The iodide adsorption capacity of the prepared Alg beads with/without BO was
evaluated through simple batch adsorption experiments (Figure 1). The Alg beads without
BO exhibited 0% iodide adsorption capacity even after 24 h. When BO was introduced,
the iodide adsorption capacity gradually increased with the weight ratio (from 3.7 mg/g
(1:5) to 6.9 mg/g (1:30)) after 24 h. However, when the weight ratio was increased to 1:40,
the adsorption capacity decreased by approximately 25%. These results were attributable
to the aggregation of BO particles when the amount of BO was increased in the Alg
matrix for granulation [36,37]. Considering these preliminary iodide adsorption results for
different ratios of Alg and prepared BO, Alg–BO with a weight ratio of 1:20 was selected
for further study.
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ration method. After the granulation of BO with Alg, the characteristic diffractions asso-
ciated with the two BO forms were preserved, and the small diffractions from Alg disap-
peared owing to the small amount of Alg used (weight ratio of 1:20). The PXRD patterns 
indicated that the granulation of the prepared BO with Alg did not significantly influence 
the BO crystal structure.  

Figure 1. Iodide adsorption capacity of parent alginate (Alg) and beads prepared with different
Alg and bismuth oxide (BO) weight ratios (initial iodide concentration: 20 mg/L, initial adsorbent
concentration: 1 g/L, and contact time: 24 h).

2.2. Characterization of Prepared Alg–BO

The Alg–BO (1:20) selected in the previous analysis was characterized by PXRD,
FT-IR, and SEM. The PXRD patterns of parent Alg exhibited small diffraction at 31.8◦,
corresponding to (111) diffraction (asterisk in Figure 2), and broad, amorphous diffraction
in the range of 20◦–45◦, consistent with the previously reported result [38]. The prepared
BO consisted of two types of bismuth oxide forms: γ-Bi2O3 (PDF No. 00-027-0052) and
Bi2O2.33 (PDF No. 00-027-0051). The major diffractions of the two types of BO—(110), (200)
for γ-Bi2O3 and (101), (111) for Bi2O2.33—were well developed through the solvothermal
preparation method. After the granulation of BO with Alg, the characteristic diffractions
associated with the two BO forms were preserved, and the small diffractions from Alg
disappeared owing to the small amount of Alg used (weight ratio of 1:20). The PXRD
patterns indicated that the granulation of the prepared BO with Alg did not significantly
influence the BO crystal structure.
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Figure 2. Powder X-ray diffraction patterns of Alg, BO, and Alg–BO (asterisk indicates (111)
diffraction from Alg; black and red Miller indices indicate two bismuth oxide forms: Bi2O2.33 and
γ-Bi2O3, respectively).

Moreover, FT-IR spectroscopy was performed to identify the changes in the chemical
properties of BO, Alg, and Alg–BO after granulation (Figure 3). In the FT-IR spectra
of BO, characteristic stretching vibrations of O−H, C−H, and −CH2 were observed at
approximately 3500–3200 cm−1 and 2800–3200 cm−1. The vibrations of (CH2)n, C−O,
and C−O−C groups appeared at 700–1000 and 1100–1200 cm−1. The peaks at 1285 and
1641 cm−1 were attributable to the –COOH and C=O ester functional groups, respectively.
The vibrations at 700–650 cm−1 originated from the metal-oxygen (Bi–O) vibrations. All
vibrations attributable to BO were consistent with those observed in previous studies in
which BO was prepared using the solvothermal method with an organic solvent such
as ethanol or ethylene glycol [39,40]. Moreover, the intense vibration at 1543 cm−1 was
attributable to the NO3 group, which indicated the existence of NO3 functional groups on
the BO surface [39,41]. The spectra of the sodium alginate powder exhibited characteristic
asymmetric and symmetric stretching vibrations of the carboxylate group (COO−) in Alg
at 1407 and 1596 cm−1, respectively. The Alg–BO prepared by polymerization of Alg with
CaCl2 exhibited characteristic vibrations attributable to both BO and sodium alginate [33].
Moreover, the C=O vibrations resulting from the ionic bonding between calcium ions
and Alg was observed at approximately 1641 cm−1 as a shoulder, owing to the intense
symmetric stretching vibrations of the carboxylate groups [42]. According to the PXRD
and FT-IR results, BO was successfully incorporated with Alg by the polymerization and
appeared in a bead form.

To investigate the morphology of Alg–BO, SEM images of the surface and cross-section
were obtained (Figure 4). As shown in Figure 4A,B, Alg–BO appeared as a spherical bead
with a diameter of approximately 0.2–0.3 mm. The Alg–BO surface was smooth with
BO particles (approximately 2–4 µm) aggregated with polymeric alginate. According to
the cross-sectional images (Figure 4C,D), spherical BO particles (2–4 µm) were packed
homogeneously in the Alg–BO, with irregular nanoparticles sized tens to hundreds of
nanometers. The aggregates of rod or plate-like nanoparticles in the intraparticle pores
likely enhanced the iodide adsorption.
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Figure 4. SEM images of the (A,B) surface and (C,D) cross-section of prepared Alg–BO.

According to the N2 adsorption–desorption hysteresis loop of Alg–BO (Figure 5), it
can be classified as an H3 hysteresis loop based on the IUPAC classification [43]. This
H3 hysteresis loop is known to be attributed to aggregates or agglomerates of particles
with a nonuniform size and/or shape. This result corresponds quite well to the SEM
images. The obtained specific surface area (SSA) was determined as 61.15 m2/g. This value
shows an 18-44-times-higher SSA value than the previously reported SSA of bismuth oxide
powder [44]. The increment in SSA might be attributed to Alg polymer, which makes it
possible to form intraparticle pores between BO particles. In addition, the detailed pore
width and pore volume calculated by the BJH method showed that the pores of Alg–BO
were distributed in the range of 50 Å to 500 Å and mainly formed around 250 Å.
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2.3. Iodide Adsorption Performance of Alg–BO
2.3.1. Adsorption Kinetics

The iodide adsorption efficacy as a function of the contact time (5–5760 min) was evalu-
ated with the initial iodide concentration being 20 mg/L. As shown in Figure 6, the prepared
Alg–BO gradually adsorbed iodide for 480 min, and the capacity plateaued after 1440 min.
This sustained adsorption, unlike that of powdered BO, was attributable to the granulation
with Alg, which covered the BO surface. The kinetic results were fitted using pseudo-first-
order (Equation (5)) and second-order (Equation (6)) kinetic models. According to the
R2 values obtained using the two kinetic models, Alg–BO followed the pseudo-second-
order instead of the pseudo-first-order kinetic model. Moreover, the kinetic parameters
indicated that the adsorption rate and capacity of Alg–BO were 0.0007 g/mg·min and
6.792 mg/g, respectively.
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ble. Additionally, the Freundlich isotherm model was used to interpret the adsorption 
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and n value (1.750), Alg–BO represented a favorable iodide adsorbent. The R2 value for 
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iodide adsorption by Alg–BO has been noted to correspond to monolayer iodide adsorp-
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The intraparticle diffusion model was applied to clarify the adsorption mechanism
between iodide and Alg–BO, and the results are summarized in Figure S2 and Table S1.
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The intraparticle diffusion model involves three steps: (i) film diffusion of the liquid
adsorbate onto the adsorbent surface, (ii) diffusion of the surface adsorbate into pores,
and (iii) adsorption onto the inner surfaces of the pores [45]. As shown in Figure S2, the
adsorption kinetics corresponded to intraparticle diffusion during 5760 min. The Alg–
BO exhibited gradual adsorption through boundary layer diffusion during 480 min and
reached the plateau from 1440 min to 5760 min, indicating intraparticle diffusion. This
result implies that iodide ions steadily diffused into the intraparticle space of the Alg–BO
beads for 5760 min. These results were consistent with those derived from the cross-section
SEM images (Figure 4C,D), in which intraparticle pores were observed between spherical
BO particle aggregates.

2.3.2. Adsorption Isotherms

To evaluate the iodide adsorption capacity of the prepared Alg–BO, iodide adsorp-
tion isotherm experiments were carried out with iodide solutions having various initial
concentrations (10, 20, 50, 100, 200, and 1000 mg/L) (Figure 7). The obtained results were
analyzed using Langmuir (Equation (3)) and Freundlich (Equation (4)) isotherm models
(Figure 7 and Table 1). As summarized in Table 1, the qm for the Langmuir isotherm model
was 111.8 mg/g, with high correlation coefficients (R2 values; 0.9561). It is worth noting
that this qm was approximately 9.0 times higher than the reported powdered bismuth
oxide and 510 times larger than that for the polyacrylonitrile encapsulated bismuth oxy-
hydroxide nanocomposite, as summarized in Table 2. Moreover, the separation factor (RL;
dimensionless constant) was calculated as the following equation [46]:

RL =
1

(1 + aLC0)
(1)

where C0 is the highest initial adsorbate concentration (mg/L) and aL is the Langmuir
constant (L/mg). The calculated RL indicated the adsorption isotherm and could be
interpreted as unfavorable (RL > 1), linear (RL = 1), favorable (0 < RL < 1), or irreversible
(RL = 0). The RL of Alg–BO was 0.385, implying that the iodide adsorption on Alg–BO
was favorable. Additionally, the Freundlich isotherm model was used to interpret the
adsorption data considering a heterogeneous adsorption system. According to the fitting
parameters and n value (1.750), Alg–BO represented a favorable iodide adsorbent. The
R2 value for the Freundlich model was higher than that of the Langmuir model (0.9921).
Therefore, the iodide adsorption by Alg–BO has been noted to correspond to monolayer
iodide adsorption through the chemical interaction and precipitation between bismuth and
iodide [47,48], followed by physical multilayer adsorption at a very high concentration of
iodide in solution.
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Table 1. Isotherm fitting and kinetic fitting parameters of iodide adsorption by Alg–BO.

Iodide isotherm models

Alg–BO

Langmuir Freundlich

qm (mg/g) aL (L/mg) R2 KF n R2

111.8 0.0016 0.9561 1.358 1.750 0.9921

Iodide kinetic models
Pseudo-first-order equation Pseudo-second-order equation

qe (mg/g) k (min−1) R2 qe (mg/g) k2 (g/mg·min) R2

6.166 0.00358 0.8743 6.792 0.0007 0.9048

Table 2. Summarized iodine species adsorption capacity of various adsorbents.

Material Sample
Type

Iodine
Species

Adsorption
Capacity (mg/g)

Initial Iodide
Concentration (mg/L)

Sample
Dosing(g/L)

Contact
Time Ref

Activated bismuth oxide Powder I− 100 200 1.0 4 h [49]
Bismuth oxide Powder I− 12.3 200 1.0 4 h [49]

Cu2O Powder I− 0.3 13 50 5 d [50]
Cu2S Powder I− 2.54 13 20 8 d [51]

Mg-Al (NO3) LDH Powder I− 10.1 342.33 20 4 h [52]
Modified zeolite Powder I− 3.6 10–500 10 24 h [53]

Ag/Cu2O Powder I− 25.4 2.6–26 1.0 12 h [54]
Cu/Cu2O Powder I− 22.9 2.6–39 1.0 12 h [55]

silver nanoparticles-
impregnated

zeolite
Powder I− 19.54–20.44 75–450 5.0 900 min [56]

Polyacrylonitrile-
bismuth

oxyhydroxide
Bead IO3

− 0.216 1.0 5.0 24 h [57]

Polyacrylonitrile-
bismuth

subnitrate
Bead IO3

− 0.199 1.0 5.0 24 h [58]

Cu/Cu2O-immobilized
cellulosic filter Filter I− 10.32 1–25 2.0 15 h [59]

3D Graphene-Formicary-
like δ-Bi2O3

Aerogels
Filter I− 259.08 13–130 1.0 12.5 min [60]

Nano-cellulose hydrogel
coated flexible

titanate-bismuth oxide
membrane

Filter I− 225.9 500 - 360 min [61]

Alg–BO Bead I− 111.8 10–1000 1.0 24 h This study

The obtained qm value was compared to the reported value in the literature in Table 2.
For the powder-type adsorbents, the copper-based adsorbents showed ≤2 mg/g of ad-
sorption capacity, while zeolite and LDH showed ≤10 mg/g of adsorption capacity with a
low selectivity toward iodide. The adsorption capacity could be enhanced by combining
elemental silver or elemental Cu (22.9–25.4 mg/g). On the other hand, bismuth oxide
(BO), which can be prepared in a simple procedure, showed 12.3–100 mg/g of iodide
adsorption capacity.

For the structured BO, polyacrylonitrile-based BO beads showed a very low iodide
adsorption capacity due to their low BO content and low tested initial concentration.
Even though the reaction condition was different, our result using Alg–BO showed that
111.8 mg/g of iodide adsorption capacity was one of the best results among bead-type
adsorbents. This enhanced iodide adsorption capacity might be due to the 18-44 times
larger SSA of Alg–BO than the SSA of powdered BO, which makes it possible to form
intraparticle pores as a result of granulation with Alg [44]. Of course, several articles
present higher adsorption performances using cellulose nanofiber and graphene, but our
work still presents a meaningful result with a comparably high adsorption performance
using a simple preparation method based on natural polymer, alginate.
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2.3.3. Effect of pH

The iodide adsorption capacity as a function of initial pH was evaluated by simple
batch adsorption experiments (Figure 8). At pH 4, the iodide adsorption capacity of Alg–
BO exhibited a statically similar iodide adsorption capacity based on a t-test with a 95%
confidence level. However, when the initial pH was increased to 10, the iodide adsorption
capacity decreased by around 15%, from 6.42 mg/g to 5.47 mg/g. This decrement in
iodide adsorption capacity at higher pH (pH 10) was attributed to the surface charge of
bismuth oxide in Alg–BO. The point of zero charge (pHpzc) for BO was around pH 9.4,
meaning that BO’s surface charge was shifted from positive to negative [62] at pH 10. Due
to the negatively charged BO in Alg–BO, the adsorption of iodide could be interrupted by
charge–charge repulsion, and it might lead to a decrement in iodide adsorption capacity.
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2.4. Characterization of Alg–BO after Iodide Adsorption

The crystal structure and morphological changes of Alg–BO after iodide adsorption
were investigated with PXRD and EDS-mapping-assisted SEM. In the PXRD patterns
(Figure S3), characteristic diffractions attributable to two different types of BO (Bi2O2.33
and γ-Bi2O3) were observed. The relative intensity of diffractions slightly decreased
(approximately 20%), but the crystal structure of Alg–BO was preserved even after 24 h.

To visualize the distribution of the adsorbed iodide ion in Alg–BO, EDS-mapping-
assisted SEM was performed (Figure 9). Before iodide adsorption, bismuth (yellow dot) and
oxygen (blue dot) were homogeneously distributed on the BO particles, as observed in the
SEM images. After exposure to the iodide solution, iodide ions (magenta dots) appeared
not only on the surface but also in the cross-section. On the surface of Alg–BO, iodide ions
appeared homogenously with bismuth and oxygen. Interestingly, the cross-sectional EDS
mapping images indicated that the iodide was distributed only with bismuth. According
to the EDS images, the adsorbed iodide ions interacted with BO in Alg–BO. In addition,
from the FT-IR spectra of Alg–BO after iodide adsorption, the characteristic vibrations
at 1641, 1596, 1543, 1407, 1285, 1124, 1082, and 1025 cm−1 attributed by alginate and BO
were well-maintained after iodide adsorption (Figure S4). From the FT-IR spectra, iodide
adsorption did not affect the chemical properties of Alg-BO.

Based on the previous study, bismuth oxide can form Bi–O–I bonding directly through
chemisorption via Bi–O–I complexation (Figure 10) [48,59,63]. The chemisorption mech-
anism could lead to less desorption of bound iodide from the adsorbent; therefore, it is
promising for handling radioactive contaminants.
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Figure 9. Element mapping images obtained by scanning electron microscopy of Alg–BO before and
after iodide adsorption (blue: oxygen, yellow: bismuth, and magenta: iodide).
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Furthermore, the bismuth ion concentration in the supernatant was quantified to
evaluate the stability of Alg–BO. The amount of dissolved bismuth ions was 2.6 µg/L,
which was significantly low, indicating that the BO in Alg–BO was highly stable in the
iodide solution for 24 h. Therefore, according to the iodide adsorption and characterization
results, Alg–BO represents a promising iodide adsorbent, which has a controllable size and
contents, can be easily managed, and can, thus, be applied in various fields.

3. Materials and Methods
3.1. Materials

Bismuth (III) nitrate pentahydrate (Bi(NO3)3·5H2O; 98%), potassium iodide (KI; 99.5%),
sodium hydroxide (NaOH; 97%), hydrochloric acid (HCl; 35%), and ethanol (94.5%) were
purchased from Samchun Chemicals Co., Ltd. (Seoul, Korea). Sodium alginate was obtained
from Junsei Chemical Co., Ltd. (Tokyo, Japan). CaCl2 was obtained from Dongyang
Chemical Co., Ltd. (Yeongam-gun, Korea). Ethylene glycol (C2H4(OH)2; 99.8%) was
purchased from Sigma-Aldrich Co., LLC (St. Louis, MO, USA). All chemicals were used
without purification. Ultrapure water (deionized water; DI) was produced using a water
purification system (Synergy®, Merck, Kenilworth, NJ, USA).

3.2. Synthesis of Bismuth Oxide (BO)

To prepare BO, 0.97 g of bismuth (III) nitrate pentahydrate, ethanol (34 mL), and
ethylene glycol (17 mL) (ethanol: ethylene glycol = 2:1 v/v%) were added to a 100 mL
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glass beaker and stirred with a magnetic stirrer for approximately 30 min until the bismuth
nitrate completely dissolved. The prepared solution was transferred to a stainless-steel
autoclave with a Teflon liner and hydrothermally treated in an oven at 160 ◦C for 10 h. The
product (50 mL) was collected by centrifugation (6000 rpm for 5 min) in a conical tube. The
obtained slurry was washed four times with a mixed solution of DI water and ethanol (1:1
v/v%) and dried in an oven at 60 ◦C.

3.3. Granulation of Bismuth Oxide by Alginate (Alg–BO)

BO was granulated by dropping the Alg/BO mixed slurry into a CaCl2 solution,
as described in our previous work [33]. First, the sodium alginate was dissolved in DI
(10 mg/mL) by stirring for over 30 min with a mechanical stirrer. Subsequently, powdered
BO was added to the Alg solution, with five weight ratios of Alg to BO considered (1:5, 1:10,
1:20, 1:30, and 1:40). This suspension was stirred for 2 h, transferred (5 mL) to a syringe,
and added to a 2 w/v% CaCl2 solution dropwise through a syringe pump (NE4000, NEW
ERA; 1.5 mL/min) with vigorous stirring. The beads generated in the CaCl2 solution were
stabilized by stirring for 30 min, washed with DI water, and stored in a conical tube with DI.

3.4. Characterization

The PXRD patterns were obtained in the range of 20◦ to 80◦, using the Bruker DE/D8
Advance (Bruker AXS GmbH, Berlin, Germany) with a 5 mm air-scattering slit and 2.6 mm
equatorial slit, in timestep increments of 3.9 ◦/min. The FT-IR attenuated total-reflectance
(ATR) spectroscopy (Spectrum two, Perkin Elmer, UK) results for a dried bead were
obtained in the range of 450–4000 cm−1 with eight scans and a resolution of 4 cm−1.
The size and morphology of the Alg–BO were determined through high-resolution field
emission SEM (HR-SEM) using a Hitachi SU8010 (Hitachi High-Technologies Corporation,
Tokyo, Japan) assisted by EDS (X-Max, Horiba, Kyoto, Japan) along with a 10 kV accelerated
electron beam and a working distance of 8 mm. To perform the SEM/EDS analysis, the
prepared Alg–BO was lyophilized and attached to a piece of carbon tape. To obtain cross-
section images, the lyophilized Alg–BO was sliced using a surgical knife. Subsequently, the
sample surface was coated with a Pt/Pd layer (approximately 10 nm thickness) by using a
high-resolution sputter coater. Inductively coupled plasma-mass spectrometry (ICP-MS;
Agilent 7900, Agilent Technologies, Inc., CA, USA) was performed to quantify the BO
released in the supernatant after iodide adsorption. The nitrogen adsorption–desorption
isotherm hysteresis loop and Brunauer–Emmet–Teller (BET) surface area were obtained
by a 3Flex physisorption analyzer (Micromeritics, Norcross, GA, USA). The average pore
volume and width were determined using the Barrett–Joyner–Halenda (BJH) method.

3.5. Iodide Adsorption Experiments
3.5.1. Optimization of Granulation Conditions for Alg–BO

The variation in the iodide adsorption efficacy with the Alg:BO ratio was determined
through a simple batch test to optimize the granulation conditions for Alg–BO. Approx-
imately 40 mg of Alg–BO (1:5, 1:10, 1:20, 1:30, and 1:40 of wt%) was added to a 40 mL
potassium iodide solution (20 mg I/L) and continuously agitated using a vertical shaker
for 24 h. The initial pH of the iodide solution was adjusted to 7.0 using HCl and NaOH.
The supernatant was collected using a syringe filter (polyethersulfone (PES), 0.45 µm). The
iodide concentration in the supernatant was quantified by ultraviolet (UV) absorbance at a
wavelength of 225 nm using a UV–visible spectrometer (UV-vis spectrometer, Genesys 50,
Thermo Fisher Scientific, USA). After the adsorption experiments, the amount of iodide
ions adsorbed per weight of adsorbent qe (mg/g) was determined using Equation (2).

qe

(
mg
g

)
=

(C0 − Ce)(m
V
) (2)

where C0 is the initial iodide concentration (mg/L), Ce is the equilibrium concentration after
adsorption (mg/L), m is the adsorbent weight (g), and V is the volume of the solution (L).
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3.5.2. Iodide Adsorption Isotherm and Kinetic Experiments

Iodide adsorption isotherm experiments were conducted with initial iodide concentra-
tions of 10, 20, 50, 100, 200, 400, and 1000 mg/L (pH 7). Approximately 30 mg of Alg–BO
was dispersed in 30 mL of each iodide solution (1 g/L) and continuously shaken using a ver-
tical shaker for 24 h. The sample was collected and quantified, as described in Section 3.5.1.
The obtained isotherm result was fitted using the Langmuir (Equation (3)) [64] and Fre-
undlich (Equation (4)) [65] isotherm models.

qe =
(qmaLCe)

(1 + aLCe)
(3)

qe = KF·C( 1
n )

e (4)

where qe is the quantity of adsorbate adsorbed per unit weight of solid adsorbent, qm is the
maximum sorption capacity of the adsorbent (mg/g), Ce is the equilibrium concentration
of the adsorbate in solution (mg/L), and aL (L/mg) is the Langmuir affinity constant. KF is
the Freundlich constant indicating adsorption capacity, and n is the Freundlich constant
related to the favorability of the adsorption process.

Moreover, iodide adsorption kinetic experiments were conducted using 20 mg/L iodide
solutions (pH 7) and 1.4 g/L of adsorbent dose. The reaction vessel was closed and gently
stirred using a magnetic stirrer at 25 ◦C. The supernatant was collected and filtrated through
a 0.45 µm PES syringe filter at designed time points (5, 10, 30, 90, 150, 240, 480, 1440, 2880,
and 5760 min). The obtained supernatant was analyzed through a UV–vis spectrometer.
The kinetic results were analyzed using pseudo-first-order (Equation (5)) [66] and pseudo-
second-order [67] kinetic models (Equation (6)). Moreover, the intraparticle diffusion kinetics
model (Equation (7)) [68] was used to investigate the adsorption mechanisms.

qt = qe

(
1 − e−kt

)
(5)

qt =
k2q2

e t
1 + k2qt

e
(6)

qt = Kidt
1
2 + c (7)

where qt is the adsorbed amount at time t (mg/g), qe is the equilibrium concentration
(mg/g), k is the first-order rate constant (1/min), and k2 is the second-order rate constant
(g/mg·min). Moreover, Kid (mg/g·min1/2) is the intraparticle rate constant, and c (mg/g)
is the thickness of the boundary layer formed in the first interval.

3.5.3. Effect of pH

To evaluate the effect of initial iodide solution pH, the pH of 20 mg/L of iodide
solution was adjusted to pH 4 and 10 by HCl and NaOH, respectively. Around 30 mg of
Alg–BO was placed into 30 mL of pH-adjusted iodide solution (1 g/L of adsorbent dose)
and continuously agitated using a vertical shaker for 24 h. The sample was collected and
quantified, as described in Section 3.5.1.

4. Conclusions

The BO was successfully granulated with Alg. The optimal condition for the granula-
tion was determined considering different weight ratios of BO to Alg (1:5–1:40) in batch
iodide adsorption experiments. The weight ratio of 1:20 wt% was selected as the optimal
condition. According to the characterization results obtained through PXRD, FT-IR, and
SEM analyses, BO appeared in two forms: Bi2O2.33 and γ-Bi2O3, and was successfully
granulated with Alg, yielding spherical beams with a diameter of 3 mm. According to the
cross-sectional SEM images, irregular nanoparticles sized tens to hundreds of nanometers
were packed into a few millimeters of the granulated adsorbent. The intraparticle pores in
the granule could enhance the iodide adsorption. The iodide adsorption capacity of Alg–BO
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gradually increased and did not reach a plateau even at an initial iodide concentration
of 1000 mg/L. Moreover, the calculated qm was 111.8 mg/g. According to the isotherm
model analysis, iodide adsorption occurred as monolayer adsorption through the chemical
interaction and precipitation between bismuth and iodide, followed by physical multilayer
adsorption at a very high concentration of iodide in solution. Furthermore, the iodide
adsorption as a function of contact time was analyzed by fitting with the intraparticle
diffusion model through boundary layer diffusion during 480 min, reaching the plateau
from 1440 min to 5760 min by intraparticle diffusion. EDS mapping images of the surface
and cross-section after iodide adsorption indicated that the adsorbed iodide interacted
with BO in Alg–BO through Bi–O–I complexation. This research shows that Alg–BO is a
promising iodide adsorbent with a high absorption capacity, stability, and convenience,
and it can help prevent secondary pollution.
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Abstract: In this study, a magnetic biochar with a unique 3D network structure was synthesized by
using a simple and controllable method. In brief, the microbial filamentous fungus Trichoderma reesei
was used as a template, and Fe3+ was added to the culture process, which resulted in uniform
recombination through the bio-assembly property of fungal hyphae. Finally, magnetic biochar
(BMFH/Fe3O4) was synthesized by controlling different heating conditions in a high temperature
process. The adsorption and Fenton-like catalytic performance of BMFH/Fe3O4 were investigated
by using the synthetic dye malachite green (MG) and the antibiotic tetracycline hydrochloride (TH)
as organic pollutant models. The results showed that the adsorption capacity of BMFH/Fe3O4 for
MG and TH was 158.2 and 171.26 mg/g, respectively, which was higher than that of most biochar
adsorbents, and the Fenton-like catalytic degradation effect of organic pollutants was also better than
that of most catalysts. This study provides a magnetic biochar with excellent performance, but more
importantly, the method used can be effective in further improving the performance of biochar for
better control of organic pollutants.

Keywords: water; biochar; organic pollutants; adsorption; Fenton-like catalysis

1. Introduction

As one of Earth’s natural resources, water is essential for all aspects of life. Except
in various forms in the oceans, glaciers, and the atmosphere, less than 0.3 per cent of the
water on Earth is fresh enough to meet the survival and development needs of all living
things [1]. Furthermore, nearly one-fifth of the world’s population still does not have access
to safe drinking water [2]. Therefore, water safety has always been a major, widespread
issue. With the rapid development of society, the production and discharge of a large
number of industrial processes containing various dyes, drugs, heavy metals, and other
harmful wastewater has gradually become one of the main risks threatening the safety
of water bodies [3]. Among them, organic pollutants significantly reduce water quality,
and in addition to affecting ecosystems by disrupting photosynthesis of aquatic plants,
they also have a significant impact on human health [4,5]. Studies have pointed out that
most organic pollutants are persistent forms of pollution (synthetic dyes, antibiotics, etc.),
which are difficult to degrade naturally, are toxic and carcinogenic, have high tolerance,
and have begun to threaten the global water environment [6,7]. As highlighted by the
United Nations Sustainable Development Goals, providing clean water remains a major
challenge, especially in developing regions of the world [8], so the need for more efficient
and advanced sewage purification technologies is becoming more urgent.

Bio-remediation [9], membrane treatment [10], precipitation [11], microbial degrada-
tion [12], and other technologies have been used to remove pollutants from water, but most
of the treatment technologies often make it difficult to effectively and thoroughly treat
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these organic pollutants. Adsorption and catalysis technologies have attracted extensive
attention because of their low cost, easy operation, safety, and control [13]. Adsorption is a
surface phenomenon where organic contaminants adhere to the surface of an adsorbent
by physical or chemical attraction, whereas catalysis refers to the acceleration of chemi-
cal conversion of pollutants by the addition of catalysts [14,15]. The traditional catalytic
treatment of pollutants can be divided into photo-catalysis and electro-catalysis; the former
requires expensive precious metals (such as Ti or Ag), while the latter requires a lot of
electricity. These disadvantages have made these methods less attractive for the treatment
of pollutants [16,17]. Conversely, the Fenton/Fenton-like catalytic process is one of the most
effective and promising advanced catalytic processes due to its low cost, mild operating
conditions, and easy recovery [18–20]. In addition, iron-based catalysts have gradually
become a research hotspot due to their abundant resources, environmental friendliness, and
high efficiency. In recent years, it has become an effective method for loading or embedding
iron-based nanoparticles with biochar to form magnetic biochar materials [21,22]. On the
one hand, the loading of iron-based nanoparticles means that biochar can easily be recycled
by magnets. On the other hand, biochar materials can maintain a high concentration of
local pollutants through adsorption, thus improving the catalytic efficiency of iron-based
catalysis.

In order to pursue the extreme performance of materials so as to better cope with water
security crises, many scientists have developed a large number of materials with unique
structures and excellent performance [23,24]. Among many advanced materials, biochar
has received much attention because of its attractive structure, huge specific surface area,
rich functional groups, and so on [25–27]. In general, the characteristics and properties
of biochar often determine its application. Among them, the main parameters affecting
biochar should include physicochemical properties, performance, production process, and
cost factors. Its physical and chemical properties and properties depend on the synthesis
technology (that is, the production process), and the source of carbon and more advanced
processes are the main basis for reducing the production cost. Therefore, how to develop
new and cheaper carbon sources to synthesize biochar materials with higher performance
through simpler or more efficient processes is the focus of many researchers. Research
into the production of biochar from cheaper and more readily available biomass is, of
course, important, but the development of new carbon sources is also essential. Recently,
micro-sized biochar materials based on microorganisms such as bacteria, fungi, and viruses
have become one of the most popular hotspots [28]. Due to their strong life activity, high
reproduction rate, unique structure, and cheap source, microorganisms, especially fungal
hyphae, are widely present in nature as one of the important carbon resources used to
prepare biochar materials [29]. Fungal hypha is the structural unit of most fungi, which
is formed by the continuous division of fungal spores after germination, finally forming
a three-dimensional (3D) network structure [30,31]. This fascinating 3D network is often
used as a template for biomass composites, which provides a great motivation for us to
continue exploring this interesting resource.

In this work, Trichoderma reesei (T. reesei), a filamentous fungus which has short growth
cycles and large fungal hyphae (FH) volumes, was used as a template to support the
micro-sized 3D network structure. In the process of fungal culture, Fe3+ can complete
uniform biological assembly with the FH through the characteristics of step-wise growth.
Then, a magnetic biochar with a 3D network structure (BMFH/Fe3O4) was prepared by
fractional heating. Here, the presence of magnetic nanoparticles not only makes it easier
to recover biochar from water but also endows biochar with the effect of Fenton-like
catalytic reagents, thus further improving the treatment effect of pollutants. Synthesized
BMFH/Fe3O4 can be used as the ideal biochar materials for removing organic pollutants
including malachite green (MG) and tetracycline hydrochloride (TH). The adsorption
performance of BMFH/Fe3O4 on organic pollutants was investigated by batch adsorption
experiments, including concentration, pH, and temperature. Subsequently, H2O2 was used
to construct a heterogeneous Fenton-like system to effectively catalyze the degradation
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of organic pollutants. Moreover, the stability and reusability of the BMFH/Fe3O4 were
also investigated. The focus of this study is to develop a novel strategy for the synthesis of
magnetic biochar materials through a one-step process of biological assembly and fractional
heating for the effective removal of organic pollutants from water.

2. Results and Discussion
2.1. Preparation of BMFH/Fe3O4

T. reesei is a multicellular eukaryotic microorganism, the asexual form of Hypocrea jecorina,
belonging to the genus Penicillium (Moniliales), which is a typical filamentous fungus [32,33].
T. reesei was cultured on PDA plate medium to observe the colony biomorphology during its
growth, and the results are shown in Figure 1A. T. reesei filaments presented white dense flat
hyphae at the initial stage of growth, and then became white flocculent, and grew diffusely
to the periphery. With the progress of culture, a pale-green spore-producing cluster area
appeared at the edge of the colony. The growth curve of T. reesei was measured by the dry
weight method through liquid PDL culture medium, and the results are shown in Figure 1B.
It can be seen that T. reesei began to enter the logarithmic growth phase at 24 h, the fastest
growth was achieved at 72 h, and it entered the stable phase after 96 h. The complete culture of
T. reesei was placed under a light microscope to observe its mycelial morphology, and the
results are shown in Figure 1C. We can see that T. reesei is composed of hyphae with diameters
of 1–5 um, which interweave and intertwine with each other, presenting a classical 3D network
structure, indicating that T. reesei has great potential as a carbon source for high-performance
biochar materials.
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The preparation process of BMFH/Fe3O4 is shown in Scheme 1 and can be divided
into two stages. First, the filamentous fungus T. reesei was inoculated in a triangle flask
containing PDL medium and incubated in a constant temperature shaker (29 ◦C, 150 RPM).
The shear force of the liquid maintains the continuous growth of mycelia, thus forming a
stable 3D network structure. Fe3+ was added when the mycelium grew the fastest (72 h),
and the Fe3+ combined evenly with the mycelium by shaking the flask to form a load. After
culture (96 h), the mycelium was collected and washed with ultrapure water to remove
excess Fe3+ on the surface. Finally, Fe3+ loaded and uniformly dispersed mycelial composite
FH/Fe3+ was obtained. Then, in order to obtain magnetic BMFH/Fe3O4, the obtained
FH/Fe3+ was heated at a high temperature to complete the carbonization and compound
magnetic process. In the process of this one-step synthesis method, we controlled the final
product by dividing the heating into three stages (100 ◦C for 30 min, 200 ◦C for 30 min, and
600 ◦C for 60 min). In the first stage, when the temperature reached 100 ◦C, the moisture
adsorbed by the mycelium evaporated due to heat, and at this time, Fe3+ reacted with water
vapor to form ferric hydroxide colloid (Fe(OH)3). As the temperature rose above 200 ◦C,
the colloidal ferric hydroxide was thermally decomposed to form ferric oxide (Fe2O3) and
water (H2O). At this time, the water vapor and the volatile substances formed by the
decomposition of oxygenated components during the thermal lysis of mycelium were
simultaneously discharged from the reaction system. When the temperature continued
to rise to 600 ◦C, the carbonation process of mycelium continued, and the iron oxide
decomposed into ferric tetroxide (Fe3O4) magnetic nanoparticles due to a high-temperature
reaction. Finally, the magnetic mycelial biochar BMFH/Fe3O4 with 3D network structure
after carbonization and composite magnetism was successfully obtained.
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2.2. Characterization Results

The morphologies of the samples were characterized by SEM, TEM, and EDS, as shown
in Figure 2. It is clearly seen from Figure 2A that many slender hyphae are interwoven
to form this fascinating 3D network. BMFH, which is made from carbonized mycelia,
still retains its structure, but its constituent mycelia are much finer than those without
carbonization (Figure 1C), indicating that the carbonization process is quite complete and
successful. However, after adding Fe3+, BMFH/Fe3O4 also has a 3D network structure, but
it does appear to be somewhat fragmented compared with BMFH. This may be because
the preparation process involves the synthesis of Fe3O4 at a high temperature. During this
process, a large amount of water vapor and oxygen are released during the generation
of magnetic nanoparticles, which causes the carbonation process to become more violent,
resulting in the fracture of a large number of mycelial structures. In addition, as seen in
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Figure 2C,D, a certain amount of obvious Fe3O4 nanoparticles was successfully loaded onto
FH, which demonstrated the feasibility and effectiveness of the one-step method. Energy
dispersive spectrometer (EDS) was used to analyze the elemental composition of samples,
and the results are shown in Figure 2E,F and Table S1 (Supplementary Materials). Clearly,
BMFH mainly comprises C (83.16%), O (14.63%), and N (2.21%) elements (Figure 2E
and Table S1). There was also a large amount of Fe on the surface of BMFH/Fe3O4
compared with BMFH, which once again proved that the one-step method can be used to
synthesize Fe3O4 and load magnetic nanoparticles onto the surface of mycelium through
the carbonization process.
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Figure 2. SEM images of (A) BMFH, (B) BMFH/Fe3O4-0.01, and (C) Fe3O4 nanoparticles
loaded on the BMFH. (D) TEM image of BMFH/Fe3O4-0.01. EDS mapping of (E) BMFH and
(F) BMFH/Fe3O4-0.01.
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The functional groups of the samples were analyzed by FT-IR, as shown in Figure 3A.
The wide band corresponding to the stretching vibration of the hydroxyl functional group
at a range of 3400–3500 cm−1 indicates that a large number of oxygen-containing functional
groups [23–27] exist on all samples. In the range of 2800–2900 cm−1, symmetric and
asymmetric tensile vibration peaks of -CH groups were found [30,31], which may be caused
by the thermal cracking of macromolecules from FH at high temperature and the removal
of a large amount of hydrogen [31,34]. Bands in the range of 1600–1700 cm−1 represent
C=C stretching of the aromatic ring, which can be interpreted as the decomposition of the
C-H bond into a more stable aromatic C=C bond after high-temperature treatment [31]. The
overlapping band in the 900–1300 cm−1 region corresponds to the stretching vibration of
C-O and C-N heterocycles [31,34]. The band at 600–750 cm−1 in BMFH represents SiO2 [25].
Interestingly, after Fe3+ compound is formed, the band there becomes weak and even
disappears gradually compared with the BMFH/Fe3O4 samples. The characteristic band at
470–570 cm−1 representing the Fe-O group from Fe3O4 [25] can be observed, which means
the Fe3O4 particles were successfully loaded onto the BMFH.
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The crystal structures of the samples were analyzed by XRD, as shown in Figure 3B.
BMFH and BMFH/Fe3O4 prepared with different concentrations of Fe3+ were both amor-
phous structures. The peaks at 19, 27, and 40

◦
of BMFH were related to inorganic salts,

which were observed probably due to the salting-out effect by water loss or cracking of
FH during the high-temperature pyrolysis [24]. From all the BMFH/Fe3O4 samples, we
can clearly see that there are many characteristic peaks, such as (220), (311), (400), (511),
and (440), which belong to Fe3O4 with a classical structure [25]. It is worth noting that
the Fe3+ concentration used in the preparation of BMFH/Fe3O4-0.005 is the lowest, so the
characteristic peak signal of Fe3O4 is the weakest in the prepared samples, with many peak
positions not even capable of being easily captured compared with BMFH/Fe3O4-0.01.

Defects in carbon-based materials are usually caused by atomic losses or lattice dis-
tortions; here, Raman spectra were used to test the BMFH and BMFH/Fe3O4 samples, as
shown in Figure 3C. Two typical characteristic peaks were the D-band associated with amor-
phous carbon, approximately 1334 ± 4 cm−1, and the G-band associated with graphitic
carbon, approximately 1593 ± 6 cm−1 [24–26]. The intensity ratio of D-band (ID) and
G-band (IG) is an important parameter to measure the degree of defect and disorder in
carbon, shown as ID/IG. The increase in ID/IG values of all BMFH/Fe3O4 samples (1.85 for
BMFH/Fe3O4-0.005, 2.20 for BMFH/Fe3O4-0.01, 2.24 for BMFH/Fe3O4-0.02, and 2.29 for
BMFH/Fe3O4-0.05) compared with BMFH (1.59) indicates the presence of more amorphous
structures in the biochar material, either as amorphous carbon or due to Fe3O4.

A zeta potential test was used to evaluate the surface charges of BMFH and BMFH/Fe3O4-
0.01, as shown in Figure 3D. Like many biochar materials [29–31], when pH changes from
acid to basic (2 to 10), the surface charges of samples change from positive (40.5 and 41.2
for BMFH and BMFH/Fe3O4-0.01, respectively) to negative (−25.0 and −26.8 for BMFH
and BMFH/Fe3O4-0.01, respectively). When the pH value is lower than pHpzc, the sample
surface is positively charged, and vice versa. The pHpzc of BMFH is 5.85, which is lower
than BMFH/Fe3O4-0.01 (5.94), indicating that Fe3O4 loaded onto the samples may have a
slight effect on the charge of magnetic biochars. The pHpzc of all samples was less than 7.00,
indicating that they are more suitable for the water treatment in an alkaline environment.

N2 adsorption–desorption isotherms were used to evaluate the specific surface area
(SBET) and pore structure of biochar materials, as shown in Figure 4 and Table 1. Both
BMFH and BMFH/Fe3O4 prepared under different conditions exhibited typical type IV
isotherms with H3 hysteresis loop (Figure 4A), which indicated that they were both typical
mesoporous materials [29,30]. The specific surface area and the total pore volume of BMFH
were 27.91 m2/g and 0.0369 cm3/g, respectively. With the increase in Fe3+ concentration in
the preparation of BMFH/Fe3O4, the specific surface area decreased significantly. When
the concentration of Fe3+ increased to 0.05 M (BMFH/Fe3O4-0.05), the specific surface area
sharply decreased to 0.89 m2/g. At this time, the pore volume of BMFH/Fe3O4-0.05 was
0.0071cm3/g, which can be said to have lost most of the pore structure compared with
BMFH. Figure 4B shows that the mean pore sizes of BMFH and magnetic biochar range
from 2 to 30 nm, which again indicate that they are mesoporous materials. In addition,
the adsorption capacities of BMFH and magnetic biochars prepared under different con-
ditions for organic pollutants (MG and TH) were compared (Figure S3, Supplementary
Materials). The results showed that the adsorption capacity was positively correlated with
the specific surface area and total pore volume to some extent [31]. Interestingly, there
was no significant difference in adsorption capacity and specific surface area between
BMFH/Fe3O4-0.01 and BMFH/Fe3O4-0.005. Therefore, on the basis of comprehensive
considerations, BMFH/Fe3O4-0.01 was selected as the model representative of magnetic
biochar in order to facilitate subsequent studies (adsorption, Fenton-like catalysis, and
cyclic stability studies).
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Table 1. The data of N2 adsorption–desorption for BMFH/Fe3O4 prepared under different conditions
and BMFH.

Samples SBET (m2/g) Pm (nm) Vtotal (cm3/g)

BMFH 27.91 5.69 0.0369
BMFH/Fe3O4-0.005 22.77 5.34 0.0236
BMFH/Fe3O4-0.01 21.59 5.16 0.0214
BMFH/Fe3O4-0.02 13.40 6.05 0.0202
BMFH/Fe3O4-0.05 0.89 31.93 0.0071

Pm (nm) is the mean pore size and Vtotal (cm3/g) is the total pore volume.

The surface chemical properties and electronic states of the BMFH and BMFH/Fe3O4-
0.01 were analyzed by XPS, as shown in Figure 5. It can be seen that BMFH contains
mainly C (81.22%), O (10.34%), and N (2.13%) elements, and BMFH/Fe3O4-0.01 contains C
(71.86%), O (13.07%), N (6.64%), and Fe (2.13) elements. The C/O ratio of BMFH/Fe3O4-
0.01 (5.98) is significantly lower than that of BMFH (7.85), indicating that loaded Fe3O4
introduced more O element, which also proved the reliability of this one-step method. The
high-resolution C1s spectrum of the BMFH (Figure 5B) and BMFH/Fe3O4-0.01 (Figure 5E)
showed two peaks, including C-C at approximately 283.70 ± 0.25 eV and C-O at ap-
proximately 285.62 ± 0.06 eV [23,24]. The high-resolution O1s spectrum of the BMFH
(Figure 5C) and BMFH/Fe3O4-0.01 (Figure 5F) showed three peaks, including the quinones
at approximately 530.10 ± 0.22 eV, C=O at approximately 531.21 ± 0.18 eV, and C-O at
approximately 532.55 ± 0.10 eV [24,26]. The high-resolution N1s spectrum of the BMFH
(Figure 5D) and BMFH/Fe3O4-0.01 (Figure 5G) showed two peaks: pyridinic-N at ap-
proximately 398.64 ± 0.30 eV and pyrrolic-N at approximately 400.32 ± 0.02 eV [27]. The
high-resolution Fe 2p spectrum of BMFH/Fe3O4-0.01 (Figure 5H) showed three peaks:
Fe 2p3/2 corresponding to 711.02 eV, Fe 2p1/2 corresponding to 724.28 eV, and shakeup
satellite peak at approximately 716.04 eV, which revealed the characteristic peaks of Fe
in Fe3O4 [25]. On the basis of all the above data, BMFH/ Fe3O4-0.01 was selected as the
model BMFH/Fe3O4 for subsequent study.
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2.3. Adsorption Performances
2.3.1. Adsorption Kinetic

Adsorption kinetics is often used to study the influence of the adsorbate concentration
on the adsorption process and the control mechanism of chemical reactions in this process.
Generally, the study of adsorption kinetics can help us to better understand the behavior of
adsorbent in the adsorption process and help to study the mechanism of this process [14].
The effect of contact time on the adsorption of MG and TH (50, 100, and 200 mg/L) by
BMFH and BMFH/Fe3O4 is shown in Figure 6. It can be seen that all the adsorption
processes have the same trend. The first is a rapid adsorption process that dramatically
increases the adsorption capacity in the first 10 min and gradually reaches adsorption
saturation in 60 min. In addition, the adsorption capacity increases with the increase in the
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initial concentration of adsorbed substance. These results indicate that both BMFH and
BMFH/Fe3O4 have great potential to remove organic pollutants (MG and TH).

Int. J. Mol. Sci. 2022, 23, x FOR PEER REVIEW 12 of 26 
 

 

 

Figure 6. PFK, PSK, and IPD plots of BMFH (A,B) and BMFH/Fe3O4 (C,D) for MG and TH at 303 

K. 

Table 2. Fitting parameters of adsorption kinetic models for MG and TH at 303 K. 

Adsorbates Adsorbents Models Parameters 
C0 (mg L−1) 

50 100 200 

MG 

BMFH 

 qe (mg/g) 142.99 161.89 184.05 

PFK 

k1 (min−1) 0.2438 0.3179 0.3319 

qe.cat (mg/g) 134.21 154.69 178.15 

R2 0.9732 0.9888 0.9926 

PSK 

k2 (g mg−1 min−1) 0.0031 0.0042 0.0042 

qe.cat (mg/g) 144.36 162.15 185.38 

R2 0.9949 0.9988 0.9996 

IPD 

k3 (mg g−1 min−0.5) 4.4963 3.4926 3.4629 

B 98.96 127.57 150.89 

R2 0.9050 0.8452 0.7582 

BMFH/Fe3O4 

 qe (mg/g) 119.33 147.90 168.44 

PFK 

k1 (min−1) 0.2039 0.2208 0.2526 

qe.cat (mg/g) 112.33 141.29 162.65 

R2 0.9737 0.9819 0.9862 

Figure 6. PFK, PSK, and IPD plots of BMFH (A,B) and BMFH/Fe3O4 (C,D) for MG and TH at 303 K.

Models that control surface adsorption are defined as adsorption reactions and empir-
ical models including the pseudo-first-order kinetic (PFK, Equation (1)), pseudo-second-
order kinetic (PSK, Equation (2)), and the intra-particle diffusion model (IPD, Equation (3)).
The models are expressed below:

qt = qe −
qe

ek1t (1)

qt =
k2qe

2t
1 + k2qet

(2)

qt = k3t1/2 + B (3)

where k1, k2, and k3 represent the rate constants of the kinetic models, qt is the adsorption
capacity of a sample at different time points, and B represents the constant of the boundary
layer thickness.

These three adsorption kinetics models were fitted with the experimental data, and
the fitting parameters are shown in Table 2. For both the MG and the TH adsorption of
BMFH and BMFH/Fe3O4, the curves of the PSK matched the relationship between the
equilibrium adsorption capacities and the equilibrium concentrations better than the curves
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of the PFK and IPD. The correlation coefficients (R2) of the PFK were 0.9732–0.9926 and
0.9847–0.9909 for BMFH adsorption of MG and TH, respectively. When the adsorbent
was BMFH/Fe3O4, the correlation coefficients (R2) of the PFK were 0.9737–0.9862 and
0.9821–0.9912 for MG and TH, respectively. All the qe.cat values calculated theoretically ac-
cording to PFK were lower than the experimental qe, indicating that the adsorption process
may not belong to Lagergren’s model. On the contrary, the correlation coefficients (R2) of
the PSK were 0.9949–0.9996 and 0.9966–0.9991 for BMFH and BMFH/Fe3O4, respectively,
when the adsorbate was MG, and 0.9986–0.9998 and 0.9990–0.9999, respectively, when the
adsorbate was TH. At the same time, the qe.cat values calculated theoretically according to
PSK were more suitable for the experimental quantification qe, indicating the applicability
and potential advantages of Ho–McKay’s model in the adsorption process; that is, the
adsorption rate may be controlled by chemical reactions, and similar reactions that form
chemisorption bonds between adsorbent and adsorbent through transfer, exchange, or
sharing can promote the adsorption process [23–27]. For the IPD model, the correlation coef-
ficients (R2) were 0.7582–0.9050 (MG) and 0.7178–0.8271 (TH) for BMFH and 0.7824–0.8741
(MG) and 0.7341–0.8163 (Th) for BMFH/Fe3O4, demonstrating that the IPD model was not
able to explain the whole adsorption process.

2.3.2. Adsorption Isotherm

Adsorption isotherms are often used to study the effect of concentration on adsorption
capacity and to help explore how adsorbents interact with adsorbates during the adsorption
process [29]. The Langmuir model (Equation (4)) applies to materials with uniform energy
adsorption sites and monolayer adsorption layer coverage, and isotherms assume that all
adsorption sites are equivalent to uniform surface coverage. In contrast, the Freundlich
model (Equation (5)) describes the adsorption process on a non-uniform surface with
different energy adsorption sites. They are expressed below:

qe =
qmKLCe

1 + KLCe
(4)

qe = KFCe
1/nF (5)

where qm (mg/g) represents the maximum adsorption capacity of a sample, Ce (mg/L) is the
solution concentration at equilibrium, KL and KF represent the constants of the Langmuir
and Freundlich models, respectively, and nF represents the constants of the Freundlich
isotherm models.

In this study, the effect of initial concentrations on the adsorption of MG and TH (50,
100, 150, 200, and 250 mg/L) by BMFH and BMFH/Fe3O4 are shown in Figure 7, and
the data fitted using Langmuir and Freundlich isotherm models are shown in Table 3.
With the increase in initial MG and TH concentrations, the adsorption capacities of BMFH
and BMFH/Fe3O4 increased gradually. For BMFH, the correlation coefficients (R2) of the
Langmuir model were 0.8905 for MG and 0.9378 for TH. For BMFH/Fe3O4, the correlation
coefficients (R2) of the Langmuir model were 0.9380 for MG and 0.9659 for TH. These
results indicated that the processes were not homogeneous monolayer adsorption. The
correlation coefficients (R2) of the Freundlich were all higher than 0.99 (0.9928 and 0.9945 of
BMFH for MG and TH, 0.9965 and 0.9915 of BMFH/Fe3O4 for MG and TH, respectively).
Furthermore, the intensity factors nF of BMFH and BMFH/Fe3O4 related to the adsorption
intensity or surface uniformity were 8.3675 and 6.0368 for MG and 8.4253 and 5.1808 for TH,
respectively, suggesting that the adsorption process may belong to multilayer adsorption
with non-uniform surface [30,31].

2.3.3. Adsorption Thermodynamic Results

Temperature is an important parameter affecting the adsorption process. On the one
hand, it can promote the thermal movement of molecules in the reaction system, and on
the other hand, it can directly affect the endothermic or exothermic reaction through the
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thermal energy [27]. The thermodynamic parameters standard entropy (∆S), standard
Gibbs free energy (∆G), and standard enthalpy (∆H) were analyzed to study the adsorption
process. ∆H, ∆S, and ∆G could be calculated by Equations (6)–(8):

ln (KT) =
∆S
R
− ∆H

RT
(6)

KT =
qe

Ce
(7)

∆G = ∆H − T∆S (8)

where T is the temperature (K), KT is the thermodynamic equilibrium constant, and R
represents the gas constant (8.314 J/K mol).

Table 2. Fitting parameters of adsorption kinetic models for MG and TH at 303 K.

Adsorbates Adsorbents Models Parameters
C0 (mg L−1)

50 100 200

MG

BMFH

qe (mg/g) 142.99 161.89 184.05

PFK
k1 (min−1) 0.2438 0.3179 0.3319

qe.cat (mg/g) 134.21 154.69 178.15
R2 0.9732 0.9888 0.9926

PSK
k2 (g mg−1 min−1) 0.0031 0.0042 0.0042

qe.cat (mg/g) 144.36 162.15 185.38
R2 0.9949 0.9988 0.9996

IPD
k3 (mg g−1 min−0.5) 4.4963 3.4926 3.4629

B 98.96 127.57 150.89
R2 0.9050 0.8452 0.7582

BMFH/Fe3O4

qe (mg/g) 119.33 147.90 168.44

PFK
k1 (min−1) 0.2039 0.2208 0.2526

qe.cat (mg/g) 112.33 141.29 162.65
R2 0.9737 0.9819 0.9862

PSK
k2 (g mg−1 min−1) 0.0029 0.0027 0.0027

qe.cat (mg/g) 119.99 150.15 171.13
R2 0.9966 0.9984 0.9991

IPD
k3 (mg g−1 min−0.5) 4.2913 4.6966 4.6213

B 77.76 103.57 125.51
R2 0.8741 0.8037 0.7824

TH

BMFH

qe (mg/g) 151.20 177.81 196.65

PFK
k1 (min−1) 0.2674 0.2241 0.2476

qe.cat (mg/g) 144.76 170.19 190.80
R2 0.9847 0.9899 0.9909

PSK
k2 (g mg−1 min−1) 0.0034 0.0023 0.0024

qe.cat (mg/g) 152.12 179.98 200.38
R2 0.9986 0.9998 0.9996

IPD
k3 (mg g−1 min−0.5) 4.0254 5.2583 5.3479

B 112.90 126.09 148.21
R2 0.8271 0.7566 0.7178

BMFH/Fe3O4

qe (mg/g) 123.03 155.47 181.75

PFK
k1 (min−1) 0.1807 0.2642 0.2336

qe.cat (mg/g) 116.14 150.24 175.74
R2 0.9821 0.9883 0.9912

PSK
k2 (g mg−1 min−1) 0.0024 0.0033 0.0023

qe.cat (mg/g) 124.42 157.48 185.32
R2 0.9991 0.9990 0.9999

IPD
k3 (mg g−1 min−0.5) 4.6731 3.9191 5.2245

B 77.47 118.65 132.95
R2 0.8163 0.7471 0.7341
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Figure 7. Langmuir and Freundlich isotherm plots of BMFH and BMFH/Fe3O4 for (A) MG and
(B) TH at 303 K.

Table 3. Fitting parameters of adsorption isotherm models for MG and TH at 303 K.

Adsorbates Adsorbents Types Parameters

MG

BMFH

Langmuir
qm (mg/g) 190.01
KL (L/mg) 0.1279

R2 0.8905

Freundlich
KF (mg g−1(L mg−1)1/n) 98.73

nF 8.3675
R2 0.9928

BMFH/Fe3O4

Langmuir
qm (mg/g) 178.28
KL (L/mg) 0.0707

R2 0.9380

Freundlich
KF (mg g−1(L mg-−1)1/n) 70.12

nF 6.0368
R2 0.9965

TH

BMFH

Langmuir
qm (mg/g) 204.94
KL (L/mg) 0.1324

R2 0.9378

Freundlich
KF (mg g−1(L mg−1)1/n) 107.11

nF 8.4253
R2 0.9945

BMFH/Fe3O4

Langmuir
qm (mg/g) 201.47
KL (L/mg) 0.0567

R2 0.9659

Freundlich
KF (mg g−1(L mg−1)1/n) 67.44

nF 5.1808
R2 0.9915

In this study, the temperature conditions were chosen according to the reported refer-
ences and our previous work [23–27]. The results of effect of distinct temperatures (293, 298,
303, 308, and 313 K) on the adsorption capacities of the BMFH and BMFH/Fe3O4 for MG
and TH are shown in Figure 8 and the parameters are shown in Table 4. As the temperature
increased from 293 to 303 K, the adsorption capacities of BMFH and BMFH/Fe3O4 for
RhB and TH increased. While the temperature further increased to 313 K, the increasing
trend of adsorption capacities followed the same pattern. Overtly, the increase in temper-
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ature promoted the process of adsorption, and high temperature was conducive to the
adsorption of MG and TH by BMFH and BMFH/ Fe3O4. In addition, it is worth noting
that the adsorption capacities of BMFH increased by 11.14 mg/g (156.12 to 167.26 mg/g)
for MG and 20.36 mg/g (165.79 to 186.15 mg/g) for TH as the temperature increased from
293 to 313 K; in the meantime, the adsorption capacities of BMFH/Fe3O4 increased by
22.90 mg/g (135.35 to 158.25 mg/g) for MG and 33.71 mg/g (137.55 to 171.26 mg/g) for
TH. These results indicate that the temperature effect was higher on the BMFH/Fe3O4 than
on the BMFH. The ∆G and ∆H were negative and positive, indicating that adsorption is a
spontaneous endothermic process [31]. The ∆S (20.06 and 30.80 J mol−1 K−1 of BMFH for
MG and TH, 33.92 and 46.53 J mol−1 K−1 of BMFH/Fe3O4 for MG and TH, respectively)
were all positive, indicating that the confusion and randomness of the interface between
adsorbents and adsorbates increased with the increase in temperature [29,30].
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Table 4. Fitting adsorption thermodynamic parameters for MG and TH.

Adsorbents Adsorbates T (K) ∆G
(kJ/mol)

∆H
(kJ/mol)

∆S
(J mol−1 K−1)

BMFH

MG
293 −2.00

3.88 20.06303 −2.19
313 −2.39

TH
293 −2.21

6.81 30.80303 −2.56
313 −2.83

BMFH/Fe3O4

MG
293 −1.51

8.43 33.92303 −1.87
313 −2.18

TH
293 −1.56

12.07 46.53303 −2.05
313 −2.49

2.4. Effect of pH

The pH value is one of the most important factors affecting the adsorption process,
mainly by changing the surface properties of adsorbent and adsorbate chemical properties
to promote or inhibit the adsorption process [30]. The results of the effect of pH change on
the adsorption of MG and TH for BMFH and BMFH/Fe3O4 in the pH value range from 2
to 10 are shown in Figure 9.
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For both BMFH and BMFH/Fe3O4, the adsorption capacities of MG increased with the
increase in pH (6 ≥ pH ≥ 2) and tended to be stable (pH ≥ 6). For TH, the adsorption prop-
erties of BMFH and BMFH/Fe3O4 generally increased first (4≥ pH≥ 2) and then decreased
(pH ≥ 4). This can be explained by the existence of TH in different forms at different pH
levels (TH+ at pH ≤ 3.30, TH0 at pH = 3.30–7.68, TH− and TH2− at pH ≥ 7.68) [29]. When
the pH was 6, the maximum adsorption capacities of BMFH and BMFH/Fe3O4 for MG
were 179.24 and 156.20 mg/g, respectively; when the pH was 4, the maximum adsorption
capacities for TH were 168.79 and 145.81 mg/g, respectively. Electrostatic attraction may
play a role in this process; for example, higher pH results in more negative charges on
BMFH and BMFH/Fe3O4 surfaces, which increases the adsorption capacity of positively
charged cationic dye MG and decreases the adsorption capacity of the negatively charged
form of TH.

2.5. Fenton-like Catalysis Performance Results
2.5.1. Effect of BMFH/Fe3O4 and H2O2 on Catalytic Performance

The Fenton-like catalytic performance of BMFH/Fe3O4 on organic pollutants (MG
and TH) was evaluated by control experiments, and the effect of dosage of BMFH/Fe3O4
and concentration of H2O2 on the degradation of MG and TH is shown in Figure 10 (A and
B for MG, C and D for TH). While the C0 was 50 mg/L, the concentration of H2O2 was
50 mmol/L, the pH was 6, and the T was 303 K; the effect of the dosage of BMFH/Fe3O4
on the removal efficiency of MG was studied. With the increase in BMFH/Fe3O4 dosage
from 0.1 g/L to 0.2 g/L, the removal rate of MG increased from 55% to 99% within 60 min.
This is mainly because the higher the amount of BMFH/Fe3O4 added, the more catalyst
active sites provided, and the higher the probability of collision between H2O2 and the
catalyst active sites [19,20]. Therefore, producing more hydroxyl radicals will increase
the degradation rate. However, when the amount of BMFH/Fe3O4 was further increased
(0.3 g/L), the removal efficiency of MG was not significantly improved, which was due
to the saturation of the active site [19]. Using a dosage of 0.2 g/L of BMFH/Fe3O4, the
effect of H2O2 concentration on the removal efficiency of MG was studied. When the
concentration of H2O2 increased from 10 mmol/L to 50 mmol/L, the removal efficiency of
MG increased from 50% to 99% within 60 min. In a Fenton-like oxidation catalytic reaction
system, H2O2 is the main source of hydroxyl radicals [21]. Increasing the concentration of
H2O2 can enhance the accessibility of H2O2 to the active site, which is conducive to the
generation of active species, which improves the catalytic degradation rate [22]. However,
further increase in the concentration of H2O2 (100 mmol/L) did not provide significant
improvement because the BMFH/Fe3O4 catalytic active site was saturated. Therefore, when
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the C0 of MG was 50 mg/L, the optimal ratio of BMFH/Fe3O4 and H2O2 was 50 mmol/L
and 0.2 g/L, respectively. When the C0 of TH was 50 mg/L, the pH was 4, and the T was
303 K; when the dosage of BMFH/Fe3O4 was 0.2 g/L, the concentration of H2O2 was
50 mmol/L, and the removal efficiency was 99% within 60 min.
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2.5.2. Oxidative Radicals Quenching Experiment Results

Oxidative radicals produced by H2O2 play an important role in the catalytic degra-
dation of organic pollutants (MG and TH). The catalyst used to activate H2O2 has a great
influence on the types of radical. t-Butanol and p-Benzoquinone were used as scavengers
of OH· and HO2· to quench the active substances to determine the major oxidative radicals
formed in the Fenton-like catalytic reactions [19,20]. The effect of radical scavengers on
the removal efficiency of MG and TH are shown in Figure 11. The removal efficiency of
both MG and TH was 99% within 60 min without scavenger, while it decreased to only
30% for MG and 33% for TH within 60 min in the presence of 50 mmol/L t-Butanol. After
adding 50 mmol/L of p-Benzoquinone, the removal efficiency of MG and TH was 72%
and 83%, respectively. It can be inferred that the ·OH and HO2· radicals were generated
in the Fenton-like catalytic system of BMFH/Fe3O4 and H2O2. In the oxidative catalysis
degradation of MG and TH, the ·OH radical may play a more important role compared
with HO2· [19,20].

160



Int. J. Mol. Sci. 2022, 23, 12579Int. J. Mol. Sci. 2022, 23, x FOR PEER REVIEW 19 of 26 
 

 

 

Figure 11. Effect of radical scavenger on the removal efficiency of (A) MG and (B) TH. 

2.6. Cycling Stability and Performance Comparison of BMFH and BMFH/Fe3O4 

Cycling stability is very important for evaluating the effectiveness of biochar so that 

the environmental material can be used repeatedly [29,30]. Compared with BMFH, 

BMFH/Fe3O4 could be easily separated from the pollutant water by a magnet due to the 

magnetic property of the nano-particles of Fe3O4. In this investigation, 10 cycle experi-

ments were used to assess regenerative capacities of BMFH and BMFH/Fe3O4 (Figure 12). 

With the cycles increased the removal rate of BMFH decreased clearly and could only be 

maintained at 59.1% for MG and 55.4% for TH after 10 cycles. Meanwhile, the removal 

rate of BMFH/Fe3O4 could still be maintained above 80% after 10 cycles in the experiment 

(80.9% for MG and 80.2% for TH). This can be explained by the fact that every time high-

temperature carbonization occurs in the regeneration process, it makes the biochar brittle 

and more fragile, thus affecting its subsequent cycle testing performance. Compared with 

BMFH, the presence of Fe3O4 particles may provide a more stable support for BMFH/Fe3O4 

in the process of recycling and regeneration. On the basis of the above data, it can be con-

cluded that BMFH and BMFH/Fe3O4 both have high stability and great potential for the 

control of organic pollutants in water environments. 

 

Figure 12. Cycling stability of the BMFH and BMFH/Fe3O4 to remove (A) MG and (B) TH. 

Figure 11. Effect of radical scavenger on the removal efficiency of (A) MG and (B) TH.

2.6. Cycling Stability and Performance Comparison of BMFH and BMFH/Fe3O4

Cycling stability is very important for evaluating the effectiveness of biochar so
that the environmental material can be used repeatedly [29,30]. Compared with BMFH,
BMFH/Fe3O4 could be easily separated from the pollutant water by a magnet due to the
magnetic property of the nano-particles of Fe3O4. In this investigation, 10 cycle experi-
ments were used to assess regenerative capacities of BMFH and BMFH/Fe3O4 (Figure 12).
With the cycles increased the removal rate of BMFH decreased clearly and could only be
maintained at 59.1% for MG and 55.4% for TH after 10 cycles. Meanwhile, the removal
rate of BMFH/Fe3O4 could still be maintained above 80% after 10 cycles in the experi-
ment (80.9% for MG and 80.2% for TH). This can be explained by the fact that every time
high-temperature carbonization occurs in the regeneration process, it makes the biochar
brittle and more fragile, thus affecting its subsequent cycle testing performance. Com-
pared with BMFH, the presence of Fe3O4 particles may provide a more stable support
for BMFH/Fe3O4 in the process of recycling and regeneration. On the basis of the above
data, it can be concluded that BMFH and BMFH/Fe3O4 both have high stability and great
potential for the control of organic pollutants in water environments.
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2.7. Comparison with Other Biochars

It can be seen from Table S2 (Supplementary Material) that different biochars have
different adsorption capacities for organic pollutants (MG and TH). According to the
current data, the adsorption capacity of magnetic biochar BMFH/Fe3O4 (171.26 mg/g)
was slightly lower than that of BMFH (186.15 mg/g), but compared with most biochar
adsorbents [35–54], BMFH and BMFH/Fe3O4 still showed good adsorption performance
for the removal of MG and TH. We speculate that, despite their low surface area, their
unique 3D network structure and rich surface chemistry may play a major role. This
result also indicates that not only the specific surface area but also the surface chemistry
and spatial structure of biochar may affect the adsorption process. We will explore this
further in a follow-up study. Due to the presence of Fe3O4, BMFH/Fe3O4 also has the
ability of Fenton-like catalytic degradation of organic pollutants (MG and TH). Compared
with some catalysts (Table S3) [55–64], although there is still a certain gap in catalytic
performance, it is enough to demonstrate the potential of magnetic biochars prepared by
one-step carbonization synthesis in the control of organic pollutants.

2.8. Possible Mechanisms

In this study, BMFH/Fe3O4 removes organic pollutants (MG and TH) via adsorption
and the Fenton-like catalytic method; therefore, the possible mechanisms can be divided
into two types, adsorption mechanism and catalytic reaction mechanism (Figure 13).
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Figure 13. Possible mechanisms of BMFH/Fe3O4 for removal of MG and TH via adsorption and
Fenton-like catalysis.

The possible mechanism in the adsorption process may include electrostatic attraction,
H-bond interaction, and π-π interaction. There is a strong electrostatic interaction between
organic pollutants and BMFH/Fe3O4 with negative zeta potential, which may be beneficial
to adsorption in a water environment with higher pH. It can be found from FT-IR and
XPS spectroscopy test results that there are various functional groups on the surface of
BMFH/Fe3O4 that are conducive to adsorption; for example, the C-O group may form an
H-bond with the C-H group in organic pollutants, and the O-H group may form an H-bond
with N+ or -O- in organic pollutants. FT-IR and Raman spectra indicated that the aromatic
rings in organic pollutants may interact π-π with aromatic rings in BMFH/Fe3O4, thus
enhancing the adsorption capacity.

In BMFH/Fe3O4 synthesized by the one-step method, ferric ions exist in two oxidation
states, Fe3+ and Fe2+, which was also confirmed by XPS results. During the Fenton-like
catalytic reaction process, H2O2 will react with Fe3+ to form peroxo-intermediate. Then,
peroxo-intermediate will generate HO2· and Fe2+, which will happen again on reacting
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with the H2O2 molecule to form OH·. Finally, OH· is involved in catalytic degradation of
organic pollutants (MG and TH) to oxidation products. Thus, the best-proposed mechanism
is as follows (Equations (9)–(12)):

Fe3+ + H2O2 ↔ Fe · · ·OOH2+ + H+ (9)

Fe · · ·OOH2+ → HO2·+ Fe2+ (10)

H2O2 + Fe2+ → OH·+ OH− + Fe3+ (11)

OH·+ Pollutants→ Products + H2O (12)

3. Materials and Methods
3.1. Materials and Reagents

T. reesei was extracted and preserved from decayed straw by the Key Laboratory of
Straw Comprehensive Utilization and Black Soil Conservation, Ministry of Education,
China.

The potato was bought from the local vegetable market. D-glucose monohydrate,
FeCl3, HCl, H2O2, and NaOH were supplied by Beijing Chemical Works (Beijing, China).
Malachite green (MG), tetracycline hydrochloride (TH), t-Butanol, and p-Benzoquinone
were supplied by Aladdin Chemical (Shanghai) Co., Ltd. (Shanghai, China). All the above
reagents were of analytical purity grade and did not require further purification. The water
involved in the rinsing and preparation process was deionized water.

3.2. Preparation of BMFH/Fe3O4

T. reesei was seeded onto potato-glucose-agar (PDA, 200.0 g/L of potato extract,
20.0 g/L of D-glucose, and 20.0 g/L of agar) solid medium and cultured at 29 ◦C for
96 h. They were then isolated from PDA plates and inoculated into 200.0 mL potato-
glucose-liquid (PDL, PDA medium without agar) medium for growth, resulting in the
formation of numerous FH. After incubation for 72 h in a constant temperature incubator
at 29 ◦C, different concentrations of FeCl3 (0.001–0.5 mol/L) were added and incubated
for another 24 h. After separation from the medium, it was washed with deionized water
to remove water-soluble impurities and excess ferric chloride, denoted as FH/Fe3+, for
subsequent high-temperature experiments.

FH/Fe3+ was calcined under nitrogen atmosphere protection in a horizontal tube
furnace. To synthesize magnetic FH biochar materials (BMFH/Fe3O4) in one step, we
divided the calcination process into three temperatures: 100 ◦C for 30 min, 200 ◦C for
30 min, and 600 ◦C for 60 min (Figure S1, Supplementary Materials). The abbreviations
BMFH/Fe3O4-0.001 and BMFH represent the magnetic biochar material from FH/Fe3+

containing 0.001 mol/L FeCl3 by a one-step calcination method and FH-based biochar,
respectively. Biochar yield (BY, %) is a valuable parameter used to evaluate the practicability
of production methods, which is calculated by Equation (13):

BY =
Mbiomass
Mbiochar

× 100% (13)

where Mbiomass (g) and Mbiochar (g) represent the mass of biomass used for preparation and the mass
of obtained biochar, respectively. The results are shown in Table S4 (Supplementary Materials).
The BYs of BMFH and BMFH/Fe3O4-0.001 were 43.85± 0.55% and 45.54± 1.13%, respectively,
indicating the feasibility of this method for biochar production.

3.3. Adsorption Performances

In a batch adsorption experiment, 0.20 g/L of BMFH or BMFH/Fe3O4 was added
to a flask containing organic pollutant solutions (MG or TH); the structural formulas of
MG and TH are shown in Figure S2 (Supplementary Materials). When the adsorption
process reached equilibrium, 1.0 mL of the suspension was taken out, and BMFH or
BMFH/Fe3O4 was filtered through a 0.22 µm filter film. Next, the suspension was cen-
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trifuged at 12,000 RPM for 10 min and the supernatant was diluted with deionized water.
The concentration of the solution was determined by Agilent Cary-300 UV-vis spectropho-
tometer. The adsorption capacities of BMFH/Fe3O4 were calculated by Equation (14):

qe =
(C0 − Ce)×V

M
(14)

where qe (mg/g) is the adsorption capacity of samples; Ce and C0 (mg/L) denote the
equilibrium and initial concentrations of the dye solution, respectively; and M (g) and V (L)
denote the mass of the samples and the volume of the solutions, respectively.

3.3.1. Adsorption Kinetic Performances

The organic pollutant solutions were prepared at different concentrations (50, 100, and
200 mg/L). Then, 0.2 g/L of BMFH or BMFH/Fe3O4 was dispersed into flasks containing
MG or TH solutions and shaken at 150 RPM in the dark at 303 K. Finally, the concentrations
of the solutions were determined at preset time intervals.

3.3.2. Adsorption Isotherm Experiments

The organic pollutant solutions at different initial concentrations (50, 100, 150, 200,
and 250 mg/L) were prepared and used to test the adsorption isotherm at 303 K. After
adsorption saturation, the absorbance of the solutions was measured by UV-vis spectropho-
tometer

3.3.3. Adsorption Thermodynamic Experiments

The effect of temperatures (293, 298, 303, 308, and 313 K) on the adsorption capacity
of the adsorbates was investigated at an initial concentration of 100 mg/L with 0.2 g/L of
BMFH or BMFH/Fe3O4.

3.3.4. The Effect of pH on Adsorption Capacities

The variation of the adsorption capacity of the samples with pH (2, 4, 6, 8, and 10) was
also investigated. The solutions were adjusted to different pH values by HCl and NaOH.

3.4. Fenton-like Catalysis Performances
3.4.1. Catalytic Activity Test of BMFH/Fe3O4

In a batch adsorption experiment, BMFH/Fe3O4 (0.1, 0.2, and 0.3 g/L) was added to a
flask containing organic pollutant solutions (MG or TH). The flask was placed in a constant
temperature shaker at 150 RPM. After the adsorption process reached equilibrium, H2O2
(10, 50, and 100 mmol/L) was added to the flask to initiate the catalysis degradation reaction
at 303 K. At regular intervals, 1.0 mL of the suspension was taken out, and BMFH/Fe3O4
was separated by using a magnet and filtered through a 0.22 µm filter film. After that,
the suspension of organic pollutants was centrifuged at 12,000 RPM for 10 min, and the
supernatant was diluted with deionized water. Then, the concentration of the solutions
was determined by using an Agilent Cary-300 UV-vis spectrophotometer. The removal
efficiency (R%) of organic pollutants can be determined by using Equation (15):

R% =
C0 − C

C0
× 100% (15)

where C0 and C are the initial and non-degraded adsorbates concentrations (mg/L), respec-
tively, in the supernatant after centrifuging.

3.4.2. Oxidative Radicals Quenching Experiments

At the beginning of the catalysis experiment, 50 mmol/L of t-Butanol or p-Benzoquinone
was added to study the effect of different oxidation radicals. The concentration of the solutions
was determined by using an Agilent Cary-300 UV-vis spectrophotometer.
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3.5. Cycling Stability Studies

A total of 1.0 g/L of BMFH/Fe3O4 was added to 100 mL of contaminants in each
cycle (100 mg/L). When the experiments finished, the recycled samples were collected by a
magnet. After that, the BMFH/Fe3O4 was washed with water and carbonized for 60 min
at 600 ◦C under nitrogen atmosphere protection. In the next cycle, reused samples were
employed as fresh adsorbents. The details of the characterization methods are shown in
Supporting Information.

4. Conclusions

In this study, magnetic biochar (BMFH/Fe3O4) with a unique three-dimensional
network structure was synthesized by a simple and controllable method, which has both
adsorption and Fenton-like catalytic properties. The adsorption capacities of BMFH/Fe3O4
for organic pollutants (158.2 mg/g for MG and 171.26 mg/g for TH) were higher than those
of most biochars. The catalytic degradation of organic pollutants reached 99% in 60 min,
which was better than most catalysts. After 10 cycles, the removal ability of BMFH/Fe3O4
in relation to MG and TH remained above 80%. This work not only prepared magnetic
biochar materials with excellent performance, which can better control organic pollutants
in water, but more importantly, it also provided a new method for the development of other
biomass. In the future, we will continue to explore and optimize this synthesis method and
further investigate its role in other biomass (such as agricultural waste).

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/ijms232012579/s1.
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Abstract: Bismuth ferrite-based heterojunction composites have been considered as promising visible-
light responsive photocatalysts because of their narrow band gap structure; however, the synthetic
methods reported in the literature were usually time-consuming. In this study, we report a facile
and quick preparation of bismuth ferrite-based composites by the hydrothermal method, combined
with spark plasma sintering (SPS), a technique that is usually used for the high-speed consolidation
of powders. The result demonstrated that the SPS-assisted synthesized samples possess significant
enhanced photoelectric and photocatalytic performance. Specifically, the SPS650 (sintered at the
650 ◦C for 5 min by SPS) exhibits a 1.5 times enhancement in the photocurrent density and a 3.8 times
enhancement in the tetracycline hydrochloride photodegradation activity than the unmodified
bismuth ferrite samples. The possible influence factors of SPS on photoelectric and photocatalytic
performance of bismuth ferrite-based composites were discussed carefully. This study provides a
feasible method for the facile and quick synthesis of a highly active bismuth ferrite-based visible-
light-driven photocatalyst for practical applications.

Keywords: bismuth ferrite; spark plasma sintering; heterostructure; visible-light irradaition; antibiotics

1. Introduction

Over the past few decades, the development of sustainable energy resources, such as
solar energy, wind energy, hydrogen energy, and geothermal energy, etc., has become one of
the most important issues around the world because of the shortage of conventional energy
resources and environmental pollution problem. Among various sustainable energies, solar
energy has attracted much attention, due to its inexhaustibility, environmental friendliness,
and wide availability, etc. [1,2]. Semiconductor photocatalytic technology, which can
directly convert solar energy into chemical energy through semiconductor photo-catalysts,
has been recognized as one of the most attractive solutions for achieving sustainable energy
supply and environmental restoration [3–6].

The common semiconductor photocatalytic materials include TiO2, ZnO, SrTiO3, Bi2S3,
GaN, etc. Compared with the other photocatalytic materials, TiO2 possesses the advantages
of stable, non-toxic, high activity, photo-corrosion resistance, etc., and these characteris-
tics make it one of the most representative semiconductor photocatalysts. However, the
low utilization of visible light and high electron-hole recombination rate limit its wide
application. In order to expand the spectral absorption range of TiO2 photocatalyst and
improve its photocatalytic efficiency, scientists have tried a variety of methods, such as
metal/non-metal doping, hetero-junction construction, dye sensitization, etc. [7–10]. On the
other hand, much effort had been paid to the development of novel, visible-light-responsive
photocatalytic materials, such as metal oxides, metal sulfide, metal nitride, and organic
compounds, etc. Recently, bismuth ferrite (BFO), such as BiFeO3, Bi2Fe4O9, Bi25FeO40, etc.,
have attracted much attention as a kind of potential candidate for visible-light responsive
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photocatalysts because of their narrower band gap structure (1.5~2.2 eV) and ability to
degrade organic pollutants under visible light illumination [11–15]. However, there are still
two issues, such as fast electron-hole recombination and low quantum yield, that limit its
practical application. To further improve their photocatalytic performance, much effort had
been made, such as synthesis with different methods and the control of process parameters,
etc. However, most synthetic methods reported in the literature are time-consuming. Thus,
developing a more economical and facile method to obtain highly efficient BFO-based
photocatalyst is desirable.

Spark plasma sintering (SPS) is a typical field-assisted sintering technique, which is
usually used for a high-speed consolidation of powders [16–18]. Recently, M.A. Lange
reported that the heat treatment of WO3−xFx by SPS on a minute (<10 min) scale can obtain
higher photocatalytic performance [19]. Yang reported that self-doping TiO2 with the use
of directly treated commercial P25 at a desired temperature for only 5 min through SPS
technology exhibited significantly high photoelectric and photocatalytic performance [20].

Compared with the other high-temperature heat treatment technologies, SPS possesses
the following advantages. Firstly, its temperature can be raised quickly in a short time,
while conventional methods usually take much longer to reach the same temperature.
Secondly, the direct pulse current applied in the SPS process tends to activate the surface of
the particles, thereby generating a large amount of hydroxyl radicals and atomic oxygen
or oxygen-free radicals, which is profitable for the promotion of photocatalytic activity.
Although the effects of SPS heat treatment on the ferroelectric, piezoelectric, and dielectric
properties of bismuth ferrite (BFO) materials have been reported [21–23], the effect of
SPS heat treatment on the photoelectric and photocatalytic activity of BFO materials is
still lacking.

To explore the influence of SPS on the BFO photocatalysts and expand its application
range, in this study, we reported a facile and rapid preparation of BFO-based composites
by the direct use of hydrothermal-prepared BFO at a desired SPS temperature X (X = 300,
400, 500, 600, 650, 700) ◦C for only 5 min, and the corresponding products were named
SPSX. The overall procedure for the synthesis of heterostructured BFO-based composites is
shown in Figure 1a.
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Figure 1. (a) Preparation scheme for bismuth ferrites, (b) X-ray diffraction (XRD) spectra of as-
prepared samples, (c) SEM image of untreated BFO, (d) SEM image of SPS650.

2. Results and Discussion

The phase structure of the as-prepared samples was determined by X-ray diffraction
(XRD) (Figures 1b and S1). As shown, the unmodified sample (BFO) and low-temperature
SPS treatment samples (SPS300, SPS400, and SPS500) exhibited similar diffraction pat-
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terns, all diffraction peak patterns can be indexed to orthorhombic Bi2Fe4O9 (JCPDS#25-
0090) [24–26], and no other impurity phase appeared, indicating that low-temperature SPS
treatment has no obvious effect on its phase structure. When the SPS heating temperature
increased to 600 ◦C, two strong diffraction peaks at 28.2◦ and 28.9◦, corresponding to the
(121) and (211) crystal planes of orthorhombic Bi2Fe4O9, weakened, and two new character-
istic peaks appeared at 27.8◦ and 32.9◦, which can be attributed to the (310) and (321) crystal
planes of cubic Bi25FeO40, according to the PDF standard cards (JCPDS#46-0416) [27,28],
which means that the Bi25FeO40 and Bi2Fe4O9 phase coexistence was at 600 ◦C. With the
increasing of the SPS processing temperature (SPS 650), the content of Bi25FeO40 phase
gradually increased. At 700 ◦C, Bi2Fe4O9 was almost entirely transformed into Bi25FeO40.
Anyway, the sample treated at 300, 400, and 500 ◦C under SPS for 5 min exhibited similar
photocatalytic activity as the unmodified BFO (omitted here). For the sake of simplicity,
in this work, we mainly reported the unmodified BFO sample and the samples treated at
600, 650, and 700 ◦C under SPS for 5 min and the percentage of Bi2Fe4O9 and Bi25FeO40
in the BFO, SPS600, SPS650, SPS700 were shown in Table S1. The morphology of the BFO
and SPS650 samples was observed by scanning electron microscope (SEM) (Figure 1c,d).
As indicated in Figure 1c, the unmodified BFO particles are near spherical with average
diameter of ca. 70 nm. After being treated by SPS 5 min at 650 ◦C, the shape of BFO became
irregularly spherical, with an average diameter reaching 80–90 nm (Figures 1d, S2 and S3).
In Figure S4, the peaks of Bi 4f, Fe 2p, and O 1s can be observed in the survey XPS spectra of
the BFO samples before and after SPS modification, indicating that the elements contained
in the sample were consistent with the target product.

For clarity, the HRTEM of as-prepared BFO and SPS650 samples were performed
to further elucidate the microstructure of the samples. For unmodified BFO (Figure 2a),
the lattice fringes of the (001) planes with interplanar spacing of approximately 0.600 nm
corresponded to Bi2Fe4O9 [29,30]. For SPS650 (Figure 2b–d), the fringe of the (212) plane
with interplanar spacing of approximately 0.220 nm corresponded to Bi2Fe4O9, while the
fringes of the (321) planes with interplanar spacing of approximately 0.273 nm corresponded
to Bi25FeO40 [31–33], indicating some of Bi2Fe4O9 transformed into Bi25FeO40 when treated
with SPS for 5 min, and the Bi2Fe4O9/Bi25FeO40 heterojunction was synchronously formed
during this process.
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Figure 2. HRTEM image of (a) untreated BFO, (b) SPS650, (c,d) corresponding magnified image
of (d).

The optical absorption properties of the as-prepared samples were investigated by
UV–Vis DRS technology, as shown in Figure 3a,b. As indicated, all the samples can response
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to visible light; however, in comparison with the unmodified BFO, the samples with SPS
treatment exhibited a significant enhancement in absorption intensities, along with the
absorption redshift. The absorption edges of BFO located at ~570 nm corresponds to an
optical bandgap (Eg) of 2.18 eV, which was calculated from the tangent line in the plot of
the K-M function (αhv)2 vs. photo energy (hv) by extrapolating the tangent line to another
small absorption edge at ~810 nm, which corresponds to an optical band gap of 1.60 eV. The
absorption edge at ~570 nm can be ascribed to the electronic transfer from the valence band
to the conduction band, and the absorption at ~810 nm is ascribed to the d-d transitions
of Fe [34–36]. For the Bi2Fe4O9/Bi25FeO40 samples, the absorption edge of SPS700 was
~775 nm, and the absorption edges of SPS600 and SPS650 lied somewhere in between.
According to Kubelka–Munk function, the band gaps for SPS600, SPS650, and SPS700 were
2.10 eV, 2.02 eV, and 1.60 eV, respectively (Figure 3b). In view of the preparation process,
the close contact and strong interaction between the Bi2Fe4O9 and Bi25FeO40 existence in
the SPS-treated samples is suggested. The valence band position (VB) of semiconductors
was further determined by X-ray photoelectron spectroscopy, as shown in Figure 3c, which
indicates that the VB (Ev) of Bi2Fe4O9 (BFO) and Bi25FeO40 (SPS700) were about 1.55 eV and
0.27 eV, respectively. Correspondingly, the conductor band positions (CB, Ec) of Bi2Fe4O9
(BFO) and Bi25FeO40 (SPS700) were estimated to be −0.63 eV and −1.33 eV, respectively,
according to the equation: Ec = Eg − Ev.
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Figure 3. (a) The UV–Vis absorption spectrum of the as-prepared sample; (b) the calculation bandgap
diagram of the as-prepared sample, according to Kubelka–Munk function. (c) The XPS VB spectra of
as-synthesized Bi2Fe4O9 and Bi25FeO40 samples; (d) N2 adsorption and desorption isotherms of the
as-prepared samples.

The nitrogen adsorption isotherms (SBET) of the as-prepared catalysts were shown in
Figure 3d, and the specific surface area (SBET) was calculated according to the Brunauer–
Emmet–Teller method. The order of SBET was as follows: SPS650 (23.1 m2·g−1) > SPS600
(19.2 m2·g−1) > SPS700 (15.8 m2·g−1) > BFO (11.7 m2·g−1). In our experiment, with the
increasing of heat-treated temperature, the Bi2Fe4O9 phase gradually changed into the
Bi25FeO40 phase. The specific surface area is connected to the crystal structure and particle
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stacking way, so the SPS650 sample exhibited the optimum specific surface area in our
case. A larger surface, in general, means more surface-active sites and faster interfacial
charge transfer for the reaction; thus, the SPS650 sample was expected to exhibit the higher
photocatalytic activity.

The separation and transfer rate of photogenerated electrons and holes are also the
main factors affecting the photocatalytic performance. Herein, to explore the photoelectric
separation and transferring performance of the as-prepared samples, the photocurrent
response (I-t), photoluminescence emission spectra (PL), electrochemical impedance spec-
troscopy (EIS), and transient photoluminescence spectra of the as-obtained samples were
carefully explored (Figure 4). Generally, the transient photocurrent reflects the charge
carrier density and charge mobility. The stronger the photocurrent, the greater the density
of the photo-generated carrier, and the more efficiencies of the charge separation [37–40].
As indicated in Figure 4a, the SPS650 sample exhibited the highest photocurrent density
of 2.78 µA/cm2, which is about 5.56 times that of unmodified BFO (0.5 µA/cm2), and far
larger than that of SPS600 (2.20 µA/cm2) and SPS700 (1.75 µA/cm2).
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Figure 4. (a) The curve of photocurrent density versus time; (b) photoluminescence spectrum (PL),
(c) electrochemical impedance spectroscopy (EIS), (d) transient photoluminescence spectrum (TRPL).

Figure 4b indicates the PL spectra of the as-prepared samples at an excitation wave-
length of 325 nm. In general, PL emission intensity is related to the recombination of
excited electrons and holes—the lower the PL peak intensity, the smaller the probability of
recombination [41,42]. As indicated, the PL intensity of the SPS650 sample is the weakest
among all the samples, inferring that the recombination rate of charge carries is the smallest
among all the samples. The possible reason is maybe due to the fact that the moderate
heterogeneous junctions produced in the SPS650 sample effectively accelerate the charge
transfer and correspondingly reduces the charge’s recombination. As a result, the problem
of fast charge recombination, as a historical intrinsic drawback of BFO photocatalysts, was
effectively restrained by simply modifying the BFO by SPS heat-treatment for 5 min at a set
temperature. Additionally, the diameters of the arc radius on the EIS Nynquist plot of the
SPS-treated BFO samples were smaller to that of the unmodified BFO, while the SPS650
sample shows the least arc radius (Figure 4c). The smaller the internal resistance of the
charge transfer means the higher the migration rate of the photo-generated electron-hole
pairs and the higher the carrier separation rate [43–45]. Anyway, the time-resolved PL
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(TRPL) measurement results of the as-prepared samples indicate that the SPS650 composites
have longer lifetimes than all the other samples (Figure 4d). In other words, compared with
the other samples, the photoinduced electron-hole pairs in SPS650 are easier separated and
transferred to the sample surface through an interfacial interaction between two different
bismuth oxides, correspondingly resulting in a higher photocatalytic performance.

Tetracycline hydrochloride (TCH) is a commonly used, but difficult to self-degrade,
antibiotic [46]. Therefore, the photocatalytic performance of the as-prepared samples was
evaluated by TCH as the target degradation product under visible light irradiation. As
shown in Figure 5a, the characteristic absorption peaks at 275 nm and 356 nm decreased
with the increasing of irradiation time, indicating the photodegradation of TCH under
visible-light irradiation in the presence of catalysts. Figure 5b indicates that about 58% of
TCH are degraded by BFO for 2 h, while the SPS-treated samples exhibited significantly
enhanced photocatalytic performance, and the degradation ratios of TCH reached 82%,
96%, and 74% for the SPS600, SPS650, and SPS700 samples, respectively. It has been found
that the SPS650 sample demonstrates the optimum photocatalytic activity, revealing the
synergistic effect between Bi25FeO40 and Bi2Fe4O9, which is beneficial to the separation of
photo-generated carriers, correspondingly resulting in a higher photocatalytic performance.
This value is also higher than some previously reported catalysts (Table S3) [47–52]. The
linear plots of (C0/C) versus irradiation time (t) suggest a pseudo-first order kinetic (Fig-
ure 5c). The rate constants k are estimated to be 0.006 min−1, 0.014 min−1, 0.025 min−1, and
0.012 min−1 for the samples BFO, SPS600, SPS650, and SPS700, respectively. The apparent
quantum yield (AQY%) was calculated to be 4.66%, according to equation [47,48], and the
detailed calculation can be found in Table S2:

AQY% =
the number of degraded moleculars

N
× 100%
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Obviously, with the increasing of SPS heat-treat temperature, the photocatalytic ef-
ficiencies of the composites firstly increase to a maximal value and then decrease. The
photo-reactive rate constant of the sample SPS650 was at 0.025 min−1, which is about
4.2 times that of unmodified BFO, 1.8 times that of the sample SPS600, and 2.1 times that
of the sample SPS700. The reason for the relatively weaker photocatalytic performance
for SPS600 and SPS700 can be ascribed to the fact that the amount of Bi2Fe4O9/Bi25FeO40
heterojunction was not formed enough. In addition, the photodegradation efficiency of
SPS650 had slightly decreased after 5 cycle times (Figure S5), inferring its excellent stability,
which is beneficial for the practice application.

The total organic carbon (TOC) removal ratio was used to evaluate the mineralization
efficiency of TCH by SPS650 under visible light irradiation. As shown in Figure S6, the TOC
decreased gradually, and the efficiency of TOC removal was 67% under 2 h irradiation. It is
worth noting that the efficiency of TOC removal was lower than that of photodegradation,
which can be attributed to the incomplete mineralization of the TCH or generation of a low
molecular weight organic.

To confirm the speculation about the main active species, the agents of 1,4-benzoquinone
(BQ, 0.1 mmol), disodium ethylenediamine tetraacetate (EDTA-2Na, 0.1 mmol), and tert-
butyl alcohol (TBA, 0.1 mmol) were introduced as the superoxide radical (•O2−) scavenger,
hole (h+) scavenger, and hydroxyl radical (•OH) scavenger, respectively. As indicated in
Figure 5d, the degradation ratio of TCH over SPS650, without adding scavengers, was
96%. With the adding of BQ and EDTA-2Na, the degradation efficiencies of TCH were
reduced to 63%, 72%, and 96%, respectively, indicating that superoxide radical was main
active species, and the hole plays a relatively important role in the photocatalytic oxidation
process. On the contrary, the photocatalytic activity of SPS650 had no obvious change by
the addition of TBA, which infers that the hydroxyl radical was not the main active species
to the degradation process.

On the basis of the above analysis, the photodegradation mechanism for the Bi2Fe4O9/
Bi25FeO40 composites was proposed (Scheme 1). Generally, the performance of photo-
catalyst depends on a series of parameters, such as the surface area, adsorption capacity,
light absorption, carrier recombination rate, and energy band structure [53–58]. In our
case, the significant improvement of the photodegradation performance for SPS650 may
be related to the following factors: firstly, due to the high-temperature sintering of the
spark plasma, the surface of the modified BFO sample has more separated electrons, holes,
and OH radicals. These active materials react with pollutants in the solution to show
better photocatalytic activity. Secondly, the Bi25FeO40 produced by SPS treatment results in
the formation of Bi2Fe4O9/Bi25FeO40 heterojunction. Under visible light irradiation, the
photoinduced electrons tend to migrate from Bi25FeO40 to Bi2Fe4O9, which leads to the
faster transfer and separation of photogenerated carriers at the heterojunction interface,
thereby improving the photodegradation performance.

175



Int. J. Mol. Sci. 2022, 23, 12652Int. J. Mol. Sci. 2022, 23, x FOR PEER REVIEW 8 of 11 
 

 

 

Scheme 1. The schematic illustration of photo-reactive mechanism for Bi2Fe4O9/Bi25FeO40 hetero-

structure composites. 

3. Materials and Methods 

3.1. Synthesis 

BFO powders were firstly synthesized by the hydrothermal method, as reported pre-

viously, with a little change. Typically, Bi(NO3)3∙5H2O and Fe(NO3)3∙9H2O with the molar 

mass ratio Bi3+: Fe3+ = 1:1 were first dissolved and stirred at 1M HNO3 solution to form an 

aqueous solution, and pH is ~2. Then, 4M KOH solution was slowly added into the afore-

mentioned solution with vigorously stirring for 1 h to tune the pH value to 9 (here, HNO3 

was used as dissolvent, and KOH as precipitator and mineralizer). After that, it was 

quickly transferred into a teflon-lined stainless-steel autoclave and heated at 200 °C for 12 

h. Finally, the product was collected and washed with deionized water and alcohol sev-

eral times to about pH 7, followed by drying at 80 °C overnight. According to the XRD 

analysis (Figure 1), the obtained sample belonged to orthorhombic Bi2Fe4O9 (JCPDS 25-

0090) and was named BFO. 

Next, the obtained BFO sample was further treated using the SPS technology. In a 

typical SPS heat-treatment process, 1.0 g of the as-prepared BFO powder was first put into 

a cylindrical carbon die with an inner diameter of 15 mm and then transferred into the 

SPS device (SPS-3.20 MKII, Sumitomo Coal Mining Co. Ltd., Tokyo, Japan) for sintering. 

The temperature was raised to the set temperature with a heating rate of 50 °C/min and 

kept at the temperature for 5 min under 60 MPa, then naturally cooled to room tempera-

ture. During the sintering process, the sample temperature was measured using an infra-

red camera through a hole in the middle of the cylindrical carbon die. The modified BFO 

sample after SPS heat treatment were denoted as SPSX, and X (X = 300–700) represents the 

set temperature from 300 °C to 700 °C. 

3.2. Characterization 

The phase composition of the samples was analyzed by Bruker D8 X-ray diffractom-

eter (XRD, Cu Kα, λ = 1.5406 Å), the sampling interval was 0.02°, the sampling rate was 5 

°/min, and the scanning range of the sample was 10°–70°. TEM (TEM, JEOL JEM-2010 FEF, 

Japan) was used to further confirm the morphology of the obtained samples. Ultraviolet-

visible diffuse reflectance spectroscopy (UV–Vis DRS) analysis adopted U-4100 solid spec-

trophotometer, and the test wavelength range was 200–800 nm. The valence bands of the 

Scheme 1. The schematic illustration of photo-reactive mechanism for Bi2Fe4O9/Bi25FeO40 het-
erostructure composites.

3. Materials and Methods
3.1. Synthesis

BFO powders were firstly synthesized by the hydrothermal method, as reported
previously, with a little change. Typically, Bi(NO3)3·5H2O and Fe(NO3)3·9H2O with the
molar mass ratio Bi3+: Fe3+ = 1:1 were first dissolved and stirred at 1 M HNO3 solution
to form an aqueous solution, and pH is ~2. Then, 4 M KOH solution was slowly added
into the aforementioned solution with vigorously stirring for 1 h to tune the pH value to
9 (here, HNO3 was used as dissolvent, and KOH as precipitator and mineralizer). After
that, it was quickly transferred into a teflon-lined stainless-steel autoclave and heated at
200 ◦C for 12 h. Finally, the product was collected and washed with deionized water and
alcohol several times to about pH 7, followed by drying at 80 ◦C overnight. According
to the XRD analysis (Figure 1), the obtained sample belonged to orthorhombic Bi2Fe4O9
(JCPDS 25-0090) and was named BFO.

Next, the obtained BFO sample was further treated using the SPS technology. In a
typical SPS heat-treatment process, 1.0 g of the as-prepared BFO powder was first put into
a cylindrical carbon die with an inner diameter of 15 mm and then transferred into the SPS
device (SPS-3.20 MKII, Sumitomo Coal Mining Co. Ltd., Tokyo, Japan) for sintering. The
temperature was raised to the set temperature with a heating rate of 50 ◦C/min and kept
at the temperature for 5 min under 60 MPa, then naturally cooled to room temperature.
During the sintering process, the sample temperature was measured using an infrared
camera through a hole in the middle of the cylindrical carbon die. The modified BFO
sample after SPS heat treatment were denoted as SPSX, and X (X = 300–700) represents the
set temperature from 300 ◦C to 700 ◦C.

3.2. Characterization

The phase composition of the samples was analyzed by Bruker D8 X-ray diffractometer
(XRD, Cu Kα, λ = 1.5406 Å), the sampling interval was 0.02◦, the sampling rate was
5 ◦/min, and the scanning range of the sample was 10◦–70◦. TEM (TEM, JEOL JEM-
2010 FEF, Japan) was used to further confirm the morphology of the obtained samples.
Ultraviolet-visible diffuse reflectance spectroscopy (UV–Vis DRS) analysis adopted U-4100
solid spectrophotometer, and the test wavelength range was 200–800 nm. The valence
bands of the sample surfaces were characterized using X-ray photoelectron spectroscopy
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(XPS, Thermo Scientific Escalab 250, Waltham, MA, USA) with a monochromatic Al K
X-ray source. All binding energies were referenced to the C 1s peak (284.6 eV) arising
from adventitious carbon. The specific surface areas of the catalysts were determined by
applying the Brunauer–Emmett–Teller (BET) method to the adsorption of nitrogen at 77 K.
All the samples were degassed at 180 ◦C prior to nitrogen adsorption measurements. The
photocurrents, electrochemical impedance spectroscopy (EIS), and Mott–Schottky were
measured by an electrochemical analyzer (CHI660A, CH Instruments Co. Shanghai, China)
at room temperature. The photoluminescence (PL) spectroscopy was carried out with the
FLs980 full-function steady-state/transient fluorescence spectrometer in Edinburgh, UK,
with an excitation wavelength of 325 nm. Total organic carbon (TOC) was measured by a
Multi N/C 3100 TOC analysis instrument.

Photocatalytic Performance

The photocatalytic performance was measured by degrading the 10 mg/L tetracycline
hydrochloride (TCH) aqueous solution under visible light. Typically, 50 mg of catalyst was
added to 50 mL of TCH solution and kept in the dark for 1 h to reach adsorption-desorption
equilibrium. After that, a 350 W xenon lamp and 420 nm cut-off filter were used as the light
source to simulate sunlight, and samples were taken every 20 min.

4. Conclusions

In summary, the self-doped Bi2Fe4O9/Bi25FeO40 heterostructure composites were
successfully obtained by spark plasma sintering technology, combined with a facile wet
chemical process. The ratio of Bi2Fe4O9 to Bi25FeO40 in the composites was controlled by
the spark plasma sintering temperature. The as-prepared sample (SPS650) exhibited signifi-
cantly higher photoelectric performance and photocatalytic activity than that of Bi2Fe4O9
and Bi25FeO40 on the degradation of TCH. It was found that formation of well-defined
heterojunction between Bi2Fe4O9 and Bi25FeO40, which effectively sped the transformation
and separation of photoinduced carriers, correspondingly resulted in the enhancement of
the photoelectric property and photocatalytic activity. Anyway, it could be easily recycled
without an obvious decrease of photocatalytic activity. This study provides a simple and
economic method for the facile and quick synthesis of a highly active bismuth ferrite-based
visible-light-driven photocatalyst for practical applications.
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Abstract: In this study, an (A-R)TiO2 catalyst (ART) was prepared via the sol–gel method, and g-C3N4

(CN) was used as an amendment to prepare the g-C3N4/(A-R)TiO2 composite catalyst (ARTCN).
X-ray diffraction (XRD), scanning electron microscopy (SEM), transmission electron microscopy
(TEM), Raman spectroscopy, N2 adsorption–desorption curves (BET), UV–Vis diffuse absorption
spectroscopy (UV–Vis DRS), and fluorescence spectroscopy (PL) were used to evaluate the structure,
morphology, specific surface area, optical properties, and photocarrier separation ability of the
catalysts. The results showed that when the modifier CN content was 0.5 g, the dispersion of the
ARTCN composite catalyst was better, with stronger light absorption performance, and the forbidden
band width was smaller. Moreover, the photogenerated electrons in the conduction band of ART
transferred to the valence band of CN and combined with the holes in the valence band of CN, forming
Z-type heterostructures that significantly improved the efficiency of the photogenerated electron-hole
migration and separation, thus increasing the reaction rate. Gaseous and liquid ammonia were used
as the target pollutants to investigate the activity of the prepared catalysts, and the results showed
that the air wetness and initial concentration of ammonia had a great influence on the degradation of
gaseous ammonia. When the initial concentration of ammonia was 50 mg/m3 and the flow rate of the
moist air was 0.9 mL/min, the degradation rate of gaseous ammonia by ARTCN-0.5 reached 88.86%,
and it had good repeatability. When the catalytic dose was 50 mg and the initial concentration of
NH4

+ was 100 mg/L, the degradation rate of liquid ammonia by ARTCN-0.5 was 71.60% after 3 h
of reaction, and small amounts of NO3

− and NO2
− were generated. The superoxide anion radical

(·O2
−) and hydroxyl radical (·OH) were the main active components in the photocatalytic reaction

process.

Keywords: photocatalysis; ammonia; degradation; mechanism

1. Introduction

Ammonia is a colorless alkaline gas that causes strong irritation, mainly from agricul-
tural fertilization, animal husbandry, and the use of antifreeze [1]. Estimates have shown
that China emits 10 to 15 million tons of ammonia into the air every year, almost double
the total of the United States and the European Union [2]. Large-scale ammonia emissions
will not only cause diseases in animals and humans, such as central muscle paralysis and
bronchitis, but also cause global climate change [3]. Ammonia reacts with oxides in the air,
producing particulate matter such as ammonium sulfate and ammonium nitrate, which
are the main factors that form haze [4]; thus, controlling ammonia emissions is beneficial
to controlling haze [5]. In addition, ammonia gas will return to the surface through atmo-
spheric dry and wet deposition, leading to the eutrophication of water and affecting the
stability of the ecosystem [6]. Traditional ammonia treatment processes have high costs
and poor stability, which may aggravate the secondary pollution of the environment [7].
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In 1972, Fujishima discovered that TiO2 could photolyze water under ultraviolet light,
and this photocatalytic reaction has been widely used in environmental governance, energy
development, biological applications, self-cleaning materials, antibacterial applications,
sensors, and other fields due to its thorough reaction and lack of secondary pollution [8].
For example, A. Enesca et al. [9] prepared doped tin oxide films with different dopant
concentrations through spray pyrolysis deposition and found that the photodegradation
efficiency of the SnO2 film could reach about 30% under the condition of zinc doping.
X. Hu et al. [10] introduced and discussed the current challenges and future develop-
ment prospects of CO2 photoreduction for hydrocarbon fuels. X. Liu et al. [11] prepared
CdS@ZIS-SV, and its hydrogen production rate reached 18.06 mmol/g/h, which was 16.9
and 19.6 times that of original CdS (1.16 mmol/g/h) and ZIS (0.92 mmol/g/h) mate-
rials, respectively. In ammonia gas degradation, P.A. Kolinko et al. [12] and H.M. Wu
et al. [13] pointed out that the N element had various valence states. Herein, its main
product was N2, and its by-products were N2O, NO2

−, and NO3
−. Among the many

photocatalytic materials, TiO2 has become photocatalyst with the most potential due to
its advantages such as good chemical stability, safety, non-toxicity, low cost, and strong
REDOX ability [14]. Most studies have indicated that the degradation performance of
anatase (A-TiO2) is better than rutile (R-TiO2), and reports on TiO2 have mainly used the
anatase phase [15]. Shen et al. [16] stated that when the A-TiO2 and R-TiO2 phases formed
a heterogeneous structure, an internal electric field could form, thus promoting the transfer
of charges on the interface and improving photocatalytic activity. Das et al. [17] prepared a
mixed anatase/rutile crystal structure that had a higher photocatalytic performance than
commercial P25 under visible light. Xiong et al. [18] showed that mixed crystalline anatase
and rutile TiO2 nanoparticles exhibited a high photocatalytic carbon dioxide reduction
capacity. However, its high bandgap width (3.2 eV for anatase and 3.0 eV for rutile) resulted
in a response to only high-energy UV light, and its photogenerated charge carriers were
easy to recombine, thus limiting its catalytic activity [19]. For example, Guarino et al. [20]
sprayed TiO2 on a wall with a total area of 150 m2 at a spray quantity of 70 g/m2 and using
a 36 W UV light as the light source, and the degradation rate of ammonia was found to be
about 30%.

Photocatalytic materials can be used to form heterogeneous structures. For example,
Shihua Pu et al. [21] achieved the degradation of ammonia under sunlight for the first
time through the Cu2O improvement of {001}TiO2, and the degradation rate of ammonia
was found to be more than 80% within 2 h. However, due to the photocorrosion of
Cu2O itself, the degradation rate of ammonia gas was only maintained at 40% after four
repeated uses, making the choice of amendment very important. g-C3N4 has shown
a narrow band gap, with a wide range of light responses and good thermal stability,
chemical stability, and strong corrosion resistance [22]. Most studies have found that
the formation of heterostructures through the preparation of g-C3N4/TiO2 composite
catalysts could broaden the solar spectral response of the catalyst, and photogenerated
charge carriers are not easy to recombine [23]. For example, Li et al. [24] constructed a
g-C3N4/TiO2 heterostructure that achieved effective photoinduced electron-hole separation
in the photocatalytic process and showed a good photocatalytic effect and cyclic stability.
Zhao S et al. [25] used synthesized g-C3N4/TiO2 to degrade phenol with 2.41 and 3.12 times
g-C3N4 and TiO2 contents, respectively. Sun et al. [26] used synthetic g-C3N4/TiO2 to
degrade methylene blue with 1.85 and 4 times pure g-C3N4 and TiO2 content, respectively;
this showed that it was feasible to improve TiO2 degradation capacity by using g-C3N4 as
an amendment, but a study on ammonia degradation has not been previously reported.

In this study, an (A-R)TiO2 catalyst (ART) was prepared via the sol–gel method, where
g-C3N4 (CN) was used as an amendment to prepare g-C3N4/(A-R)TiO2 (ARTCN) with
a Z-type heterostructure, which improved the efficiency of photogenerated electron-hole
migration and separation. In this study, using gaseous ammonia and ammonia as the
target pollutants, we explored the ARTCN degradation of ammonia, the mechanism of
performance improvement, the intermediate, and the reaction process. We also studied
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the repeated use of ARTCN, as evidence on the properties and mechanism noted in this
research regarding the effective governance of ammonia pollution has been relatively scarce,
and this research could provide a certain theoretical basis for the management of ammonia.

2. Results
2.1. Analysis of the Characterization Results
2.1.1. XRD Analysis

When 2θ = 25.28◦, 36.95◦, 37.80◦, 38.55◦, 48.04◦, 53.89◦, 55.06◦, 62.68◦, 70.31◦, 75.03◦,
and 76.02◦, the characteristic peaks corresponding to the (101), (103), (004), (112), (200), (105),
(211), (204), (220), (215), and (301) crystal planes, respectively, were almost consistent with
the anatase TiO2 (JCPDS No. 21-1272) standard cards [27]. Furthermore, 2θ = 27.45◦, 36.09◦,
39.19◦, 41.26◦, 44.05◦, 54.32◦, 56.64◦, 64.04◦, and 69.01◦ corresponded to the (110), (101),
(200), (111), (210), (211), (220), (310), and (301) crystal planes, respectively, which was almost
consistent with the rutile TiO2 (JCPDS No. 21-1276) standard card [28]. The characteristic
peaks at 2θ = 13.1◦and 27.5◦ belonged to the (100) and (002) planes, respectively which was
largely in line with g-C3N4 (JCPDS87-1526) [29].

Figure 1 shows the XRD patterns of the prepared samples. We found that ART
contained not only the characteristic peaks of the anatase phase but also the characteristic
peaks of the rutile phase, indicating that it was a mixed crystal type, which was the prepared
(A-R)TiO2 catalyst. CN had a weak diffraction peak near 13.1◦, corresponding to the (100)
crystal plane of CN, which was formed by the 3-S monotriazine structural unit of the
plane [30]. There was a strong diffraction peak at 27.50◦, which was caused by the layered
accumulation of graphite in the conjugate plane. The diffraction peak of the ARTCN-X
composite corresponded to pure ART, which indicated that CN did not enter the ART
lattice and was only attached to its surface. There was no diffraction peak in the composite
samples of ART and CN at 13.1◦, because the amount of CN was small and had a weak
peak. Although the peaks of CN at 27.50◦ and R-TiO2 at 27.45◦ coincided, we observed that
as the composite ratio increased from 0.1 to 1, the composite gradually widened around
27◦, indicating that the composite material was successfully prepared.
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The accuracy was further verified by calculating the rutile content of several materi-
als [31], and the calculation results are shown in Table 1. We found that the rutile contents
of ART, ARTCN-0.1, ARTCN-0.5, and ARTCN-1 were 23.49%, 25.06%, 29.43%, and 34.61%,
respectively. High temperatures were conducive to the conversion of A-TiO2 into R-TiO2,
while ART, ARTCN-0.1, ARTCN-0.5, and ARTCN-1 were prepared at the same tempera-
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ture; thus, the increased rutile content was not rutile in the real sense but rather the added
amendment of CN.

Table 1. Rutile content of the catalysts.

Samples IR (2θ = 27.24◦) IA (2θ = 25.28◦) XR

ART 523.48 2131.93 23.49%
ARTCN-0.1 605.19 2260.33 25.06%
ARTCN-0.5 704.02 2110.14 29.43%
ARTCN-1 953.81 2251.77 34.61%

Table 1 shows the rutile content of each catalyst. The formula (Equation (1)) is given
as follows:

XR =
1

1 + 0.8× IA
IR

(1)

where XR is the rutile content, IA is the peak intensity of anatase at 2θ = 25.28◦, and IR is
the peak intensity of rutile at 2θ = 27.24◦.

2.1.2. Raman Analysis

The crystal form and structure of the catalyst were further determined by Raman
spectroscopy, and Figure 2 shows the Raman spectra of the prepared catalyst. The anatase
phase of TiO2 corresponded to ν = 144 cm−1, ν = 197 cm−1, ν = 392 cm−1, ν = 514 cm−1,
and ν = 635 cm−1 [32], while ν = 437 cm−1 corresponded to rutile TiO2. The reason why
other characteristic peaks did not appear was that the content of rutile in ART was low
(as indicated by the peak intensity of XRD). ART and composite ARTCN-X both had
anatase and rutile peaks, especially the CN peak of ARTCN-1, which further validated the
XRD results.
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2.1.3. Morphology and Lattice Spacing Analysis

According to Figure 3a,h, CN was a curved and folded film with certain holes. As
shown in Figure 3b,i, ART consisted of a particle with a uniform size but serious agglom-
eration, and Figure 3c shows that CN in ARTCN-0.5 was no longer a whole film but
fragmented into many small pieces; thus, its position relative to ART could not be clearly
observed. Combined with Figure 3d–g, we clearly observed that elements O, Ti, and N
were evenly distributed in ARTCN-0.5. This showed that a composite material with a
heterogeneous structure was synthesized. In addition, as clearly shown in Figure 3j, the
ART agglomeration phenomenon was significantly improved after the improvement of
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CN, which indicated that the utilization of light by ART in the composite ARTCN-0.5 was
further enhanced.

Int. J. Mol. Sci. 2022, 23, x FOR PEER REVIEW 5 of 20 
 

 

2.1.3. Morphology and Lattice Spacing Analysis 
According to Figure 3a,h, CN was a curved and folded film with certain holes. As 

shown in Figure 3b,i, ART consisted of a particle with a uniform size but serious agglom-
eration, and Figure 3c shows that CN in ARTCN-0.5 was no longer a whole film but frag-
mented into many small pieces; thus, its position relative to ART could not be clearly ob-
served. Combined with Figure 3d–g, we clearly observed that elements O, Ti, and N were 
evenly distributed in ARTCN-0.5. This showed that a composite material with a hetero-
geneous structure was synthesized. In addition, as clearly shown in Figure 3j, the ART 
agglomeration phenomenon was significantly improved after the improvement of CN, 
which indicated that the utilization of light by ART in the composite ARTCN-0.5 was fur-
ther enhanced. 

               

          (a) (b) (c) 

  
(d) (e) 

  
(f) (g) 

Int. J. Mol. Sci. 2022, 23, x FOR PEER REVIEW 6 of 20 
 

 

             

   (h) (i) (j) 

Figure 3. SEM images of CN (a), ART (b), and ARTCN-0.5 (c); images and corresponding EDS ele-
mental mapping images (d–g) of the ARTCN-0.5, TEM of CN (h), ART (i), and ARTCN-0.5 (j). 

2.1.4. Analysis of Adsorption–Desorption of N2 

The Brunauer–Emmett–Teller (BET) method was used to calculate the surface area of 
the catalyst, and the Barrett–Joyner–Halenda (BJH) method was used to analyze the pore 
size and pore volume. The catalysts shown in Figure 4a all exhibited typical nitrogen ad-
sorption–desorption isotherms of type IV, and the hysteresis loops of the catalysts all 
showed obvious openings, indicating the formation of mesoporous catalysts [33]. Figure 
4b shows the pore size distribution of the catalyst, which showed that the pore size of the 
prepared catalyst was mainly concentrated at 0–20 nm, indicating that the particle size 
distribution of the catalyst was narrow. Combined with the data in Table 2, we found that 
the pores of the catalysts showed little difference, while the specific surface area and pore 
diameter of the catalysts increased with increasing CN content. 

  

(a) (b) 

Figure 4. N2 adsorption–desorption curve (a) and pore size distribution (b) of the samples. 

Table 2. Structural parameters of the samples. 

Samples 
Specific Surface Area 

(m2/g) Pore Volume (cm3/g) Pore Diameter (nm) 

ART 27.28 0.08 11.28 
ARTCN-0.1 33.92 0.09 10.13 
ARTCN-0.5 36.16 0.08 9.65 
ARTCN-1 38.08 0.12 9.29 

CN 42.09 0.11 8.67 

Figure 3. SEM images of CN (a), ART (b), and ARTCN-0.5 (c); images and corresponding EDS
elemental mapping images (d–g) of the ARTCN-0.5, TEM of CN (h), ART (i), and ARTCN-0.5 (j).

2.1.4. Analysis of Adsorption–Desorption of N2

The Brunauer–Emmett–Teller (BET) method was used to calculate the surface area
of the catalyst, and the Barrett–Joyner–Halenda (BJH) method was used to analyze the
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pore size and pore volume. The catalysts shown in Figure 4a all exhibited typical nitrogen
adsorption–desorption isotherms of type IV, and the hysteresis loops of the catalysts all
showed obvious openings, indicating the formation of mesoporous catalysts [33]. Figure 4b
shows the pore size distribution of the catalyst, which showed that the pore size of the
prepared catalyst was mainly concentrated at 0–20 nm, indicating that the particle size
distribution of the catalyst was narrow. Combined with the data in Table 2, we found that
the pores of the catalysts showed little difference, while the specific surface area and pore
diameter of the catalysts increased with increasing CN content.
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Figure 4. N2 adsorption–desorption curve (a) and pore size distribution (b) of the samples.

Table 2. Structural parameters of the samples.

Samples Specific Surface Area (m2/g) Pore Volume (cm3/g) Pore Diameter (nm)

ART 27.28 0.08 11.28
ARTCN-0.1 33.92 0.09 10.13
ARTCN-0.5 36.16 0.08 9.65
ARTCN-1 38.08 0.12 9.29

CN 42.09 0.11 8.67

2.1.5. Optical Performance Analysis

The optical absorption properties of the prepared samples were investigated via the
UV–Vis absorption spectra, and the results are shown in Figure 5a. The optical absorption
intensity of the ARTCN-X composite material improved by CN widened in the visible
light range because the specific ART surface area improved as CN increased, and the
agglomeration phenomenon also significantly improved. These results indicated that CN
could effectively expand the optical absorption range of ART, thus improving the response
and utilization efficiency of visible light. In addition, the band gap width of the prepared
material was calculated with the Kubelka-Munk method [34], as shown in Figure 5b. The
bandgap widths of ART, ARTCN-0.1, ARTCN-0.5, ARTCN-1, and CN were 3.01, 2.92, 2.86,
2.85, and 2.84 eV, respectively. First, we clearly observed that the band gap width of ART
was smaller than the 3.12 eV value reported in the literature, because heterostructures
would form between the anatase phase TiO2 and rutile phase TiO2, enhancing the ability of
photogenerated carrier separation [35]. Secondly, we found that with the increase in the
CN content of the amendment, the band gap width of the composite ARTCN-X became
significantly smaller than that of ART and approached that of CN, which was consistent
with other studies [36].
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2.1.6. PL and EPR Analysis

A PL spectrum can be used to study the separation of the photogenerated carriers
in semiconductors, where the lower the peak intensity, the lower the recombination rate
of the photogenerated carriers and the higher the photocatalytic activity [37]. As shown
in Figure 6a, ARTCN-0.5 had the lowest peak intensity, indicating that its photocatalytic
activity was the highest, which further indicated that as an amendment, the amount
of CN addition did not follow the logic of “the more content the better” but had an
appropriate ratio with ART. In addition, we observed that the wide wavelength range
of ARTCN-X after CN modification in the interval of 451.8–468.8 nm was attributed to
the oxygen vacancy that contained two captured electrons, which both promoted the
formation of superoxide radicals (·O2

−) and hydroxyl radicals (·OH) and was favorable for
photocatalytic degradation.
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Figure 6. PL (a) and (b) EPR of the samples.

Additional EPR spectra that were collected at room temperature provided information
regarding the oxygen vacancies (Ov). As shown in Figure 6b, the signal at g = 2.002
corresponded to Ov [38]. We found that all samples had oxygen vacancy signals, and the
intensity of ARTCN-0.5 was stronger than that of single ART and CN, which indicated that
there was a large amount of Ov that could effectively inhibit the recombination of electrons
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and holes and improve the photocatalytic activity, thus confirming the results shown in
Figure 6a.

2.2. Photocatalytic Performance Test Results
2.2.1. Study on the Photocatalytic Degradation of Gaseous Ammonia

The initial concentration of ammonia was 50 mg/m3, and the flow rate of the moist air
was 0.9 mL/min. Different catalysts were used to study their influence on the degradation
of gaseous ammonia, and the results are shown in Figure 7a. This indicated that PET itself
was not good at removing gaseous ammonia, and the average degradation rates of gaseous
ammonia by ART, ARTCN-0.1, ARTCN-0.5, ARTCN-1, and CN were 52.35%, 61.43%,
88.86%, 63.90%, and 33.51%, respectively. These results indicated that the degradation
performance of gaseous ammonia by the ARTCN-X composite catalyst modified by CN
was improved, and the effect was most obvious when the amount of CN was 0.5 g because
ARTCN-0.5 had the strongest photogenerated carrier separation ability.

The initial concentration of ammonia was 50 mg/m3, and the flow rate of moist air
was adjusted. ARTCN-0.5 was selected to study its influence on the degradation of gaseous
ammonia, and the results are shown in Figure 7b. At 1.2 mL/min, the degradation rates of
gaseous ammonia by ARTCN-0.5 were 57.93%, 63.98%, 78.26%, 83.38%, 88.86%, 87.10%,
and 67.04%. The degradation rates of gaseous ammonia by ARTCN-0.5 first increased and
then decreased with the flow rate of moist air. This was because moist air was conducive to
the deposition of gaseous ammonia. However, ARTCN-0.5 could oxidize water molecules
into hydroxyl radicals (·OH) with strong oxidation in the photocatalytic reaction process,
thus improving the efficiency of the photocatalytic reaction. However, ammonia molecules
could not tightly bind to the catalyst and flow out of the system before being reacted,
resulting in a decrease in its degradation rate.

When the flow rate of moist air was 0.9 mL/min, ARTCN-0.5 was selected to study its
influence on the degradation of gaseous ammonia, and the results are shown in Figure 7c.
When the concentrations of gaseous ammonia were 30 mg/m3, 50 mg/m3, and 70 mg/m3,
the average degradation rates of gaseous ammonia by ARTCN-0.5 were 80.38%, 88.86%,
and 73.15%, respectively. The degradation rate decreased if the concentration of gaseous
ammonia was too low or too high. This was because ARTCN-0.5 released a limited number
of active free radicals after it degraded ammonia when the concentration of gaseous
ammonia was too large. Many gaseous ammonia molecules went along with the airflow,
and when the concentration of gaseous ammonia was too small, the active radicals could
not completely combine with the gaseous ammonia.

The initial concentration of ammonia was 50 mg/m3, and the flow rate of moist air
was 0.9 mL/min. After the degradation performance of ARTCN-0.5 was tested, PET loaded
with ARTCN-0.5 was removed and kept in an oven at 70 ◦C for 2 h. Then, the test was
repeated to explore the reuse performance of ARTCN-0.5; the results are shown in Figure 7d.
The average degradation rates for the five reuse cycles were 88.86%, 85.00%, 80.40%, 76.48%,
and 70.05%. Given the inevitable catalyst loss in the process of repeated testing, ARTCN-0.5
demonstrated a good overall repeatable degradation performance.

Figure 7e shows the XRD patterns of ARTCN-0.5 before and after repeated use
(five times). We found that the crystal shape and structure of ARTCN-0.5 did not sig-
nificantly change after five repeated uses, indicating that its properties were stable.
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Figure 7. Influence of different catalysts on the degradation of gaseous ammonia (a), the effect of
different humid air flow rates on the degradation of gaseous ammonia (b), the effects of different
ammonia concentrations on the degradation of gaseous ammonia (c), the repeated degradation
performance of ARTCN-0.5 (d), and XRD patterns before and after the repeated use (5 times) of
ARTCN-0.5 (e).

2.2.2. Study on the Photocatalytic Degradation of Liquid Ammonia

When pH > 10, NH4
+ hydrolyzes in an alkaline solution and then exists in the form

of NH3·H2O [39]. Therefore, we chose to adjust the pH of ammonia nitrogen to 10.1, and
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then we tested the concentration of ammonia nitrogen in the solution. We found that it
decreased by 3.82% because a small amount of NH3·H2O escaped in the gaseous form.
The degradation results of ammonia nitrogen by different catalysts are shown in Figure 8a,
where the catalytic dose was 50 mg and the initial concentration of NH4

+ was 100 mg/L.
The degradation rates of liquid ammonia by ART, ARTCN-0.1, ARTCN-0.5, ARTCN-1, and
CN after 3 h of reaction were 50.54%, 63.18%, 71.60%, 53.55%, and 37.91%, respectively,
indicating that the degradation performance of the gaseous ammonia by the ARTCN-X
composite catalyst after CN improvement was improved.
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− production after the
reaction (b).

When the initial concentration of ammonia nitrogen was 100 mg/L, 50 mg of ARTCN-
0.5 catalyst was added, the pH was 10.1, and the reaction was performed after 3 h. The
results are shown in Figure 8b, which shows that the NO3

− and NO2
− concentrations were

not greater than 1.4 and 0.012 mg/L, respectively. According to the literature reports, there
are three main reaction products of ammonia nitrogen, nitrate, nitrite, and nitrogen, and
ammonia nitrogen is mainly oxidized to N2 [40].

3. Discussion
3.1. Charge Transfer Mechanism Discussion

To understand the reason for the observed improved photocatalytic performance, we pro-
posed a charge separation and transfer mechanism. The conduction band position of a semicon-
ductor could be calculated by the empirical formulas shown in Equations (2) and (3) [41]:

Ec = χ − Ee − Eg/2 (2)

Ev = Ec + Eg (3)

where χ is the geometric mean of the absolute electronegativity of each atom in the semi-
conductor, with TiO2 [42] and g-C3N4 [43] χ values of 5.81 eV and 4.82 eV, respectively;
Ee is a constant relative to the standard hydrogen electrode of about 4.5 eV [44]; Eg is the
semiconductor band gap width; Ev is the semiconductor valence band energy; and Ec is
the semiconductor conduction band energy.

According to the analysis presented in Figure 5b, the Eg values of TiO2 and g-C3N4
were 3.01 and 2.84 eV, respectively. We calculated that the Ev and Ec values of ART were
2.815 and −0.195 eV, respectively, the Ev and Ec of g-C3N4 had a value of 1.59, and Ec was
−1.25 V(vs NHE). CN was more negative than ART, and the Ev of ART was higher than
that of CN. The high photocatalytic activity of the heterojunctions between ARTCN could
be explained by the following mechanism.

Two possibilities existed for the photocatalytic mechanism of the composite catalyst:
(1) conventional type II heterojunctions and (2) Z-type heterojunctions [45]. Under sim-
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ulated solar irradiation, ART and CN were excited and generated electron-hole pairs. If
the type II heterojunction mechanism was followed, the photogenerated electrons in the
conduction band of CN would be transferred to the conduction band of ART and the
photogenerated holes in the valence band of ART would be transferred to the valence band
of CN [46], as shown in Figure 9a. However, the hole in the valence band of CN could
not generate ·OH by reacting with H2O. This was because the valence band potential of
CN (1.59 eV) was lower than the standard oxidation potential E (H2O/·OH) (2.38 eV) [47],
resulting in a decrease in ·OH content, which was inconsistent with the results shown in
Figure 9b. If the charge transfer mechanism of the Z-type heterostructure was followed,
the photogenerated electrons in the ART conduction band would transfer to the valence
band of CN and combine with the photogenerated holes in the CN valence band. This
would result in a reduction in electrons in ARTCN and the accumulation of electrons in
the CN conduction band and holes in the ART valence band, which was why the content
of ·O2

− produced by CN shown in Figure 10a was higher than that of ARTCN. The holes
that accumulated in the valence band of ART had strong oxidability and could directly
degrade ammonia molecules. However, the Ec (−1.10 V) of CN was more negative than
EO (O2/·O2

−), and the electrons that accumulated in the conduction band of CN could
react with O2 to generate ·O2

−. This z-type heterostructure was more consistent with the
characterization results of ESR (Figure 10).

Int. J. Mol. Sci. 2022, 23, 13131 11 of 19 
 

 

3. Discussion 

3.1. Charge Transfer Mechanism Discussion 

To understand the reason for the observed improved photocatalytic performance, we 

proposed a charge separation and transfer mechanism. The conduction band position of 

a semiconductor could be calculated by the empirical formulas shown in Equations (2) 

and (3) [41]: 

Ec = χ − Ee − Eg/2 (2)

Ev = Ec + Eg (3)

where χ is the geometric mean of the absolute electronegativity of each atom in the semi-

conductor, with TiO2 [42] and g-C3N4 [43] χ values of 5.81 eV and 4.82 eV, respectively; Ee 

is a constant relative to the standard hydrogen electrode of about 4.5 eV [44]; Eg is the 

semiconductor band gap width; Ev is the semiconductor valence band energy; and Ec is 

the semiconductor conduction band energy. 

According to the analysis presented in Figure 9b, the Eg values of TiO2 and g-C3N4 

were 3.01 and 2.84 eV, respectively. We calculated that the Ev and Ec values of ART were 

2.815 and −0.195 eV, respectively, the Ev and Ec of g-C3N4 had a value of 1.59, and Ec was 

−1.25 V(vs NHE). CN was more negative than ART, and the Ev of ART was higher than 

that of CN. The high photocatalytic activity of the heterojunctions between ARTCN could 

be explained by the following mechanism. 

  

(a) (b) 

Figure 9. Charge transfer mechanism of the photocatalytic degradation conventional type II hetero-

junction (a) and Z-type heterostructure (b). 

Two possibilities existed for the photocatalytic mechanism of the composite catalyst: 

(1) conventional type II heterojunctions and (2) Z-type heterojunctions [45]. Under simu-

lated solar irradiation, ART and CN were excited and generated electron-hole pairs. If the 

type II heterojunction mechanism was followed, the photogenerated electrons in the con-

duction band of CN would be transferred to the conduction band of ART and the photo-

generated holes in the valence band of ART would be transferred to the valence band of 

CN [46], as shown in Figure 9a. However, the hole in the valence band of CN could not 

generate ·OH by reacting with H2O. This was because the valence band potential of CN 

(1.59 eV) was lower than the standard oxidation potential E (H2O/OH) (2.38 eV) [47], re-

sulting in a decrease in ·OH content, which was inconsistent with the results shown in 

Figure 9b. If the charge transfer mechanism of the Z-type heterostructure was followed, 

the photogenerated electrons in the ART conduction band would transfer to the valence 

band of CN and combine with the photogenerated holes in the CN valence band. This 

would result in a reduction in electrons in ARTCN and the accumulation of electrons in 

the CN conduction band and holes in the ART valence band, which was why the content 

of ·O2− produced by CN shown in Figure 10a was higher than that of ARTCN. The holes 

Figure 9. Charge transfer mechanism of the photocatalytic degradation conventional type II hetero-
junction (a) and Z-type heterostructure (b).

Int. J. Mol. Sci. 2022, 23, 13131 12 of 19 
 

 

that accumulated in the valence band of ART had strong oxidability and could directly 

degrade ammonia molecules. However, the Ec (−1.10 V) of CN was more negative than 

EO (O2/·O2−), and the electrons that accumulated in the conduction band of CN could react 

with O2 to generate ·O2−. This z-type heterostructure was more consistent with the charac-

terization results of ESR (Figure 10). 

To further verify the accuracy of the above results, the test results of EIS are presented 

in Figure 11, which shows the impedance diagrams of ART, CN, and ARTCN. The elec-

tron transfer resistance in the sample was equivalent to the semicircle diameter on the EIS 

diagram, where the smaller the arc radius, the lower the charge transfer resistance of the 

composite sample [48]. Hence, due to the formation of the Z-type heterostructure, the 

charge-transfer resistance of ARTCN-0.5 was lower than ART and CN, which significantly 

improved the efficiency of photogenerated electron-hole migration and separation, which 

was consistent with the work of Y.Y. Wang [49]. 

  

(a) (b) 

Figure 10. ESR profiles of DMPO ·O2− (a) and DMPO ·OH (b) of the samples. 

 

Figure 11. EIS spectra of the samples. 

3.2. Photocatalytic Degradation Mechanism Discussion 

ESR was used to detect the types of free radicals in the catalysts under light, and then 

we explored their degradation mechanism of ammonia. As shown in Figure 10a,b, ART, 

CN, and ARTCN-0.5 did not produce free radicals in the absence of light, and superoxide 

free radicals (·O2−) and hydroxyl free radicals (·OH) were detected after light exposure. 

·O2− and ·OH played decisive roles in the entire reaction [50]. The degradation mechanism 

was as follows. After gaseous ammonia combined with moist air, NH4+ was present as 

Figure 10. ESR profiles of DMPO ·O2
− (a) and DMPO ·OH (b) of the samples.

To further verify the accuracy of the above results, the test results of EIS are presented
in Figure 11, which shows the impedance diagrams of ART, CN, and ARTCN. The electron
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transfer resistance in the sample was equivalent to the semicircle diameter on the EIS
diagram, where the smaller the arc radius, the lower the charge transfer resistance of the
composite sample [48]. Hence, due to the formation of the Z-type heterostructure, the
charge-transfer resistance of ARTCN-0.5 was lower than ART and CN, which significantly
improved the efficiency of photogenerated electron-hole migration and separation, which
was consistent with the work of Y.Y. Wang [49].
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3.2. Photocatalytic Degradation Mechanism Discussion

ESR was used to detect the types of free radicals in the catalysts under light, and then
we explored their degradation mechanism of ammonia. As shown in Figure 10a,b, ART,
CN, and ARTCN-0.5 did not produce free radicals in the absence of light, and superoxide
free radicals (·O2

−) and hydroxyl free radicals (·OH) were detected after light exposure.
·O2
− and ·OH played decisive roles in the entire reaction [50]. The degradation mechanism

was as follows. After gaseous ammonia combined with moist air, NH4
+ was present as

NH3·H2O under alkaline conditions. First, when the catalyst was illuminated, electrons
and holes were generated [51]. The holes oxidized the water molecules on the surface of
the catalyst, forming ·OH, while the electrons and dissolved oxygen underwent a series
of reactions to form ·O2

−, following Equations (4)–(6) [52]. ·OH and·O2
− were the main

active components in the photocatalytic reaction process, and they could rapidly oxidize
the NH4

+/NH3/NH3·H2O adsorbed on the surface of the catalyst [53]. Equations (9)–(13)
show that ammonia was directly and completely oxidized to N2 [54], and the NO3

− and
NO2

− contents were very low after the reaction. Equations (12)–(16) show that ammonia
was not completely oxidized to NO3

− and NO2
−, which was consistent with the research

of Sun et al. [55].

g-C3N4/(A-R)TiO2+hv→ g-C3N4/(A-R)TiO2 (h+ + e−) (4)

h+ + H2O→ H+ + ·OH (5)

e− + O2 →·O2
− (6)

NH3 + ·OH→ NH2 + 2H2O (7)

NH2 + ·OH→ NH + H2O (8)

NH + ·OH→ N + H2O (9)

NHx + NHy → N2Hx+y (x, y = 0, 1, 2) (10)

N2Hx+y + (x+y)OH→ N2 + (x+y) H2O (11)

NH3 + ·OH (h+)→ NH2OH + H+ (12)

NH2OH + ·O2
− →·O2NHOH (13)
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O2NHOH + OH→ NO2
− + H2O + ·OH (14)

NO2
− + OH→ HONO2 (15)

HONO2 → NO3
− + H+ (16)

4. Materials and Methods
4.1. Materials

Ammonium chloride (AR, Chengdu Colon Chemicals Co., Ltd. Chengdu, Sichuan
province, China), butyl titanate (AR, Chengdu Colon Chemicals Co., Ltd. Chengdu, Sichuan
province, China), absolute ethanol (AR, Chongqing Chuandong Chemical Co., Ltd. Nanan
district, Chongqing, China), urea (AR, Sinopharm Chemical Reagent Co., Ltd. Huangpu
district, Shanghai, China), and NaOH (AR, Chongqing Chuandong Chemical Co., Ltd.
Nanan district, Chongqing, China) were used in this study.

4.2. Preparation of Catalysts

We added 30 mL of absolute ethanol to 35 mL of butyl titanate, which was denoted as
solution A. Then, we added 30 mL of absolute ethanol to 100 mL of distilled water, which
was denoted as solution B. Solution A was dropwise added to solution B at 4 drops per
second, and then it was mixed and stirred at a low speed for 2 h to obtain the TiO2 gel,
which was aged at room temperature. The aged TiO2 gel was transferred to a stainless
steel reaction kettle with a polytetrafluoron liner and maintained at 100 ◦C for 2 h. After
cooling, it was centrifuged and settled, washed with deionized water and ethanol 3 times,
and dried in a 100 ◦C air-drying oven. Then, the TiO2 catalyst powder was obtained after
grinding. The TiO2 powder was maintained at 600 ◦C for 2 h at a heating rate of 10 ◦C/min,
and then it was cooled to room temperature and ground to obtain ART.

Subsequently, 10 g of urea and 50 mL of water were added to the crucible and evenly
stirred. The crucible was placed in a muffle furnace and maintained at 500 ◦C for 2 h at a
heating rate of 10 ◦C/min. After the heating program was finished and the muffle furnace
naturally cooled, the obtained bulk particles were ground to obtain CN.

We mixed 0.1 g of CN, 0.5 g of CN, 1 g of CN, and 1 g of ART; added 5 mL of
absolute ethanol; stirred evenly; and then separated and dispersed the mixture using a cell
fragmentation apparatus (Ningbo, Zhejiang Province, China. Xinzhi Biotechnology Co.,
Ltd., SCIENTZ-IID, 65 Hibiscus Road, Ningbo National High-tech Zone). Maintaining the
temperature at 300 ◦C for 2 h at a heating rate of 10 ◦C/min, ARTCN-X was obtained and
is denoted as ARTCN-0.1, ARTCN-0.5, and ARTCN-1.

4.3. Fixation of Photocatalytic Materials

We washed the polyester fiber cotton (PET) with 1 mol/L of NaOH to remove the
surface impurities, and then we dried and set it aside. Subsequently, 100 mg of catalyst was
dissolved in water, the treated PET was added and shaken in a shaker for 30 min, and the
water on the surface and the excess catalyst were drained before the catalyst was dried at
70 ◦C for later use. The PET scanning electron microscope results before and after catalyst
loading are shown in Figure 12. We clearly observed that the photocatalytic materials
werare evenly loaded on PET.

193



Int. J. Mol. Sci. 2022, 23, 13131

Int. J. Mol. Sci. 2022, 23, 13131 14 of 19 
 

 

grinding. The TiO2 powder was maintained at 600 °C for 2 h at a heating rate of 10 °C/min, 

and then it was cooled to room temperature and ground to obtain ART. 

Subsequently, 10 g of urea and 50 mL of water were added to the crucible and evenly 

stirred. The crucible was placed in a muffle furnace and maintained at 500 °C for 2 h at a 

heating rate of 10 °C/min. After the heating program was finished and the muffle furnace 

naturally cooled, the obtained bulk particles were ground to obtain CN. 

We mixed 0.1 g of CN, 0.5 g of CN, 1 g of CN, and 1 g of ART; added 5 mL of absolute 

ethanol; stirred evenly; and then separated and dispersed the mixture using a cell frag-

mentation apparatus (Ningbo, Zhejiang Province, China. Xinzhi Biotechnology Co., Ltd., 

SCIENTZ-IID, 65 Hibiscus Road, Ningbo National High-tech Zone). Maintaining the tem-

perature at 300 °C for 2 h at a heating rate of 10 °C/min, ARTCN-X was obtained and is 

denoted as ARTCN-0.1, ARTCN-0.5, and ARTCN-1. 

4.3. Fixation of Photocatalytic Materials 

We washed the polyester fiber cotton (PET) with 1 mol/L of NaOH to remove the 

surface impurities, and then we dried and set it aside. Subsequently, 100 mg of catalyst 

was dissolved in water, the treated PET was added and shaken in a shaker for 30 min, and 

the water on the surface and the excess catalyst were drained before the catalyst was dried 

at 70 °C for later use. The PET scanning electron microscope results before and after cata-

lyst loading are shown in Figure 12. We clearly observed that the photocatalytic materials 

werare evenly loaded on PET. 

Figure 12. SEM of the PET scan before and after catalyst support. 

4.4. Catalyst Characterization 

A D8 Advance model X-ray diffractometer (XRD, Bruker, Germany) was used to an-

alyze the crystal characteristics of the catalyst. The operating parameters were a Cu X-ray 

tube target and a scanning range of 10–80°. An HR800 laser confocal Raman spectrometer 

(Raman, Horiba Jobin Yvon, France) was used to detect the sample structures, where the 

excitation wavelength was 633 nm. A TriStar II 3020 series automatic specific surface an-

alyzer (BET, GA, USA) was used to determine the specific surface area and porosity of the 

catalyst. The catalyst was pretreated under vacuum degassing at 200 °C for 5 h, and high-

purity nitrogen was used as the adsorbent at 77 K. Then, a UV–vis diffuse reflectance (UV–

vis DRS, Hitachi, Japan) instrument (model U-3010) was used to test the optical properties 

of the catalyst in the range of 200–800 nm. An F-2700 fluorescence spectrophotometer (PL, 

Japan, Hitachi) was used to measure the electron hole recombination, with an operating 

voltage of 250 V, a wavelength of 5 nm, and an excitation wavelength of 300 nm. The 

surface morphology and elemental distribution of the samples were analyzed by scanning 

electron microscopy (SEM, Sigma500, Germany) and an energy dispersive spectrometer 

(EDS, Bruker, Germany). Transmission electron microscopy (TEM, FEI TalOS F200S, USA) 

was used to analyze the lattice spacings of the samples. Fluorescence spectrophotometry 

(PL, HORIBA, Japan) was used to test the photogenerated carrier separation of the catalyst 

with a hydrogen light source with a pulse width of 1.0 to 1.6 ns, which was used to test 

  

Figure 12. SEM of the PET scan before and after catalyst support.

4.4. Catalyst Characterization

A D8 Advance model X-ray diffractometer (XRD, Bruker, Germany) was used to
analyze the crystal characteristics of the catalyst. The operating parameters were a Cu
X-ray tube target and a scanning range of 10–80◦. An HR800 laser confocal Raman spec-
trometer (Raman, Horiba Jobin Yvon, France) was used to detect the sample structures,
where the excitation wavelength was 633 nm. A TriStar II 3020 series automatic specific
surface analyzer (BET, GA, USA) was used to determine the specific surface area and
porosity of the catalyst. The catalyst was pretreated under vacuum degassing at 200 ◦C
for 5 h, and high-purity nitrogen was used as the adsorbent at 77 K. Then, a UV–Vis
diffuse reflectance (UV–Vis DRS, Hitachi, Japan) instrument (model U-3010) was used
to test the optical properties of the catalyst in the range of 200–800 nm. An F-2700 fluo-
rescence spectrophotometer (PL, Japan, Hitachi) was used to measure the electron hole
recombination, with an operating voltage of 250 V, a wavelength of 5 nm, and an excitation
wavelength of 300 nm. The surface morphology and elemental distribution of the samples
were analyzed by scanning electron microscopy (SEM, Sigma500, Germany) and an energy
dispersive spectrometer (EDS, Bruker, Germany). Transmission electron microscopy (TEM,
FEI TalOS F200S, USA) was used to analyze the lattice spacings of the samples. Fluores-
cence spectrophotometry (PL, HORIBA, Osaka, Japan) was used to test the photogenerated
carrier separation of the catalyst with a hydrogen light source with a pulse width of 1.0
to 1.6 ns, which was used to test the fluorescence lifetime of the sample. Electron para-
magnetic resonance (EPR, Bruke, Germany) was performed at room temperature using
an A300 spectrometer, and 5,5-dimethyl-1-pyrrolidine N-oxide (DMPO) was used as the
spin capture agent for ESR analysis. A CHI-660C electrochemical workstation was used for
transient photocurrent measurements. A Na2SO4 aqueous solution (1 M) was used as the
electrolyte solution, and electrochemical impedance spectroscopy (EIS, Chenhua, China)
measurements were performed under visible light irradiation with frequencies ranging
from 4 × 106 to 1 × 10−2 Hz.

4.5. Photocatalytic Activity Tests
4.5.1. Degradation of Gaseous Ammonia

Figure 13 shows the device diagram for the photocatalytic degradation of gaseous
ammonia. The light source consisted of a 300 W xenon lamp (30.2 mW/cm2), which was
installed in a quartz water pipe with a condensation cycle to absorb the heat generated by
illumination. Just below the xenon lamp was a photocatalytic quartz reaction tube, and PET
loaded with the photocatalytic materials was placed in the tube. After exiting the cylinder,
ammonia entered the reaction tube through a flowmeter. The different concentrations of
standard ammonia (mixed with nitrogen) were 30 mg/m3, 50 mg/m3, and 70 mg/m3, with
a flow rate of 100 mL/min, and the stability test results of the different concentrations of
ammonia are shown in Figure 14. Air entered the photocatalytic reaction tube through
the water, needle valve, and flowmeter in turn (moist air was the only source of oxygen).
Ammonia was mixed with air at a certain humidity to simulate gaseous ammonia. After
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connecting each pipeline, the standard gas was ventilated to determine whether there
was air leakage. The system was run for 10 min until it was stable, and the degradation
efficiency of the gaseous ammonia in the entire process was η1 (Equation (17)):

η1 = (C01 − C1) × 100%/C01 (17)

where C01 is the standard concentration of gaseous ammonia (mg/m3) and C1 is the
concentration of gaseous ammonia in the reaction process (mg/m3).
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4.5.2. Degradation of Liquid Ammonia

The photoreactor consisted of a 200 mL double-layer quartz beaker, for which the
outer layer was permeated with cooling water to ensure a constant reaction temperature
and the inner layer consisted of 100 mg/L of an ammonia nitrogen solution. The pH
was adjusted to 10.1 by sodium hydroxide. The 300 W xenon lamp (30.2 mW/m2) was
used as the light source to simulate sunlight while ensuring that the distance between the
xenon lamp and the liquid level was 15 cm. Then, 50 mg (0.5 g/L) of catalyst was added
to the solution and stirred at medium speed at room temperature; 2 mL of the sample
from the reaction solution was extracted every 60 min and centrifuged for 10 min with a
10,000 r/min high-speed centrifuge, and the supernatant was obtained to determine the
concentration of ammonia nitrogen and calculate its degradation rate η2 (Equation (18)).
The nitrate and nitrite concentrations were determined after the reaction:

η2 = (C02 − C2) × 100%/C02 (18)

195



Int. J. Mol. Sci. 2022, 23, 13131

where C02 is the initial concentration of ammonia nitrogen and C2 is the concentration of
ammonia nitrogen in the reaction process (mg/L).

5. Conclusions

A g-C3N4/(A-R)TiO2 composite catalyst (ARTCN) was prepared by using g-C3N4
(CN) as the amendment, and the amount of CN had a great influence on the performance of
ARTCN. When the amount of CN was 0.5 g, ARTCN-0.5 had a better dispersion, a smaller
band gap width, a larger specific surface area, a stronger light absorption capacity, and a
stronger photogenerated carrier separation ability than ART.

The air wetness and initial concentration of the ammonia had a great influence on
the degradation of the gaseous ammonia. When the initial concentration of ammonia was
50 mg/m3 and the flow rate of the moist air was 0.9 mL/min, the degradation rate of
gaseous ammonia by ARTCN-0.5 reached 88.86%, and it had good repeatability. When
the catalytic dose was 50 mg and the initial concentration of NH4

+ was 100 mg/L, the
degradation rate of the liquid ammonia by ARTCN-0.5 was 71.60% at 3 h, and small
amounts of NO3

− and NO2
− were generated. Subsequently, ·OH and ·O2

− were the main
active components in the photocatalytic reaction process.

The photogenerated electrons in the conduction band of ART transferred to the va-
lence band of CN and combined with the photogenerated holes in the valence band of
CN, forming a Z-type heterostructure that significantly improved the efficiency of the
photogenerated electron-hole migration and separation, thus increasing the reaction rate.
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Abstract: TiO2:Au-based photocatalysis represents a promising alternative to remove contaminants
of emerging concern (CECs) from wastewater under sunlight irradiation. However, spherical Au
nanoparticles, generally used to sensitize TiO2, still limit the photocatalytic spectral band to the
520 nm region, neglecting a high part of sun radiation. Here, a ligand-free synthesis of TiO2:Au
nanostars is reported, substantially expanding the light absorption spectral region. TiO2:Au nanostars
with different Au component sizes and branching were generated and tested in the degradation
of the antibiotic ciprofloxacin. Interestingly, nanoparticles with the smallest branching showed the
highest photocatalytic degradation, 83% and 89% under UV and visible radiation, together with a
threshold in photocatalytic activity in the red region. The applicability of these multicomponent
nanoparticles was further explored with their incorporation into a porous matrix based on PVDF-HFP
to open the way for a reusable energy cost-effective system in the photodegradation of polluted
waters containing CECs.

Keywords: antibiotic degradation; hybrid TiO2:Au nanoparticles; visible photocatalysis; water remediation

1. Introduction

Photocatalysis has received considerable attention in water remediation applications
to degrade contaminants of emerging concern (CECs) [1–3] such as pesticides, personal care
products, or pharmaceuticals [4–6]. The prospect of using sunlight as a light source [1,2]
makes them highly relevant in the current world energetic crisis [7,8]. One requirement of
photocatalysis for this possibility to happen is that the absorbed photons by the photocata-
lyst should own higher energy than its bandgap under light radiation so that electron-hole
(e−-h+) pairs are generated. Thus, the photogenerated e− and h+ migrate to the surface
of photocatalysts to react with H2O and O2 producing highly reactive species such as
hydroxyl radical (•OH) and superoxide radical (•O2

−) which react with the pollutants to
eventually degrade them into harmless compounds (e.g., CO2 and H2O) [1,8].

Among several photocatalysts, titanium dioxide (TiO2) is one of the most studied due
to its remarkable properties: low cost, high stability, large abundance, biocompatibility, and
high photocatalytic efficiency [1,2,5,8,9]. In spite of the aforementioned advantages, its wide
bandgap (3.0–3.2 eV), which is only excited under UV radiation or near UV region [8], limits
its applicability [1,2,10]. Thus, sunlight radiation cannot be used efficiently since just less
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than 4% of this radiation corresponds to UV [2]. At the same time, the visible and infrared
(IR) radiation of the sunlight spectrum remains unused for this purpose [2]. Another setback
of using TiO2 is the fast recombination of the e− h+ pair, reducing its photocatalytic effi-
ciency [1,8]. Different strategies have been used for extending the photocatalytic efficiency
of TiO2 under sunlight, such as metal and non-metal doping, metal loading, semiconductor
combination, co-catalyst loading, and nanocomposite materials [2,8,10]. It has been shown
that the functionalization of the TiO2 surface with plasmonic nanoparticles allows efficient
photocatalytic activities under visible light because of the Schottky junction development
and localized surface plasmon resonance (LSPR) [10,11]. The former reduces the recombi-
nation rate of the electron-hole pair, whereas the latter contributes to the strong absorption
of visible light and the excitation of active charge carriers (hot electrons) [10,11]. Au has
been extensively studied due to its excellent optical properties, low toxicity, and physical
and chemical stability [8,10,12]. Moreover, the plasmonic resonance of Au is highly tunable
depending on the size and shape of the nanoparticles [10–12]. Nevertheless, most work
uses spherical Au, limiting its sensitizing use to a relatively narrow plasmonic band around
520 nm [13], with just a few studies [13–23] expanding this response to other wavelengths
of the visible spectrum by using gold with different morphologies (mainly combined
with TiO2 macroscopic substrates) such as nanorods [13–18,20,22], nanostar [19,21,23] and
trigonal nanoprisms [17], or hexagonal nanoprisms [17]. Nanostars (Au with branched
morphology), which are particles with the morphology of multiple highly sharp branches
protruding from a central core [23], are ideally suited platforms for the synthesis of nanos-
tructured photocatalysts due to their multiple plasmonic electromagnetic hot-spots and
high light absorption cross-section [21,23]. Furthermore, they allow LSPR tunability by
changing the size of the Au nanostar, concomitant with a change of the nanostar spikes
aspect ratio, which can be used to enhance its light absorption from the visible to NIR
region [21,24].

Among several wet chemistry-based synthesis methods for Au nanostar preparation,
the seed-mediated-growth process is a common method for the synthesis of monodisperse
nanostars [25]. Many of these synthesis methods use surfactants or polymers as shape-
directing agents [21,24]. However, their presence can reduce the photocatalytic efficiency
by blocking the active sites of the photocatalysts [26]. In this sense, surfactant-free methods,
mainly based on the use of Ag as a shape-directing agent [27] to synthesize the Au nanostar
are highly suited for catalytic applications with variable plasmon resonance from visible
to NIR.

In this work, we developed a multistep approach to produce new hybrid Au-sensitised
TiO2 nanoparticles that are surfactant-free and where the gold component has a size-tunable
nanostar morphology. In this multistep approach, Au spherical nanoparticles were initially
generated onto TiO2 nanoparticles through a deposition–precipitation method, and then
further modified (growth) to induce a change in shape by a surfactant-free nanostars
synthesis, generating a branched morphology. By changing the synthesis conditions (seeds
to growth Au ratio) different sizes of Au NSs were produced which support broadening
the absorption band to the whole visible region and a part of the NIR region.

The different versions of these nanoparticles, with different nanostar sizes, were evalu-
ated and compared for their photocatalytic activity under UV and visible light radiation to
degrade the antibiotic, ciprofloxacin (CIP). CIP was chosen as the target contaminant as it is
one of the most detected antibiotics in different water matrixes [1,28,29] due to its inefficient
removal by conventional wastewater treatment plants and, like all antibiotics, due to their
risk to generate antimicrobial resistance bacteria in water reservoirs [1]. We prove that these
novel nanoparticles are efficient in the removal of CIP under UV and visible light. Moreover,
the photocatalytic assay under different wavelengths from the visible to NIR region was
also carried out to understand the effect of the increase of size of Au branched nanoparticles.
The results show a threshold in the maximum usable illumination wavelength.

Finally, it is essential to incorporate the nanoparticles into a support material [30,31]
for a cost-effective way to degrade the pollutants in water treatment and to avoid the
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possible secondary pollution coming from nanoparticles [32,33]. Poly (vinylidene fluoride)
(PVDF) and its copolymers have been widely used as a polymeric substrate to produce
membranes, mainly due to their high chemical, mechanical, thermal, and UV stability,
related to the stable C-F bonds of the polymer chain [32–34]. Here, the best nanoparticles
in terms of performance were selected to be incorporated into a porous polymer matrix of
poly(vinylidene fluoride-co-hexafluoropropylene) (PVDF-HFP). The excellent performance
of the photocatalytic membranes is proven, opening the way to advanced water remediation
strategies on broadband pollutant removal.

2. Results and Discussion
2.1. Nanoparticle Synthesis and Characterisation

Hybrid nanoparticles of Au and TiO2 were synthesised following a multistep approach
(Section 3.2). Starting with commercial TiO2 nanoparticles, Au nanoparticles (NPs) were
grown from those nanoparticles through a deposition–precipitation method. As previously
described [8], this step generates the formation of small randomly distributed Au spherical
nanoparticles attached to the TiO2 nanoparticles (TiO2:Au-NSph) (Figure S2a,b). EDX
mapping was used to confirm the homogeneous distribution of small Au NPs (red colour)
on the surface of TiO2 (blue colour) in TiO2:Au-NSph (Figure S3). In a second step, the
Au component of the hybrid nanoparticles was further grown through a seed-mediated-
growth process and using Ag, a branch-inducing agent, to generate Au nanostars attached
to the TiO2 nanoparticles (TiO2:Au-NSs). The added Au grows from the Au component
of the TiO2:Au-NSph because it is a more energetically favorable process as has been
shown in other hybrid nanoparticles [35–37]. This branched-induction mechanism has
the advantage that it is produced through a surfactant-free method offering a non-coated
nanoparticle surface, which is advantageous for the catalytic function of the nanoparticles.
Based on this method, three different versions of nanoparticles, Sample A, B, and C, were
generated with an increasing quantity of Au and, therefore, with the expanding size of the
Au nanostar parts.

STEM-HAADF was used to assess the morphology of the synthesised nanoparticles.
As presented in Figure 1a,b,d,e,g,h, non-spherical Au nanoparticles on the TiO2 surface
can be detected as high contrast areas in the STEM-HAADF. The shape of the Au particle
depends on the synthesis conditions. Increasing the volume ratio of the gold solution
to the seed solution generated bigger Au nanostars with more developed tips exhibiting
higher aspect ratios (Figure 1b,e,h). Moreover, EDX mapping was used to confirm the
presence of Au (red colour) on the surface of TiO2 (blue colour) in TiO2:Au-NSs-A, B, and
–C (Figure 1c,f,i).

Regarding the crystal structure, XRD (Figure 2a) showed the presence of anatase
(peaks at 25.3, 37.8, and 48.0◦) and rutile (peaks at 27.49◦) in all the samples, in good
agreement with the literature [8,38]. Moreover, there was no significant difference between
the intensities or positions of the peaks from these samples, independent of the Au presence
and size. On the other hand, no diffraction peaks of Au were detected in TiO2:Au-NSph
and TiO2:Au-NSs-A, -B and -C, which can be explained by the low amount of Au present
in these samples. In addition, XRF was used to detect the amount of Au in the synthesised
hybrid nanoparticles (Table S1, Figure S4). The amount of Au with respect to TiO2 was 2.38
and 5.83 wt.% in TiO2:Au-NSs-B, and –C, respectively, very similar to the theoretical values,
considering the quantities of the reagents, indicating a high yield of the Au reduction.
Due to the quantification limit of the technique, <1 wt.%, the amount of Au could not be
determined for TiO2:Au-NSph and TiO2:Au-NSs-A although similar results are expected.
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Figure 2. X-ray diffraction spectra of pristine TiO2, TiO2:Au-NSph, TiO2:Au-NSs-A, B, and C
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respective Z-average hydrodynamic size (b). Zeta potential measurements performed at different
pHs (3, 5, 7, 9, and 11) for TiO2:Au-NSs-A, B, and C nanocomposite (c).

The hydrodynamic size for Samples A, B, and C was studied by DLS, (Figure 2b). The
results show diameters of 390 ± 13.4, 126 ± 2.9, and 122 ± 0.8 nm for A, B, and C, respec-
tively. These diameters were much smaller than the one of the pristine TiO2 nanoparticles
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previously reported [8] and decreased when increasing the Au-NS size. This is probably
due to the different processing that takes place during the growth of Au on the hybrid
nanoparticles, with respect to other methods, and the presence of Au nanoparticles over
the TiO2 surface, preventing the formation of big nanoparticles’ aggregates [8]. Concerning
Z-potential, the measurements were performed as a function of the pH and it is presented
in Figure 2c. In general, they presented a zero potential around a pH range of 6–7 and
a Z-potential modulus that rapidly increased when separating from that point to reach
values higher than 30 mV for pH below 3 or above 9 where the nanoparticles show superior
electrostatic stability [39,40]. When comparing the different nanoparticles, a slight increase
of the pH at zero potential was observed when increasing the Au-NS size from Sample A
to Samples B and C together with a more pronounced slope, probably due to the smaller
aggregate size as indicated in the DLS measurements.

This change in Au morphology affected the optical properties of the nanoparticles.
DRS was used to evaluate the optical properties of pure TiO2 nanoparticles, TiO2:Au-NSph
and TiO2:Au-NSs (Figure 3a,c,e), and TiO2:Au-NSs at different Au-NSs sizes (Figure 3b,d,f)).
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When observing the reflectance spectra of the three types of nanoparticles (Figure 3a),
all the samples showed similar low reflectance in the UV range (200–400 nm) mainly due to
the TiO2 high cross-section at the UV. On the other hand, in the visible range (400–700 nm),
the pure TiO2 nanoparticles had a reflection of ≈87% of the radiation, while the nanohybrids
TiO2:Au-NSph presented a reflectance below 75% for the same range with a minimum
reflectance (≈63%) at 544 nm due to the surface plasmon of Au spherical nanoparticles,
which are in line with the literature [8,41]. In the same range, TiO2:Au-NSs-A showed a
reflectance below 51% due to the higher content of Au and its branched morphology. When
comparing the TiO2:Au-NSs at different Au-NSs sizes (Figure 3b), reflectance decreased
further with the increasing amount and size of gold nanostars. TiO2:Au-NSs-B and C, in
the same range, presented a reflectance below 32% and 14%, respectively.

The complementary graph of absorbance shows that this one changed significantly
when Au was included, with the appearance of a plasmonic peak in the visible region
that extended to near IR (Figure 3c). This absorption increased with the concentration of
Au and the size of Au branched NPs, generating a broader peak that extended to much
higher wavelengths (Samples B and C in Figure 3d). This redshift is in agreement with the
literature for homocomponent nanostars [24,27], while the broadening can be due to the
interaction with the excess of TiO2 nanoparticles affecting its uniformity and morphology.

The bandgap of the samples was estimated from the DRS spectrum by applying
Equations (1) and (2) and after line fitting in the linear region 3.3–3.6 eV, as shown in
Figure 3e,f. The pure TiO2 nanoparticle showed a bandgap of 3.15 eV, typical for TiO2
(3.0 to 3.2 eV depending on the ratio of crystalline phases) [42]. The TiO2:Au-NSph and
TiO2:Au-NSs-A showed a lower bandgap than pure TiO2: 3.14 and 3.10 eV, respectively.
This decrease of the bandgap is related to the absorption of longer wavelengths and has
been previously reported for other hybrid systems [8,38,43]. The bandgap reduction was
more evident when increasing the Au nanostar size due to their higher absorption in the
visible region with values of 2.83 and 2.86 for TiO2:Au-NSs-B and C, respectively (Figure 3f).

2.2. Photocatalytic Degradation under UV and Visible Radiation

The photocatalytic activity of the synthesized TiO2:Au-NSs-A, B, and C nanoparticles
was evaluated and compared with TiO2:Au-NSph under both UV and visible light radiation
in the degradation of CIP under colloidal suspension conditions. Figure 4a,b show the
results of photocatalytic experiments under UV and visible radiation, respectively. Table 1
shows the apparent reaction rate constant (k) calculated by Equation (3) for the different
synthesized nanoparticles. As a control procedure, it should be noted that under the same
irradiation conditions of UV or visible light and in the absence of nanoparticles, there was
very low photolysis of CIP (Figures S5 and S6).
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Table 1. CIP degradation efficiencies (DE, %) and corresponding apparent reaction rate constants
(k) under 30 min of UV radiation and 150 min of visible radiation for TiO2:Au-NSs-A, B, and
C nanoparticles.

Sample
UV Xenon

k (min−1) DE (%) k (min−1) DE (%)

TiO2:Au-NSs-A 0.053 83 0.014 89
TiO2:Au-NSs-B 0.040 78 0.012 88
TiO2:Au-NSs-C 0.023 64 0.009 86
TiO2:Au-NSph 0.031 76 0.008 84

The photocatalytic assays under UV light had a degradation efficiency of 83, 78, and
64% for A, B, and C nanoparticles, respectively, under the same experimental conditions.
The reaction rate constant showed a similar tendency, k = 0.053, 0.040, and 0.023 min−1 for
A, B, and C nanoparticles, respectively. Nanoparticles A presented the best degradation
efficiency under UV of the three samples. This result can be rationalized by the lower
quantity of TiO2 (total nanoparticle mass is kept constant) and the lower active area
presented by the photocatalyst when adding the Au to its surface for an increasing quantity
of Au. Among these samples, A showed better photocatalytic activity than TiO2:Au-NSph,
which presented a degradation efficiency of 76%, with k = 0.031 min−1. The change of
the Au spherical morphology to branched morphology reduced the bandgap of TiO2 and
improved the photocatalytic efficiency.

On the other hand, in the adsorption process in the dark (before irradiation), Samples
A, B, and C adsorbed 12%, 28%, and 32% of CIP, respectively. The higher amount of Au
on TiO2 surface led to a higher CIP adsorption, which agrees with previously reported
work [8].

Interestingly, the addition of Au onto the TiO2 surface made it possible to produce
the photocatalytic degradation of CIP by the nanoparticles under visible light (Figure 4b)
due to the improvement of the absorption of longer solar wavelengths as well as the
lower bandgap (Figure 3e,f). Under this illumination, all the TiO2:Au-NSs nanoparticles
presented very similar degradation efficiency, 89%, 88%, and 86%, with k = 0.014, 0.013, and
0.009 min−1, for A, B, and C, respectively. The nanoparticle TiO2:Au-NSph showed slightly
lower photocatalytic performance with a degradation efficiency of 84% with k = 0.008 min−1

compared with A, B, and C. Note here that although TiO2:Au-NSs-A, B, and C showed a
similar effect under visible radiation, Samples B and C showed a broader plasmonic band
that extended deeper into the near IR and could be beneficial for the light-harvesting of
higher wavelengths of the sunlight radiation. Finally, the TiO2:Au-NSs-A, B, and C after
the photocatalytic tests were recovered and assessed by XRD to confirm their stability after
photocatalytic application. There was no difference observed in the crystal structure of
nanoparticles before (Figure 2a) and after photocatalysis (Figure S7).

Based on the photocatalytic activity results presented, Sample A—with the best pho-
tocatalytic performance—was selected as the best candidate to immobilise into a PVDF-
HFP-based nanocomposite membrane. Additionally, further experiments were carried out
for highly reactive oxygen species (ROS) detection, •OH and 1O2, in Sample A. Figure S8
shows that the generation of hydroxyl radical (•OH) increased during the 30 min of UV
radiation. The result also indicates that the concentration of 1O2 achieved a maximum at an
irradiation time of 15 min, after which the generation of 1O2 became constant. Therefore,
•OH played the dominant role during the photocatalytic degradation of CIP.

On the other hand, a comparison between TiO2:Au-NSs-A and previous work using
TiO2-based plasmonic photocatalysts was performed (Table 2). Due to the different experi-
mental conditions applied in each work, this comparison is not straightforward but allows
contextualizing of our results. Although the previous works showed a slightly higher degra-
dation of CIP than our results, they used a much higher amount of plasmonic nanoparticles
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and intensity of visible radiation (less cost-effective process) or longer degradation time
than the one we used, which makes the comparison less straightforward.

Table 2. Comparison of results between the present work and previous work that used plasmonic
nanoparticles to functionalize TiO2 for ciprofloxacin (CIP) degradation under visible light.

CIP
Concentration

(ppm)
Photocatalyst

Cu, Ag or Au
Amount
(wt.%)

Photocatalyst
Concentration

(mg/mL)
Irradiation Efficiency

(%)
Time
(min) Ref.

30 Cu/TiO2 1.0 0.5 500 W/m2 99 180 [44]
80 Cu/TiO2 1.0 0.25 500 W/m2 85 240 [45]
3.3 Ag/TiO2 5.0 0.5 60 W 87 60 [46]
30 Ag/TiO2 1.5 0.5 500 W/m2 99 240 [44]
30 Au/TiO2 1.5 0.5 500 W/m2 99 180 [44]
5 Au/TiO2 0.5 1.0 98 W/m2 45 180 [8]
5 TiO2:Au-NSs-A 0.68 1.0 300 W/m2 89 150 Present work

2.3. Photocatalytic Degradation under Different Wavelengths

To understand the photocatalytic behavior of the nanoparticles after increasing the
Au branched morphology, the synthesized TiO2:Au-NSs-A, B, and C nanoparticles were
evaluated under different wavelengths of light radiation in the visible and NIR region for
the degradation of CIP.

Figure 5a–d show the results of photocatalytic experiments under blue (460 nm), green
(530 nm), red (630 nm), and NIR (730 nm) light radiation, respectively. It should be noted
that under the same irradiation conditions of these types of light and in the absence of
nanoparticles, there was no photolysis of CIP (Figure S9). Table 3 shows the apparent
reaction rate calculated by Equation (3).
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Table 3. CIP degradation efficiencies (DE, %) and corresponding apparent reaction rate constants (k)
under 150 min blue, green, red and NIR radiation for TiO2:Au-NSs-A, B, and C nanoparticles.

Sample
Blue Green Red NIR

k
(min−1) DE (%) k

(min−1) DE (%) k
(min−1) DE (%) k

(min−1) DE (%)

TiO2:Au-NSs-A 0.0031 53 0.0024 34 0.0025 39 - -
TiO2:Au-NSs-B 0.0038 53 - - - - - -
TiO2:Au-NSs-C 0.0027 37 - - - - - -

Regarding the photocatalytic assays under blue light, all nanoparticles showed an
excellent degradation activity. Degradation efficiency of 53, 53, and 37% was observed for
A, B, and C nanoparticles, respectively, under the same experimental conditions. The rate
constant presented a similar tendency, k = 0.031, 0.038, and 0.027 min−1 for A, B, and C
nanoparticles, respectively. This wavelength is lower than the plasmonic band of the Au
NSs, however as observed in Figure 3d, the nanoparticles still showed a high absorbance.
Interestingly, the nanoparticles showing the highest absorbance are the ones with the lowest
degradation activity. This counterintuitive trend can be rationalized by the high absorbance
of light by the nanoparticles that block the pass of light deeper in the cuvette and produce
the catalytic effect only in the first part of the optical path. In fact, sample C, the one with
the highest absorbance, completely blocked the light in a few millimeters. In addition, the
highest content of gold, as shown above, produced higher absorption in the dark, and
reduced the TiO2 surface area (total mass of nanoparticles constant for all experiments)
contributing to the lower performance. As the wavelength was increased to green and red
light, only TiO2:Au-NSs- Sample A was activated in the CIP degradation. A degradation
efficiency of 34% and 39% of TiO2:Au-NSs-A, with k = 0.0024 and 0.0025 min−1 for the green
and red light radiation was found, respectively. According to the results of photocatalytic
assays under NIR light, none of these three nanoparticles could be activated.

For the catalytic process to become activated, electrons from the Au part should gain
enough energy from the incident absorbed photon to overpass the Shottky barrier, i.e., the
difference between the work function of the Au and the electron affinity in the TiO2 as
determined by the Schottky–Mott equation (ΦSB = φM − χSM) [47]. Then a lower limit is
expected in the absorbed photon energies, i.e., a higher limit in the wavelength. On the
other hand, several studies have shown that ΦSB is not only determined by φM and χSM but
also is significantly influenced by interfacial chemistry, giving rise to differences between
different types of nanoparticles, in this case with a limit in the 635–735 nm region [48,49].

2.4. Membrane Processing and Characterisation

Nonsolvent induces phase separation, NIPS, combined with salt leaching was used to
incorporate the synthesized TiO2:Au-NSs nanoparticles into the PVDF-HFP polymer matrix
and to obtain a porous microstructure. The successful incorporation of the nanoparticles in
the polymer matrix extends their reuse, assuring the recovery of the catalyst and, therefore,
allowing for a more sustainable and cost-effective application.

The porous morphology and the presence of nanoparticles were analyzed by SEM
(Figure 6a,b). The thickness of the membranes was 271 µm and 217 µm for 0 and 10 wt.%
TiO2:Au-NSs/PVDF-HFP, respectively. After the incorporation of nanoparticles, the thick-
ness of the membranes was slightly reduced.

High porosity and well-distributed and interconnected pores were observed in both
membranes. Notably, the incorporated nanoparticles with 10 wt.% amount did not produce
significant changes in the morphology of the pristine membranes. Both membranes pre-
sented two ranges of porous distribution due to the polydisperse NaCl grains [50] located
mainly in the lower part of the membrane and the additional porous formation by the
simultaneous NIPS mechanism [50]. The prepared membrane with 10 wt.% TiO2:Au-NSs
nanoparticles was tested in the degradation of CIP under visible light (Figure 6c). The
membrane did not show a release of nanoparticles to the solution and a CIP degrada-
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tion efficiency of 69% at 600 min, with k = 0.002 min−1. Table S2 presents the detected
intermediate products of CIP after the photocatalytic assay, confirming the photocatalytic
degradation of CIP in the presence of the prepared membrane.
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The photocatalytic degradation process was lower when compared to the correspond-
ing colloidal dispersion mainly due to the blocking of part of the nanoparticle surface
by the polymer; however, it was enough to obtain a good degradation of the antibiotic
and its application facilitates the catalyst recovery and the reusability, and decreases the
secondary pollution by nanoparticles to the medium, which makes it an excellent system
for environmental application.

3. Materials and Methods
3.1. Materials

Poly(vinylidene fluoride-co-hexafluoropropylene) (PVDF-HFP, SOLEF® 21216/1001)
was purchased from Solvay (Brussels, Belgium). N, N-dimethylformamide (DMF, ≥99%)
and sodium chloride (NaCl, analytical reagent grade) were supplied by Fisher-Scientific
(Illkirch, France). Titanium dioxide (TiO2) nanoparticles were provided by Evonik Indus-
tries AG (Essen, Germany). Hydrogen tetrachloroaurate (III) trihydrate (HAuCl4·3H2O,
99.99%) was supplied by Alfa Aesar (Stoughton, MA, USA). Sodium hydroxide (NaOH,
98.0–100.5%) was obtained from Panreac (Barcelona, Spain). Hydrochloric Acid (HCl,
37%) was supplied by LABKEM. L-ascorbic acid (AA, ≥99%) and silver nitrate (AgNO3,
≥99%) were purchased from Sigma-Aldrich (St. Louis, MO, USA). Milli-Q ultrapure water
(resistivity 18.2 MΩ·cm) was used in all experiments. Ciprofloxacin (CIP, ≥98% (HPLG),
C17H18FN3O3) with maximum light absorption at a wavelength of 277 nm was supplied by
Sigma-Aldrich. Absolute ethanol (C2H5OH, ≥99.5%) were purchased from Sigma-Aldrich.

3.2. TiO2:Au-NSs Hybrid Nanoparticles Synthesis

The synthesis of TiO2:Au-NSs hybrid nanoparticles was divided into two steps. In
the first step, Au NPs were grown into TiO2 nanoparticles by a deposition–precipitation
method (DP) as described by Martins et al. [8] to obtain TiO2:Au nanoparticles, where the
Au part formed small spherical particles (NSph) of around 5 nm. Briefly, 200 mg of TiO2
nanoparticles were dispersed in 40 mL of ultrapure water in a sonication bath for 30 min.
Afterwards, a specific volume of HAuCl4 (1 mM) was added to achieve an Au loading
of 0.05 wt.% and stirred at room temperature for 10 min to disperse the gold precursor
homogeneously. Later, NaOH (0.1 M) was added dropwise to obtain a pH = 9 and then
stirred for 10 min. Finally, the solution was centrifuged and washed twice with ultrapure
water. In the last step, the nanoparticles were dried overnight in an oven at 80 ◦C and then
grounded with a mortar to obtain a fine powder (TiO2:Au-NSph).

In a second step, the Au morphology in the TiO2:Au-NSph was modified by the seed-
mediated-growth process, from spherical Au to star-shaped (NS) Au, using the modified
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surfactant-free method with the assistance of Ag as a shape-directing agent [51]. Then,
150 mg of TiO2:Au-NSph nanoparticles were dispersed in 3.8 mL of ultrapure water in a
sonication bath for 30 min as the seed solution. Afterwards, a growth solution was prepared
by mixing 18.9 mL of ultrapure water, 19 µL of HCl (1 M), and 95 µL of HAuCl4 (50 mM),
considering a volume ratio between the gold solution (HAuCl4, 50 mM) and seed solution
of 0.025. Then, the prepared seed solution was added to this growth solution at room
temperature and under moderate stirring. According to the used growth solution volume,
57 µL of AgNO3 (10 mM) and 95 µL of AA (100 mM) solution were simultaneously and
quickly added to the above mixture under vigorous stirring. The solution rapidly turned
from light pink to purplish-grey, indicating the modification of Au morphology from Au
sphere to star. This color tended to be more bluish when the ratio of the gold solution
to seed solution increased, indicative of the formation of bigger nanostars with higher
aspect ratio branches. The obtained samples (TiO2:Au-NSs) were centrifuged and washed
twice with ultrapure water, resuspended in ultrapure water, and named Sample A for the
final application.

In terms of NP size tuning, the final Au star size was controlled by modifying the
volume ratio between the gold solution and seed solution in the seed-mediated-growth
synthesis step. Samples B and C were obtained by maintaining the volume of the seed solu-
tion but modifying the volume of the gold solution (HAuCl4, 50 mM), with a volume ratio
between gold solution and seed solution of 0.1 and 0.25, for Samples B and C, respectively.
The volume of the other reagents in the growth solution, AgNO3 and AA solution, were
prepared proportionally to the volume of gold solution (HAuCl4, 50 mM).

3.3. TiO2:Au-NSs/PVDF-HFP Membranes Preparation

The most photocatalytic efficient TiO2:Au-NSs of the previously synthesized nanoparti-
cles were used to prepare nanoparticle-loaded membranes through a salt leaching technique
combined with a non-solvent-induced phase separation (NIPS) following the main guide-
lines previously described [50] but using different type of coagulation bath. 111 mg of
TiO2:Au-NSs nanoparticles were dispersed in 9 mL of DMF to obtain a TiO2:Au-NSs/PVDF-
HFP final mass ratio of 0 and 10 wt.% in an ultrasonication bath for 2 h with control of
temperature to achieve a good nanoparticles dispersion. Later, 1 g PVDF-HFP polymer was
added to the solution to obtain a PVDF-HFP/DMF concentration of 1:9 v/v. After dissolv-
ing the polymer completely, 5 g of NaCl particles with a diameter of 90 µm were added and
stirred for 1 h to achieve a homogeneous distribution of the NaCl particles. Then, the mixed
solution was spread onto a glass substrate by a doctor blade with a defined gap of 950 µm.
Afterwards, the glass substrate was immersed in an absolute ethanol coagulation bath at
room temperature and detached the films. Then, the films were immersed in a distilled
water bath at 45 ◦C to remove possible traces of solvent and dried at room temperature for
24 h. Finally, the film was washed in deionized water for 1 week to remove NaCl particles
and then dried at room temperature.

3.4. Characterisation Techniques

Transmission electron microscopy (TEM) images were acquired with a JEOL JEM 1400
Plus set up operating at 100 kV in bright field and a Talos (Thermo Scientific, Waltham, MA,
USA) system working at 200 kV for the HAADF-STEM and EDX-STEM measurements.
To prepare the samples, the nanoparticle powder was dispersed in ultrapure water and
sonicated for 1 min, and then 2 µL of the suspension was placed on a 400-mesh carbon-
coated copper grid and left to dry at room temperature. The analysis of the images was
performed using the ImageJ software package.

To perform diffuse reflectance spectroscopy (DRS), a UV-Visible-NIR Jasco V-770 spec-
trometer equipped with a 150 mm diameter integrating sphere coated with Spectralon with
1 nm spectral resolution was used. DRS was carried out in the 250–2200 nm wavelength
range. A Spectralon reference was used to measure the 100% reflectance, and internal
attenuators were used to determine zero reflectance to remove background and noise. The
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samples saved in ultrapure water were placed in the support and dried at room temperature
and the powder samples were placed in a quartz cuvette, sealed, and mounted on a Teflon
sample holder before the DRS measurement. The measured reflectance spectra were subse-
quently converted to Kubelka–Munk (K-M) absorption factors to evaluate the absorption
spectra of the samples. This conversion was performed using the K-M Equation (1) [52]:

F(R) = (1 − R∞)2/(2R∞) (1)

where R∞ (RSample/RSpectralon) corresponds to the reflectance of the sample and F(R) is
the absorbance.

The sample bandgap was estimated using the Tauc plot Equation (2):

[F(R)hV]1/n versus hV (2)

where h is Planck’s constant, V the frequency, and n the nature of the electronic bandgap
transition type, taken as n = 2 for indirect transition [53].

Dynamic light scattering (DLS) and Z-potential were measured with a Zetasizer
NANO ZS-ZEN3600 (Malvern Instruments Limited, Malvern, UK), equipped with a He–
Ne laser (wavelength 633 nm) and backscatter configuration (173◦). The nanoparticles were
dispersed (1 mg/mL) in ultrapure water in an ultrasonication bath at room temperature
for 1 h to avoid aggregation, and each sample was measured five times at pH = 3 to
obtain the hydrodynamic diameter. The Z- potential was evaluated at different pH (3, 5,
7, 9, and 11), and each sample was measured five times. HCl (0.1 M) and NaOH (0.1 M)
solutions were used to adjust the pH. The resulting particle size was determined using the
Smoluchowski model [54]. The manufacturer software (Zetasizer 7.13) was used to estimate
the hydrodynamic diameter of the nanoparticles (cumulant diameter), the polydispersity
index (PDI), and zeta potential values.

The crystal structure of the nanoparticles was assessed by X-ray diffraction (XRD)
using a Philips X’pert PRO automatic diffractometer operating at 40 kV and 40 mA, in
theta-theta configuration, secondary monochromator with Cu-Kα radiation (λ = 1.5418 Å)
and a PIXcel solid-state detector (active length in 2θ 3.347◦). Data were collected from 5 to
80◦ 2θ, step size 0.026◦ and time per step of 60 s at room temperature, total measurement
time 10 min. Then, 1◦ fixed soller slit and divergence slit which provided a constant volume
of sample illumination, was used.

X-ray fluorescence (XRF) was used to quantify the ratio of Au:TiO2 (wt.%). The
measurements were obtained by using a MIDEX SD (Spectro, Kleve, Germany) X-ray mi-
crofluorescence spectrometer, energy dispersion ED-XRF for elemental analysis. Automatic
XYZ tray and collimator changer, X-ray with Mo tube with maximum power 40 W/voltage
48 kV and silicon drift detector (SDD) with 30 mm2 area. The calibration and calculations
were done by fundamental parameters FP Plus.

A field emission gun scanning electron microscope (FEG-SEM) Hitachi S-4800N oper-
ating at 10 kV voltage was used to image the membranes. The samples were coated with a
thin layer of gold (≈15 nm) in an Emitech K550X ion-sputter before measurement.

Elemental analysis was carried out by Energy Dispersive X-ray spectroscopy (EDX)
using a Carl Zeiss EVO 40 (Oberkochen, Germany) SEM equipped with an EDX Oxford
Instrument X-Max detector (Abingdon, UK). The measurement were performed in a high
vacuum condition, at a voltage of 20 kV, a current of 100–400 pA and a working distance of
9–10 mm.

Ultrahigh-performance liquid chromatography (UHPLC), coupled with a time-of-flight
high-resolution mass spectrometry (TOF-HRMS, Synapt G2 from Waters Cromatografia S.A,
Barcelona, Spain) by an electrospray ionisation source in positive mode (ESI+), was used
for detecting the products in liquid solution. The chromatographic separation was achieved
using an Acquity UPLC BEH C18 column (1.7 µm, 2.1 × 50 mm i.d.) with an Acquity
UPLC BEH C18 1.7 µm VanGuard pre-column (2.1 × 5 mm) (Waters Cromatografia S.A.)
and a binary solvent A/B gradient (A: water with 0.1% formic acid and B: methanol).
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The gradient program was as follows: initial conditions were 5% B, raised to 99% B over
2.5 min, held at 99% B until 4 min, decreased to 5% B over the next 0.1 min, and held
at 5% B until 5 min for re-equilibration of the system prior to the next injection. A flow
rate of 0.25 mL/min was used, with the column temperature at 30 ◦C, the autosampler
temperature at 4 ◦C, and the injection volume of 5 µL.

3.5. Photocatalytic Degradation of Ciprofloxacin under UV and Visible Radiation

The photocatalytic activity of the produced TiO2:Au-NSs nanoparticles, A, B, and C,
were tested under both UV and visible light radiation. Firstly, the CIP solution of 5 mg/L
was prepared and adjusted to pH = 3. Before the degradation assays, 50 mg of nanoparticles
as photocatalysts were stirred in 50 mL of CIP solution in the dark for 30 min to achieve an
adsorption-desorption equilibrium.

The photocatalytic activity of the produced membranes was tested under visible light
radiation using the same CIP solution. Before the degradation assays, the membrane, with
a sample area of 18 cm2, was immersed and stirred in 50 mL of CIP solution in the dark for
30 min to achieve an adsorption–desorption equilibrium.

The UV degradation of CIP was performed in a photoreactor with eight UV lamps of
8 W, with an emission peak at 365 nm, over 30 min. The suspensions of photocatalysts and
CIP were kept stirred in a 100 mL beaker under illumination from the top. The distance
between the solution and the lamp was 13.5 cm, and the irradiance at the solution was
3.3 W/m2.

For the visible light degradation, a filtered Xenon lamp (sun emulator) with an exci-
tation peak at 550 nm and irradiance of 300 W/m2 (spectra in Figure S1) was used, over
150 min for degradation in suspension and 600 min for degradation using membranes.
The suspensions of photocatalysts and CIP were stirred in a 100 mL beaker under lateral
illumination. The distance between the CIP solution and the lamp was 21 cm.

Aliquots as samples were taken out at different periods during the degradation assays
and centrifuged to remove the photocatalysts. Afterwards, the 200 µL of the supernatant in
each sample after centrifugation was analyzed by UV-Vis spectroscopy. The absorbance
variation of the 277 nm peak of the CIP spectrum was monitored using a microplate reader
Infinite 200 Pro in the range of 230 to 450 nm.

The photocatalytic degradation rate was fit to a pseudo-first-order reaction, which is
based on the Langmuir–Hinshelwood model described by Equation (3):

ln
(

C
C0

)
= −kt (3)

where C and C0 represent the pollutant concentration at time t and at the beginning of
the photocatalytic assessment respectively, and k is the first-order rate constant of the
reaction [8].

3.6. Photocatalytic Degradation under the Different Wavelengths

The photocatalytic activity of the produced TiO2:Au-NSs nanoparticles, A, B, and C
was also assessed under different wavelengths of light radiation: blue light (emission peak
at 460 nm), green light (emission peak at 530 nm), red light (emission peak at 630 nm), NIR
light (emission peak at 730 nm), for ciprofloxacin degradation.

Firstly, the CIP solution of 5 mg/L was prepared and adjusted to pH = 3. After
achieving the adsorption–desorption equilibrium of the photocatalysts and CIP solution
as described previously (Section 3.5), the degradation of CIP was carried out in a cuvette
under different wavelengths of light radiation with an intensity of 0.5 W, over 180 min. The
suspensions of photocatalysts and CIP were kept stirred under lateral illumination. The
distance between the CIP solution and the lamp was 1 cm.

Aliquots were withdrawn at different times during the degradation assessment, and
centrifuged and analyzed using an Agilent (Santa Clara, CA, USA) Cary 60 UV-Vis Spec-
trophotometer.
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4. Conclusions

Novel hybrid nanoparticles, TiO2:Au-NSs, with an Au branched morphology were
synthesized successfully through the surfactant-free method and characterized and tested
in photocatalytic assays for ciprofloxacin (CIP) degradation. The characterization results
of TEM and DRS show that different sizes of Au NPs with branched morphology were
produced by modifying the synthesis conditions, which allowed the tuning of the optical
properties of hybrid nanoparticles. When increasing the size of Au NPs with branched
morphology, the reflectance of the hybrid nanoparticles decreased from 57% to 13% in
the visible region. Additionally, the increase of the size of the Au branched nanoparticles
extended the light absorption to the whole visible and part of the NIR region and reduced
the bandgap from 3.10 eV to 2.86 eV, respectively.

The photocatalytic assays confirmed that all the synthesized nanoparticles degraded
target compound CIP under both UV and white radiation. It was also possible to under-
stand the impact of the size of Au branched nanoparticles in the photocatalytic response.
TiO2:Au-NSs nanoparticles with smaller Au branched morphology and lowest amount of
added Au among these hybrid nanoparticles showed a better photocatalytic performance
degrading 83% and 89% ciprofloxacin under UV and visible radiation, respectively.

According to the results, under the different wavelengths of light in the visible and
NIR region, the nanoparticles could be activated under blue, green, and red light radiation
showing a CIP degradation efficiency of 57%, 34%, and 39%, respectively. However, there
was no photocatalytic degradation of CIP under NIR radiation. The bigger size of Au
branched nanoparticles limited the light-harvesting of TiO2, and reduced the photocatalytic
activity, although they showed a broader light absorption in the whole visible and part of
the NIR region of sunlight radiation.

The nanoparticles TiO2:Au-NSs with lower branching and best performance were
selected as the best candidates to incorporate into a PVDF-HFP polymer matrix through the
NIPS technique. The membranes were produced successfully and presented high porosity
and a well-distributed porous structure.

In short, these results indicate the outstanding performance of the synthesized nanopar-
ticles for water remediation applications in the degradation of persistent contaminants such
as ciprofloxacin. Moreover, their successful incorporation into a polymer matrix opens the
door to future application in a cost-effective way to degrade a high number of contaminants
of emerging concern and other possible applications.
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Abstract: Cu2V2O7/Cu3V2O8/g-C3N4 heterojunctions (CVCs) were prepared successfully by the
reheating synthesis method. The thermal etching process increased the specific surface area. The
formation of heterojunctions enhanced the visible light absorption and improved the separation
efficiency of photoinduced charge carriers. Therefore, CVCs exhibited superior adsorption capac-
ity and photocatalytic performance in comparison with pristine g-C3N4 (CN). CVC-2 (containing
2 wt% of Cu2V2O7/Cu3V2O8) possessed the best synergistic removal efficiency for removal of dyes
and antibiotics, in which 96.2% of methylene blue (MB), 97.3% of rhodamine B (RhB), 83.0% of
ciprofloxacin (CIP), 86.0% of tetracycline (TC) and 80.5% of oxytetracycline (OTC) were eliminated by
the adsorption and photocatalysis synergistic effect under visible light irradiation. The pseudo first
order rate constants of MB and RhB photocatalytic degradation on CVC-2 were 3 times and 10 times
that of pristine CN. For photocatalytic degradation of CIP, TC and OTC, it was 3.6, 1.8 and 6.1 times
that of CN. DRS, XPS VB and ESR results suggested that CVCs had the characteristics of a Z-scheme
photocatalytic system. This study provides a reliable reference for the treatment of real wastewater
by the adsorption and photocatalysis synergistic process.

Keywords: Cu2V2O7/Cu3V2O8/g-C3N4 heterojunctions; adsorption; photocatalysis; degradation;
Z-scheme

1. Introduction

In recent decades, with the rapid development of industrialization, environmental
pollution has become increasingly serious. More and more organic chemicals have been
released into the environment. Water pollution has become one of the major obstacles to
the sustainable development of human society [1]. Various organic pollutants, such as dyes
and antibiotics, are seriously harmful to the ecological environment and human health [2].
Many traditional techniques have been developed to remove the organic pollutants in
wastewater, including the bioelectrochemical method [3], electrochemical advanced oxi-
dation processes [4], flocculent precipitation [5], physisorption [6], biological degradation,
incineration, membrane filtration, etc. [7]. However, these traditional techniques suffer
from the drawbacks, such as not being suitable for low concentrations of pollutant, high
operation costs, low removal efficiency and secondary pollution. To date, the integration
of adsorption and photocatalysis has been regarded as the most promising technology for
the elimination of low-concentration contaminants [8–10]. This technology can combine
the advantages of adsorption and photocatalysis, such as high efficiency, low cost, wide
availability to adsorbates, superior recoverability and less secondary pollution. The ad-
sorption process can ameliorate the accumulation of contaminants on the catalyst surface
from the wastewater and conduce to improving the photocatalytic degradation efficiency.
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The photocatalysis can ultimately mineralize the contaminants to H2O and CO2 under
light irradiation at room temperature, which reproduces the surface of the catalyst for the
next adsorption process [11–13]. Therefore, the development of semiconductor materials
with superior adsorption and photocatalysis performance in wastewater treatment has
extensively aroused research interests [14–16].

At present, MXenes [17], hydrogels [18,19], graphene-like nanomaterials [20] and
their composites have been extensively studied in the photocatalysis and adsorption fields.
Among them, graphitic carbon nitride (CN) is considered as one of the most promising 2D
materials for environmental remediation based on its impressive merits of low cost, high
stability, proper band gap for visible light harvesting and low toxicity [21,22]. Many re-
searchers have reported the adsorption capability of CN for wastewater treatment [16,23,24].
However, the adsorption and photocatalysis performance of pristine CN still sustains small
specific surface area, fast recombination of photoinduced charge carriers and narrow visible
light absorption [25]. Accordingly, lots of technologies such as elemental doping [25], het-
erostructure construction [26–28], morphology control [29,30] and defect engineering [31]
have been devoted to ameliorating its adsorption and photocatalysis performance. Wherein,
controlling the morphology of CN and constructing CN-based heterostructures are espe-
cially regarded as effective strategies to extend the visible light absorption range, increase
the specific surface area and adsorption sites and accelerate the separation of photoinduced
charge carriers [32]. Ultrathin CN nanosheets acquired by the exfoliation process have
a much larger specific surface area than bulk CN, which is instrumental in promoting
the adsorption capability [30]. Moreover, the diffusion distance of photoinduced charge
carriers is shortened in ultrathin CN nanosheets. It can reduce the recombination of pho-
toinduced charge carriers and boost the photocatalytic performance [33]. Additionally,
the construction of CN-based heterojunctions via loaded metal oxides is another method
to improve the photocatalytic performance [32]. The spatial separation of photoinduced
charge carriers at the interface of two semiconductors will prohibit their recombination.
Moreover, the formation of CN-based heterojunctions can promote band matching and light
absorption, and enhance photocatalytic reaction activity [21]. Therefore, manufacturing
CN-based heterojunctions with ultrathin structures should be a feasible strategy to raise
the adsorption and photocatalysis synergy for removal of contaminants.

Copper vanadates are a class of catalysts with band gap of ~2 eV, making them
suitable for visible light absorption [34]. They thus exhibit dye degradation activity as
photocatalysts [35,36] and water splitting property as photoanode candidates [37–39]. High-
throughput research results show that copper vanadates should be a novel class of materials
for photocatalytic application [38,40]. Copper vanadates with different stoichiometric ratios,
such as CuV2O6 [37], Cu2V2O7 [34,36] and Cu3V2O8 [34,41], can be prepared by changing
the molar ratio of Cu:V and the synthesis method. Khan et al. synthesized CuV2O6 and
Cu2V2O7 via a sonication assisted sol–gel method with a band gap of 1.84 eV and 2.2 eV,
respectively [35]. CuV2O6, Cu2V2O7 and Cu5V2O10 were prepared using a sol–gel method
by adjusting the Cu:V [39]. Then, these copper vanadates were applied as photocatalysts on
the selective oxidation of cyclohexane. Keerthana et al. synthesized β-Cu2V2O7, CTAB-β-
Cu2V2O7 and PVP-Cu3V2O8 by a hydrothermal method [36]. The bandgaps were 3.09 eV,
2.97 eV and 2.28 eV, respectively. PVP-Cu3V2O8 presented 96%, 77% and 96% photocatalytic
removal efficiency for MB, RhB and malachite green dyes. β-Cu2V2O7 nanorods were
also synthesized and the photocatalytic degradation property was assessed, with 81.85%
of MB degraded within 60 min of visible light irradiation [42]. Cu3V2O8 nanoparticles
were produced via a precipitation approach using Schiff base as the ligand. They exhibited
79% MB degradation efficiency under UV irradiation [43]. Actually, despite the favorable
band gaps for visible light harvesting, copper vanadates still manifested low photocatalytic
efficiencies [37].

To date, element doping and heterojunction constructing are the major approaches
that have been investigated to enhance photocatalytic efficiency of copper vanadates.
Indium-doped CuV2O6wasprepared by the hydrothermal method and it revealed efficient
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optical absorption from the UV to visible region with gap energy of 1.96 eV [44]. About
95% of RhB was removed during visible light irradiation for 120 min over CuV2O6:In3+.
Contrastively, only 57% of RhB was eliminated over CuV2O6 under the same conditions.
Furthermore, copper vanadate-based heterojunctions, involving in Cu2V2O7/g-C3N4 [45],
Cu2V2O7/CoFe2O4/g-C3N4 [46], Cu2O/Cu2V2O7 [47], r-GO/β-Cu2V2O7/TiO2 [48], β-
Cu2V2O7/Zn2V2O6 [49] and Cu2V2O7/Cu3V2O8 [41] were manufactured to enhance pho-
tocatalytic activities. Although the relevant studies have shown important progress, more
extensive efforts should be made to enhance photocatalytic efficiency of copper vanadates.
Herein, Cu2V2O7/Cu3V2O8 (CV) was loaded on ultrathin CN nanosheets to form CVC
heterojunctions. The exfoliation of bulk CN increased the specific surface area and short-
ened the diffusion distance of photoinduced charge carriers. The construction of CVCs
further accelerated the separation of charge carriers. Thus, the adsorption capability and
photocatalytic degradation activity could be remarkably enhanced. The removal of CIP,
TC, OTC, MB and RhB was investigated to discuss the synergistic effect of adsorption
and photocatalysis.

2. Results and Discussion

The XRD patterns of CN, CVC-2, CVC-5, CVC-10 and CVC-20 heterojunctions are
depicted in Figure 1a. All samples presented two peaks at 13.0◦ and 27.6◦, corresponding
to (110) and (022) crystal planes of CN. They demonstrated the existence of CN in these
samples [16]. The diffraction peaks of CV were undetectable in CVC-2, CVC-5 and CVC-10.
This may have resulted from the low dosage of CV in these heterojunctions, which could
not cause the change of the chemical skeleton and structure of CN. This result was pre-
viously clarified by the literature [50,51]. Moreover, the diffraction peak intensity of CV
in CVC-2, CVC-5 and CVC-10 were weaker while CV nanoparticles were covered by CN
nanosheets [51]. Comparatively, the diffraction peaks of both CN and CV were all found in
CVC-20. In fact, the existence of CV in CVC-2, CVC-5 and CVC-10 could be corroborated
by EDS and elemental mapping results. SEM images and corresponding EDS of CVC-2
are displayed in Figure S1. It was revealed that the mass percentage of CV in CVC-2 was
about 2.11%, which was well in accordance with the value calculated from the content
of Cu(NO3)3 and NH4VO3 in the precursor. The chemical composition and uniformity
of CVC-2 were confirmed by the elemental mappings of C, N, O, Cu and V. All elements
can be observed in Figure S2b–f. The uniformity of C, N, O, Cu and V demonstrated the
homogeneous distribution of CV on CN nanosheets. In addition, the XRD patterns of CV
conformed well to the monoclinic phase Cu2V2O7 (PDF#73-1032) and monoclinic Cu3V2O8
(PDF#74-1503), indicating that CV was the composite of Cu2V2O7 and Cu3V2O8 (Figure 1b).
These XRD results definitely proved the successful formation of CVCs.
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The FTIR spectra of CN, CVC-2, CVC-5, CVC-10 and CVC-20 are shown in Figure 1c.
The sharp adsorption peaks at 806 and 886 cm−1 were assigned to breathing vibration and
N-H deformation vibration mode of CN s-triazine, respectively. The characteristic adsorp-
tion band in the range of 1200–1700 cm−1 was ascribed to the stretching vibrations of C–N
and C=N of aromatic CN heterocycles [52]. The broad adsorption band at 2900–3500 cm−1

was attributed to N-H stretching vibration of residual unpolymerized amino groups. This
adsorption band of CN centered at 3165 cm−1 shifted to 3423 cm−1 while CV was loaded
on the CN nanosheets. This change of the peak position implied the strong interaction
between CV nanoparticles and CN nanosheets [32].

TEM and HRTEM images of CVC-2 are displayed in Figure 2. As shown in Figure 2a,b,
there was an ultrathin layered structure of CN nanosheets. It profited from the thermal
etching effect in the reheating synthesis process. Especially, the porous structure of CVC-2
could also be observed (Figure 2a,b). The pore diameter was between several and tens of
nanometers [50]. This porous structure might originate from the generation of NH3 and HCl
in the polymerization process of dicyandiamine and NH4Cl [53]. The ultrathin and porous
structure increased the specific surface area of CVC-2, which was proved by BET results.
The increased specific surface area could improve the adsorption capability of CVC-2. CV
nanoparticles with evident aggregation were also observed in Figure 2a,b. Therefore, the
diameters of CV nanoparticles could not be measured accurately from the TEM image.
They were estimated to be 50–100 nm in diameter. From Figure 2a,b, it can also be seen that
CV nanoparticles were located on CN nanosheets. The spacing of lattice fringes of 0.360 and
0.325 nm are distinctly observed in HRTEM images illustrated in Figure 2c,d. This was
consistent with the (200) and (111) crystal planes of monoclinic phase Cu2V2O7 (PDF#73-
1032) and monoclinic Cu3V2O8 (PDF#74-1503), respectively. Moreover, the intimate contact
of Cu2V2O7 and Cu3V2O8 noticeably appeared in Figure 2d, demonstrating the formation
of Cu2V2O7/Cu3V2O8 composite. Based on the above XRD, FTIR, TEM and HRTEM
results, it was concluded that CVC heterojunctions were successfully constructed [54].

The adsorption and photocatalysis performance of dyes (MB and RhB) over CN and
CVCs were investigated and the results are depicted in Figure 3. As shown in Figure 3a,d,
the adsorption–desorption equilibrium was achieved within 30 min for all samples. The
adsorption capacities of MB and RhB on CVC-2 were 3 times that of CN. The enhanced
adsorption capacity of CVC-2 indicated the stronger interaction between CVCs and dyes.
All CVCs had much higher adsorption capacity of MB than CN. There was no necessary
relation between the adsorption capacity and CV content, suggesting that the changed
surface charge that resulted from the addition of CV nanoparticles was not the main factor
to affect the interaction between CVCs and dyes. The larger specific surface area profited
from the thermal etching effect in the reheating synthesis process which improved the
adsorption capacity. The adsorption and photocatalytic degradation results revealed in
Figure 3a,d manifest that CVC-2 exhibited the best overall performance for removal of
dyes, although it removed MB mainly by adsorption and eliminated RhB primarily via
photocatalysis (Figure 3c,f). The kinetic data of MB and RhB photocatalytic degradation
on CN and CVCs were well fitted by a pseudo first order rate equation (Figure 3b,e). The
degradation rate constants of MB and RhB on CVC-2 were, respectively, 0.036 min−1 and
0.061 min−1, which were about 3 times and 10 times that of pristine CN. The total removal
efficiency of MB and RhB on CVC-2 was 96.2% and 97.3%, respectively. It was much higher
than that of CN (55.3% for MB and 34.3%for RhB). This could be considered as the result of
the synergistic effect of adsorption and photocatalysis.
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Antibiotics (CIP, TC and OTC) were also selected as the target contaminants to further
investigate the synergistic removal effect of adsorption and photocatalysis on CVCs. The
results are displayed in Figure 4. As presented in Figure 4a,d,g, the adsorption–desorption
equilibrium was achieved within 30 min for all samples. The adsorption capacity of CVCs
was much higher than that of pristine CN. The larger specific surface area improved
the adsorption capacity. CVC-2 exhibited the best overall performance for removal of
antibiotics, although it removed TC mainly by adsorption and eliminated CIP and OTC
primarily via photocatalysis (Figure 4c,f,i). The adsorption capacity of CVC-2 was 16.9 (CIP),
58.6 (TC) and 4.2 times (OTC) that of CN, respectively. The total removal efficiency of
CIP, TC and OTC on pristine CN was 30.2%, 17.5% and 28.0% during the adsorption and
photocatalytic degradation process. In contrast, it was 83.0%, 86.0% and 80.5% for CVC-
2, respectively. This was considered as the result of the synergistic effect of adsorption
and photocatalysis. All CVCs exhibited considerably higher total removal efficiency than
CN, indicating the excellent adsorption and photocatalysis performance of CVCs. From
Figure 4c,f,i, we found that CVC-2 possessed highest photocatalytic activity. By comparison,
the photocatalytic activity of CVC-5, CVC-10 and CVC-20 was decreased with the increase
in CV content. This might be derived from the reaction active sites on the surface of CN
nanosheets that were excessively occupied by CV nanoparticles in CVC-5, CVC-10 and
CVC-20 [16,32]. Moreover, the removal efficiency of dyes and antibiotics on CVC-2 was
compared with various recent reported results. As depicted in Table S1, the diversity
degradation activities were higher than literature values [25,28,52,55–59], signifying that
CVC-2 is probably a valuable catalyst of practical application in environmental sewage
treatment. The kinetic data of CIP, TC and OTC photocatalytic degradation on CN and
CVCs were well fitted by a pseudo first order rate equation (Figure 4b,e,h). The degradation
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rate constants of CVC-2 were 0.017 min−1 (CIP), 0.0049 min−1 (TC) and 0.014 min−1 (OTC).
These were 3.6, 1.8 and 6.1 times that of pristine CN, respectively. This result indicated
that the loaded CV nanoparticles on the surface of CN nanosheets could improve the
photocatalytic activity.
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degradation of (b) MB and (e) RhB, the total adsorption and photocatalysis degradation efficiency of
(c) MB and (f) RhB.
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Figure 4. Adsorption and photocatalysis synergistic removal of (a) CIP (concentration: 4 mg/L),
(d) TC (concentration: 40 mg/L) and (g) OTC (concentration: 20 mg/L) over CN and CVCs (dosage:
100 mg) under 40 W white LED irradiation, fitted by pseudo first order rate equation and the rate
constants (k) for photocatalytic degradation of (b) CIP, (e) TC and (h) OTC, the total adsorption and
photocatalysis degradation efficiency of (c) CIP, (f) TC and (i) OTC.

The BET surface area, pore volume and average pore diameter of CN and CVC-2
were investigated by N2 adsorption–desorption isotherms. As displayed in Figure 5a, the
adsorption–desorption isotherms possessed the features of type IV curves, suggesting the
samples had a mesoporous structure [60]. The H3 hysteresis loop at high P/P0 manifested
that the mesopores of CN and CVC-2 were irregular. The BET surface area, pore volume
and average pore diameter of CVC-2 were evidently greater than those of CN (Figure 5a,
inset). They were, respectively, around 4.4, 15.0 and 1.1 times those of CN, which might
result from the thermal etching in the reheating synthesis process [61]. The BJH pore size
distribution of CN and CVC-2 revealed the wide pore size distribution from 20 to 60 nm,
which probably resulted from the aggregation of CN in the reheating synthesis process as
displayed previously in the SEM results (Figure S1a). The pore size between 10 and 20 nm
originated from the porous structure of CN, which was observed previously in TEM images
(Figure 2a,b). Therefore, the increased specific surface area, pore volume and average pore
diameter could be instrumental in providing more adsorption and photocatalytic reaction
active sites, and thus finally improve the synergistic effect of adsorption and photocatalysis.
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UV–Vis diffuse reflectance spectra of CN and CVC-2 are exhibited in Figure 6a. The
absorption edge of pristine CN was at 457 nm, corresponding to a band gap of 2.71 eV. It
was in agreement with the result reported previously [32,52], confirming that pristine CN
had proper band gap for visible light harvesting. The absorption edge of CVC-2 was at
488 nm. The red shift of the absorption edge of CVC-2 suggested that the incorporation
of CV nanoparticles onto CN nanosheets was instrumental in extending the visible light
absorption range. From the DRS spectra in Figure 6a, it could be observed distinctly that
CVC-2 possessed stronger light absorption in the wavelength range of 400–800 nm than
pristine CN nanosheets. This could result in the improvement of the visible light-driven
photocatalytic activity, which was clarified by the adsorption and photocatalysis degrada-
tion of CIP, TC and OTC depicted in Figure 4. The photoluminescence spectra (PL) were
used to investigate the separation and recombination process of photogenerated charge
carriers in CN and CVC-2 (Figure 6b). The higher PL intensity commonly indicates that
photogenerated charge carriers have lower separation efficiency and faster recombination
rate [32]. The PL emission peak intensity of CVC-2 was remarkably weaker than that of
CN. It corroborated that the separation and recombination of photogenerated charge carri-
ers was effectively ameliorated while CVC heterostructure was formed by incorporating
CV nanoparticles into CN nanosheets. It could boost the photocatalytic activity of CVCs.
The property of separation and recombination of the charge carriers in CN and CVC-2
could be further acquired from the photochemical measurements. TPC spectra and EIS
Nyquist plots of CN and CVC-2 are exhibited in Figure 6c,d. The TPC spectra revealed that
CVC-2 had better photostability and higher photocurrent density than CN (Figure 6c). The
photocurrent density of CVC-2 was about 2.6 times that of pristine CN. It suggested that
the photogenerated charge carriers possessed higher transfer rate in CVC-2, which was
beneficial to the migration of the charge carriers to the surface of CVC-2 and consequently
to improving its photocatalytic activity. EIS Nyquist plots of CN and CVC-2 are shown in
Figure 6d. The arc radius of CN and CVC-2 under visible light irradiation was smaller than
that detected in the dark. It demonstrated that the photoelectrode conductivity would be
increased under the light irradiation condition. In addition, the arc radius of CVC-2 was
less than that of pristine CN in either case, indicating that CVC-2 had higher photogen-
erated charge transfer efficiency. It was consistent with the previous PL and TPC results,
demonstrating that the formation of CVC heterostructure could effectively facilitate the
separation and transfer of the photogenerated charge carriers, suppress their recombination
and finally improve the photocatalytic activity. The deduction obtained from the DRS, PL,
TPC and EIS measurements conformed to the photocatalytic degradation experimental
results of dyes and antibiotics.
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The reactive species involved in the photocatalytic degradation reaction were eval-
uated by radical scavenger experiments. NaNO3, ammonium oxalate(AO), isopropyl
alcohol(IPA) and p-benzoquinone (pBQ) were adopted as the scavengers to trap e−, h+,
•OH and •O2

− in the photocatalytic degradation of CIP over CVC-2, respectively. As
revealed in Figure 7a, the removal efficiency of CIP was reduced dramatically after adding
AO and pBQ, suggesting that h+ and •O2

− were the major reactive species in the photocat-
alytic process. Comparatively, just a slight reduction of degradation efficiency was observed
with the addition of NaNO3 and IPA. It indicated that e– and •OH hardly participated
in the photocatalytic reaction. To further confirm the production of •O2

−, ESR spectra of
DMPO-•O2

− over CVC-2 in the CIP photocatalytic system were detected under different
light irradiation times and the result is presented in Figure 7b. No obvious ESR signals of
•O2

− were found in the dark, but they appeared after 15 min of visible light irradiation.
These results demonstrated that •O2

− was generated under the visible light irradiation
and participated in the photocatalytic degradation process of CIP.

The stability was assessed by four cycles of the adsorption and photocatalysis syn-
ergistic removal experiments of MB and CIP on CVC-2. CVC-2 was centrifuged and
desorbed in deionized water several times to eliminate absorbed MB and CIP after each
cycle experiment. As shown in Figure 8a,b, the removal efficiency of MB and CIP was
well maintained after four degradation runs, confirming that CVC-2 had superior stability
and excellent potential application prospects in wastewater treatment. TEM, XRD and
FTIR were used to characterize the differences of structure and morphology of CVC-2
before and after the synergistic removal experiment. As shown by the TEM, XRD and FTIR
results depicted in Figures S3–S5, the phase structure and morphology characteristics were
not changed evidently after four degradation runs, which further illustrated the excellent
stability of CVC-2.
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The energy band structure of CN and CV was obtained by DRS and XPS VB spectra.
The DRS spectrum of CV is displayed in Figure S6. It exhibited the absorption edge
of 628 nm, corresponding to the band gap of 1.97 eV. It was in agreement with thatβ-
Cu2V2O7in the literature [62]. XPS VB spectra of CN and CV are shown in Figure S7.
The EVB of CN and CV was 1.58 eV and 2.20 eV, respectively. The ECB of CN and CV
could be estimated based on the following equation: Eg = EVB − ECB. It was -1.13 eV
and 0.23 eV, respectively. The ECB of CV was more positive than the redox potential of
O2/•O2

− (−0.33 V) [52], meaning that O2 adsorbed on CV could not be reduced to •O2
−.

Therefore, the reduction reaction of O2 could only occur on the CB of CN. ESR spectra
of DMPO-•OH were also measured under visible light irradiation with the presence of
CVC-2 (Figure S8). They confirmed the production of •OH although the radical scavenger
experiments indicated that •OH radicals did not participate in the photocatalytic reaction.
Furthermore, the EVB of CN was more negative than the redox potential of •OH/OH−

(+1.99 V) and •OH/H2O (+2.37 V) [63]. The •OH radicals could not be generated on CN,
and only formed on the VB of CV. These results clearly suggested that CVC heterojunctions
possessed the characteristics of Z-scheme photocatalytic systems.

The possible photocatalytic mechanism of dyes and antibiotics on CVCs is conse-
quently proposed in Figure 9. Firstly, the photoinduced electrons (e−) were excited and
transferred to the CB of CN and CV under visible light irradiation. The photoinduced
holes (h+) were still retained in the VB. Secondly, the electrons in the CB of CV transferred
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to CN and recombined with the holes located in the VB of CN. This recombination could
significantly accelerate the separation of the photoinduced electrons and holes of CN and
CV (Equation(1)), which was the advantage of Z-scheme heterojunctions [64,65]. Thirdly,
the electrons on CN reduced oxygen to generate •O2

− and then •O2
− further oxidized

dyes and antibiotics (Equations(2) and (3)). The holes on CV directly oxidized dyes and
antibiotics to small molecules (Equation(4)). The photocatalytic degradation process of
dyes and antibiotics could be elaborated as follows:

CVC-2 + hν→ CN (e−) + CV (h+), (1)

CN (e−) + O2→ •O2
−, (2)

Dyes and antibiotics + •O2
−→ degraded products, (3)

Dyes and antibiotics + CV (h+)→ degraded products. (4)
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3. Materials and Methods
3.1. Synthesis of CVCs

Preparation of CN nanosheets: 1:1 mole ratio of dicyandiamine and NH4Cl was mixed
and calcinated for 4 h at 550 ◦C [61]. One hundred micrograms of obtained powder was
ground and dispersed in 100 mL deionized water. The mixture was treated ultrasonically
for 8 h and then centrifuged for 10 min at 5000 rpm. The as-prepared CN nanosheets in the
supernatant were separated by vacuum freeze-drying.

Preparation of CVCs: 100 mg of CN nanosheets, 1:1 mole ratio of Cu(NO3)3 and
NH4VO3 was dispersed in 100 mL of deionized water. Then, the water was evaporated and
annealed at 500 ◦C for 2 h. A series of CVCs were synthesized by adjusting the mass ratio
of CV and CN. The as-prepared CVC-2, CVC-5, CVC-10 and CVC-20 contained 2, 5, 10 and
20 wt% of CV, respectively. CV nanoparticles were synthesized under the same conditions
except for the absence of CN nanosheets.

3.2. Catalyst Characterization

X-ray diffraction (XRD) patterns of CN, CV and CVCs were tested on a Rigaku Smart-
lab diffractometer equipped with a Cu-Kα radiation source. Transmission electron mi-
croscopy (TEM) and high-resolution TEM (HRTEM) images of CVCs were taken on a
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JEOL-2100F system. Fourier-transform infrared spectra (FTIR) of CN and CVCs were
detected on a Nicolet NEXUS 470 spectrometer in the range of 4000–500 cm−1. Scanning
electron microscopy (SEM) images, energy dispersion spectrum (EDS) and elemental map-
ping images of CVC-2 were characterized on a JSM-4800F scanning electron microscope.
X-ray photoelectron spectroscopy (XPS) spectra of CN, CV and CVCs were obtained on a
Thermo ESCALAB 250XI spectrometer equipped with an AlKα X-ray source. The BET spe-
cific surface area and N2 adsorption desorption isotherms of CN and CVCs were recorded
on a Micromeritics ASAP 2460 analyzer at 77 K. The ultraviolet–visible diffuse reflectance
spectra (DRS) of CN and CVCs were taken on a Shimadzu UV-2401 spectrophotometer
equipped with an integrating sphere accessory.

3.3. Adsorption and Photocatalytic Experiments

The adsorption of contaminants on CN, CV and CVCs was implemented in the dark
before the photocatalysis process. Typically, 50 mg CN, CV or CVCs was dispersed in
100 mL antibiotic (CIP, TC and OTC) or dye (MB and RhB) solution. The pH value of the
solution was adjusted using 0.1 M HCl or NaOH. The mixture was stirred continuously in
the dark for 30 min to reach adsorption–desorption equilibrium of the contaminants on the
catalysts. The photocatalytic degradation of contaminants was evaluated under the visible
light irradiation of 40 W white LED. Five milliliters of solution was fetched out at intervals
and the catalyst was removed through a 0.22 µm PTFE filter membrane. The contaminant
concentration in adsorption solution was detected by a UV–Vis spectrophotometer at
277 nm (CIP), 357 nm (TC), 352 nm (OTC), 664 nm (MB) and 552 nm (RhB). The temperature
was fixed at 25 ◦C in the adsorption and photocatalysis process. The tests were repeated
three times.

The stability of CVC-2 was appraised by 4 cycles of adsorption photocatalytic degra-
dation experiments. CVC-2 was centrifuged and desorbed in deionized water several
times after each cycle experiment to eliminate absorbed contaminant. Then, CVC-2 was
separated and freeze-dried for the usage in the next cycle experiment. The reproducibility
of CVC-2 was evaluated by repeating the above process twice. NaNO3, AO, IPA and pBQ
were selected as the scavengers to trap e−, h+, •OH and •O2

−, respectively.

3.4. Photoelectrochemical Measurement

The photoelectrochemical measurements were conducted on the CHI 660E electro-
chemical workstation. Ag/AgCl was the reference electrode and Pt foil was the counter
electrode. A 0.2 M Na2SO4 solution was the electrolyte. For the preparation of working elec-
trode, 5 mg of CN or CVCs was mixed with 0.2 mL Nafion and 1.8 mL ethanol ultrasonically.
Then, the mixture was dropped on 1 cm2 of FTO glass and dried naturally. The transient
photocurrent response (TPC) was tested under the irradiation of 40 W white LED. The
irradiation intervals were realized using a mechanical light chopper. The electrochemical
impedance spectroscopy (EIS) was measured at a frequency from 100 to 0.01 Hz.

4. Conclusions

In summary, CVC heterojunctions with ultrathin structure were successfully prepared
by the reheating synthesis process for the adsorption and photocatalysis synergistic removal
of various dyes and antibiotics. The thermal etching process increased the specific surface
area of CVCs. The formation of heterojunctions enhanced the visible light absorption
and improved the separation efficiency of photoinduced charge carriers. These factors
simultaneously ameliorated the adsorption capacity and photocatalytic degradation per-
formance of CVCs. CVC-2 exhibited the best synergistic removal efficiency of MB (96.2%),
RhB (97.3%), CIP (83.0%), TC (86.0%) and OTC (80.5%). These photocatalytic degradation
processes followed the pseudo first order equation. The pseudo first order rate constants of
MB, RhB, CIP, TC and OTC photocatalytic degradation on CVC-2 were 3, 10, 3.6, 1.8 and 6.1
times those of pristine CN, respectively. DRS, XPS VB and ESR results suggested that CVCs
had the characteristics of Z-scheme photocatalytic systems. Moreover, superoxide radicals
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and photoinduced holes were proved to be the major active species in the photocatalytic
degradation process. This work provides a reliable reference for environmental sewage
treatment by the adsorption and photocatalysis synergistic process.
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Abstract: In this work, birch bark (BB) was used for the first time to prepare porous biochars via
different one-step methods including direct activation (BBB) and N-doping co-activation (N-BBB).
The specific surface area and total pore volume of BBB and N-BBB were 2502.3 and 2292.7 m2/g,
and 1.1389 and 1.0356 cm3/g, respectively. When removing synthetic methyl orange (MO) dye and
heavy metal Cr6+, both BBB and N-BBB showed excellent treatment ability. The maximum adsorption
capacities of BBB and N-BBB were 836.9 and 858.3 mg/g for MO, and 141.1 and 169.1 mg/g for Cr6+,
respectively, which were higher than most previously reported biochar adsorbents. The probable
adsorption mechanisms, including pore filling, π–π interaction, H-bond interaction, and electrostatic
attraction, supported the biochars’ demonstrated high performance. In addition, after five recycles,
the removal rates remained above 80%, which showed the high stability of the biochars. This work
verified the feasibility of the one-step N-doping co-activation method to prepare high-performance
biochars, and two kinds of biochars with excellent performance (BBB and N-BBB) were prepared.
More importantly, this method provides new directions and ideas for the development and utilization
of other biomasses.

Keywords: one-step synthesis; N-doping co-activation; biochar; water pollutants; adsorption performance

1. Introduction

Water pollution is a serious threat to the ecosystem and human safety [1]. Organic
pollutants (aromatic species) and heavy metals in water have become the focus of global
attention due to their strong teratogenicity, carcinogenicity, and non-degradability [2,3].
Cr6+ is one of the main forms of Cr. Because of its high solubility, easy accumulation,
and difficulty degrading in the ecosystem, Cr6+ is one of the main toxic heavy metals that
pollute water bodies [4]. Cr6+ ions are discharged into the water in large quantities during
industrial processes such as metallurgy and electroplating [5]. Similarly, synthetic dyes
are widely used in the printing, dyeing, and textile industries [6]. Many synthetic dyes
have caused irreversible threats to human safety, such as skin allergy and cancer, and have
become a research hotspot in the field of water pollution remediation [7,8]. Therefore, it is
important to remove Cr6+ and synthetic dyes to purify water.

At present, the removal methods for Cr6+ and synthetic dyes from polluted water
mainly include biological treatment, chemical treatment, and physical treatment [9–11].
As one of the physical treatment methods, the adsorption method is widely used in water
pollution treatment because of its low cost, lack of by-products, and mild conditions [12,13].
It is also considered an ideal method to effectively remove Cr6+ and synthetic dyes. Many
materials, such as graphene oxide and carbon nanotubes, are used to treat water pollution
due to their excellent adsorption properties on pollutants, but the high cost often limits their
application [14,15]. In contrast, biochar is attracting increasing attention as an excellent
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adsorbent with a large specific surface area, abundant functional groups, and a well-
developed pore structure [16,17]. Unfortunately, due to the limited adsorption sites, the
adsorption performance is often limited. Appropriately modifying and improving the
adsorption efficiency of biochar is the key to determining whether it can become a widely
used adsorbent.

As an effective strategy to improve biochar performance, nitrogen doping (N-doping)
technology has been applied in environmental remediation, such as adsorption, catalysis,
and electrochemistry [18,19]. N hetero-atoms provide more binding sites on the biochar
surface, which enhances the hydrophilicity and adsorption capacity of the compound by
forming a more stable complex with pollutants [20]. At the same time, the N-doping method
can adjust part of the electronic structure in the carbon skeleton, and further improve the
reactivity of the biochar [21]. The pore structure, specific surface area, and other physical
and chemical properties of biochars are also crucial factors that not only affect the adsorption
capacity but also determine the degree of adsorbed pollutant diffusion [22,23]. The pore-
forming effect of common activators (such as NaOH and KOH) in biochar preparation is
beyond doubt [24,25]. However, there are few studies on biochar prepared with one-step
pyrolysis and N-doping.

To remedy this, we explored a novel biochar preparation strategy to improve the
performance of biochars, that is, N-doping co-activation. N-doping co-activation refers
to the incorporation of nitrogen sources in the activation process in order to complete
nitrogen doping and activation at the same time and successfully prepare nitrogen-doped
porous biochars in one step. In this study, Birch bark was used as the carbon source for
biochar preparation for the first time. N-doped porous biochar was synthesized with
one-step co-activation pyrolysis by adding an activator (NaOH) and a nitrogen source
(urea) in the preparation process. The focus of this study is to determine the feasibility
of one-step N-doping co-activation in biochar preparation and its superiority in water
pollution treatment, in order to provide a more effective way to deal with water pollution.

2. Results and Discussion
2.1. Preparation of CBB, BBB, and N-BBB

The sample preparation process is shown in Figure 1 and can be divided into three
processes: direct carbonization, activation, and N-doping co-activation. The probable
chemical reactions during the processes are summarized as follows:
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Activation process [26–28]: In the high-temperature pyrolysis process, NaOH will
generate Na2O and water, and then be further ionized to form Na+ and OH−. These ions
will migrate or insert carbon precursors and react with them to generate carbon dioxide
and water. The carbon dioxide further reacts with the oxide produced by NaOH (Na2O) to
form carbonate (Na2CO3), which etches the carbonized sample. Finally, microporous, or
mesoporous, structures are formed in the carbon.

N-doping process [29–31]: The decomposition of CO(NH2)2 at a high temperature
produces solid and gaseous substances. Through the diffusion of the gas, the surface of
the biochar develops various wrinkles and pores. The NH3 released during the pyrolysis
process combines with the -OH group in lignocellulose (the main component of BB) to
form C-NH2, and further generate C=N-C [20]. Eventually, these nitrogenous groups form
various N-bond configurations including pyrrolic-N, pyridinic-N, and graphite-N.

2.2. Results of Characterizations

The microscopic morphology and elemental composition of the samples were observed
by SEM and EDS, as shown in Figure 2. BB had a rough, irregular surface and uneven
lamellar structure. After carbonization (Figure 2B), CBB began to show a dense and smooth
surface morphology. This can be explained by the fact that the main composition of BB
is lignocellulose, consisting mainly of cellulose composed of glucose and hemicellulose
composed of xylose [32]. During the high-temperature pyrolysis process, denatured glucose
and xylose changed the morphology of CBB [33]. With the activation process treatment,
especially in the presence of NaOH, BBB, and N-BBB (Figure 2C,E), many cracks and
fragmentation occurred on the surface due to a severe reaction phenomenon. BBB and
N-BBB were mainly composed of C, O, and N elements. However, because of different
treatments, their nitrogen content was different. The C, O, and N contents of BBB and
N-BBB were 84.62%, 13.52%, and 1.87%, and 84.16%, 12.14%, and 3.70%, respectively.
Compared with BBB, the content of N in N-BBB nearly doubled. The above results not only
proved the success of the activation process but also proved the feasibility of the N-doping
co-activation process.

The influence of temperature on BB was measured by a TGA test under N2 protection,
as shown in Figure 3A. The TGA curves corresponding to three main stages of weight loss
ranged from room temperature to 1200 ◦C. The first stage occurred at room temperature to
275 ◦C and was caused by evaporation and loss of residual water from physical surfaces
and internal pores [34,35]. The second stage, which started at 275 ◦C and ended at 500 ◦C,
was the most significant stage of weight loss. It can be explained by the fact that the main
oxygenated component of BB was lignocellulose, which can be cracked into gases and
tar at higher temperatures. With the removal of these pyrolytic substances, weight loss
in the second stage was induced. Therefore, 500 ◦C was selected as the carbonization
temperature for CBB preparation, and the yield was 20.28% at this time. As for the third
stage (500–1200 ◦C), the TG curve was relatively stable, indicating that there was no obvious
weight loss phenomenon. However, when the temperature exceeded 1000 ◦C (especially
when it was close to 1200 ◦C), CBB exhibited a slight mass change, which may have been
caused by the pyrolysis of some minerals [36,37].

The FT-IR spectra of the functional groups of the samples were analyzed, as shown in
Figure 2B. The broad band at around 3450 and 2930 cm−1 represented the stretching vibrations
of hydroxyl functional groups (O-H) and -CH, -CH2, and -CH3 groups [38]. The band around
1730 cm−1 represented the stretching vibration of C=O. The peak at 1630 cm−1 represented the
axial deformation of the carbonyl group. The band at around 1375 and 1420 cm−1 represented
the C-H symmetric bending vibration of the methyl group and the deformation vibration of
methylene [38,39]. In common with many biomass materials [34,35,38,39], the bands at around
1047–1159 cm−1 represented the tensile vibrations of C-O from alcohols, phenols, acids, or esters.
After N-doping co-activation, a new vibration peak appeared at 1690 cm−1, which indicated
that the C=N was formed on N-BBB [20].
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The crystal structure of the samples was tested by XRD, as shown in Figure 3C. The
peaks at 17◦ and 23◦ represent the cellulose from the lignocellulose of raw BB [32,33].
The irregular peaks represent minerals that can be interpreted as inorganic salts. These
peaks became sharper and more distinct after carbonization. After direct activation and
N-doped co-activation, these peaks were significantly weakened, which can be explained
by the removal of a large quantity of soluble mineral salts during the washing process. In
addition, we noted that the diffraction peaks of CBB, BBB, and N-BBB were in the range of
10–30◦ and 38–45◦, indicating that the prepared biochars had the local structure of typical
carbon materials; that is, they contained both amorphous carbon and a 2D graphite planar
structure [40].

The presence of defects in the carbon was determined by Raman spectra, as shown
in Figure 3D. Two typical peaks obtained from the results include the D-band with amor-
phous carbon at around 1339 ± 7 cm−1 and the G-band with graphitic carbon at around
1583 ± 3 cm−1 [38–40]. To measure the degree of defect and disorder in the carbons, the
intensity ratio of the D-band and G-band (ID/IG) was used as an important index. The
ID/IG value of CBB was 1.02. After activation, the ID/IG value of BBB and N-BBB were
1.26 and 1.20, which indicated that more amorphous carbon structures were generated in
the biochars.
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The specific surface area and porosity of the samples were tested by N2 adsorption-
desorption isotherms, as shown in Figure 4, and the data are shown in Table 1. The
specific surface area and the total pore volume of CBB were 49.5 m2/g and 0.0222 cm3/g,
respectively, which were not enough to support CBB as a porous biochar for adsorption.
Therefore, further activation treatment is needed to greatly improve its properties and
enhance its application performance. After direct activation and N-doping co-activation,
the specific surface areas of BBB and N-BBB were 2502.3 and 2292.7 m2/g, respectively,
and their total pore volumes were 1.1389 and 1.0356 cm3/g, respectively. Compared with
CBB, the values were greatly improved, which indicated the success and effectiveness of
the further activation treatment. Moreover, both BBB and N-BBB showed typical type IV
isotherms with a slight H3 hysteresis loop, indicating that some mesoporous structures
existed in the prepared biochars [39,40]. The volumes of micropores in BBB and N-BBB
were 1.1118 and 1.0170 cm3/g, respectively, accounting for 97.6% and 98.2% of the total pore
volume, respectively, indicating that they were porous biochars with mainly micropore
structure and partly mesoporous structure [24,25]. Pore size distribution was used to
further analyze the porosity of the samples. The results based on the NLDFT method also
showed that both BBB and N-BBB had microporous and mesoporous structures. The BJH
and H-K methods were used to study the pore distribution, which not only re-analyzed
the multi-pore structure of BBB and N-BBB but also further proved the existence of both
mesoporous and microporous structures.

Int. J. Mol. Sci. 2022, 23, x FOR PEER REVIEW  7  of  22 
 

 

multi‐pore structure of BBB and N‐BBB but also further proved the existence of both mes‐
oporous and microporous structures. 

In addition, it is noteworthy that the specific surface area and total pore volume of 
N‐BBB were smaller than those of BBB. There are three possible reasons for this. First, the 
addition of the nitrogen source urea in the activation process will compete with the acti‐
vator NaOH for the contact area with the carbon precursor, thus affecting the specific sur‐
face area and pore structure of N‐BBB. Second, it may be caused by the chemical reaction 
between the ammonia gas generated by the nitrogen source urea at high temperature and 
carbon dioxide produced in the activation process and water vapor, thus consuming part 
of the activator and reducing the activation efficiency. Third, the nitrogen source urea and 
activator simultaneously etched the surface of the carbon material and generated more 
gases [29–31], which diffused into the carbon precursor, resulting in partial fragmentation, 
affecting the pore structure and resulting in the reduction in the specific surface area and 
total pore volume. 

 
Figure 4. (A) N2 adsorption‐desorption isotherms of samples. Pore distribution of samples based on 
(B) NLDFT method, (C) BJH method, and (D) H‐K method. 

   

Figure 4. (A) N2 adsorption-desorption isotherms of samples. Pore distribution of samples based on
(B) NLDFT method, (C) BJH method, and (D) H-K method.

238



Int. J. Mol. Sci. 2022, 23, 14618

Table 1. The data of N2 adsorption-desorption for CBB, BBB, and N-BBB.

Samples SBET (m2/g) Vmicro (cm3/g) Vtotal (cm3/g)

CBB 49.5 0.0187 0.0222
BBB 2502.3 1.1118 1.1389

N-BBB 2292.7 1.0170 1.0356
SBET, Vmicro, and Vtotal represent the BET specific surface area, the volume of micropores, and the total pore volume.

In addition, it is noteworthy that the specific surface area and total pore volume of
N-BBB were smaller than those of BBB. There are three possible reasons for this. First,
the addition of the nitrogen source urea in the activation process will compete with the
activator NaOH for the contact area with the carbon precursor, thus affecting the specific
surface area and pore structure of N-BBB. Second, it may be caused by the chemical reaction
between the ammonia gas generated by the nitrogen source urea at high temperature and
carbon dioxide produced in the activation process and water vapor, thus consuming part
of the activator and reducing the activation efficiency. Third, the nitrogen source urea and
activator simultaneously etched the surface of the carbon material and generated more
gases [29–31], which diffused into the carbon precursor, resulting in partial fragmentation,
affecting the pore structure and resulting in the reduction in the specific surface area and
total pore volume.

The surface chemical and electronic states of the samples were determined by XPS
spectra, as shown in Figure 5. Both BBB and N-BBB contained mainly C, O, and N elements,
which was consistent with the EDS. The high-resolution C1s spectra of BBB and N-BBB
showed three classical peaks at 283.87–283.88, 284.82–284.98, and 287.74–288.22 eV corre-
sponding to C-C, C-O, and C=O, respectively [38–40]. The high-resolution O1s spectra of
BBB and N-BBB both had three peaks at 530.74–530.93, 532.36–532.43, and 533.76–534.28 eV
corresponding to C=O, C-O, and -OH, respectively [38–40]. The high-resolution N1s spectra
of ITGB and MITGB both had peaks at 397.41–37.42 and 399.33–399.38 eV, corresponding
to pyridinic-N and pyrrolic-N, respectively [38–40]. In addition, N-BBB had a unique peak
corresponding to graphite-N at 403.53 eV [20], indicating that the N-doped co-activation
method had indeed successfully doped N into N-BBB.

2.3. Results of Adsorption Performances
2.3.1. Adsorption Kinetics

Adsorption kinetics describes the adsorption capacity of the adsorbent at different
initial solution concentrations as a function of contact time [32–35]. Therefore, the effect
of time on the adsorption of MO and Cr6+ by BBB and N-BBB at a temperature of 303 K
was explored, as shown in Figure 6. Whether the adsorbent was BBB or N-BBB, or the
adsorbate was MO or Cr6+, all the adsorption process trends were similar. The adsorption
capacities increased sharply in the first 30 min, and then gradually reached equilibrium at
60 min. The extension of contact time did not further significantly improve the adsorption
capacities. It can be speculated that the adsorption capacities would increase with the
increase in the initial concentration of the solution, and the high concentration of solution
promoted the adsorption process to some certain extent [40]. In order to study the control
mechanism of reactions in the process of adsorption, three common adsorption kinetic
models, Lagergren’s PFK model based on surface physical adsorption [40], Ho–McKay’s
PSK model based on chemical adsorption [39], and Weber–Morris’s IPD model based on
molecular diffusion [38] were used to analyze the experimental data, as shown in Table 2.
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Table 2. Fitting parameters of adsorption kinetic models for MO and Cr6+ at 303 K.

Adsorbates Adsorbents Models Parameters
C0 (mg L−1)

50 100 200

MO

BBB

Qe (mg/g) 627.9 737.2 836.9

PFK
k1 (min−1) 0.0028 0.0074 0.0058

Qe.cat (mg/g) 611.8 720.4 800.3
R2 0.9880 0.9944 0.9780

PSK
k2 (g mg−1 min−1) 0.0003 0.0003 0.0005

Qe.cat (mg/g) 664.5 769.0 844.2
R2 0.9848 0.9896 0.9997

IPD
k3 (mg g−1 min−0.5) 27.12 23.62 19.90

C 350.1 497.9 628.2
R2 0.6464 0.5822 0.7517

N-BBB

Qe (mg/g) 644.4 755.1 858.3

PFK
k1 (min−1) 0.0044 0.0054 0.0051

Qe.cat (mg/g) 631.3 732.9 817.1
R2 0.9952 0.9885 0.9721

PSK
k2 (g mg−1 min−1) 0.0004 0.0004 0.0005

Qe.cat (mg/g) 672.1 777.9 862.8
R2 0.9873 0.9980 0.9989

IPD
k3 (mg g−1 min−0.5) 19.4 22.0 20.9

C 448.7 530.3 637.3
R2 0.5471 0.6549 0.7830
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Table 2. Cont.

Adsorbates Adsorbents Models Parameters
C0 (mg L−1)

50 100 200

Cr6+

BBB

Qe (mg/g) 93.8 119.6 141.1

PFK
k1 (min−1) 0.0014 0.0017 0.0020

Qe.cat (mg/g) 85.3 109.2 130.4
R2 0.9741 0.9614 0.9550

PSK
k2 (g mg−1 min−1) 0.0007 0.0008 0.0008

Qe.cat (mg/g) 98.4 122.3 143.6
R2 0.9923 0.9919 0.9913

IPD
k3 (mg g−1 min−0.5) 6.2 6.9 7.3

C 22.7 41.4 59.1
R2 0.9138 0.9280 0.9279

N-BBB

Qe (mg/g) 99.5 135.0 169.1

PFK
k1 (min−1) 0.0015 0.0017 0.0017

Qe.cat (mg/g) 89.7 122.4 153.0
R2 0.9500 0.9506 0.9318

PSK
k2 (g mg−1 min−1) 0.0007 0.0007 0.0006

Qe.cat (mg/g) 102.2 135.9 170.6
R2 0.9843 0.9869 0.9765

IPD
k3 (mg g−1 min−0.5) 6.2 7.3 9.6

C 27.7 50.5 58.4
R2 0.9537 0.9432 0.9746

The PFK correlation coefficients R2 of BBB for MO ranged from 0.9780 to 0.9944; while
the Qe.cat values (611.8, 720.4, and 800.3 mg/g) were lower than the Qe (627.9, 737.2, and
836.9 mg/g) obtained from the experiments. The PFK for Cr6+ ranged from 0.9550 to 0.9741;
while the Qe.cat values were 85.3, 109.2, and 130.4 mg/g for different initial concentrations,
and were again lower than Qe (93.8, 119.6, and 141.1 mg/g). To summarize, the PFK model
was not the best kinetic to describe the whole adsorption process. The IPD correlation
coefficients R2 of BBB for MO ranged from 0.5822 to 0.7517, indicating that the adsorption
process of MO by BBB may not be affected by particle diffusion. For Cr6+, on the contrary,
the correlation coefficients R2 ranged from 0.9138 to 0.9280, which indicated the adsorption
process had a particle diffusion behavior. Ho–McKay’s PSK model was used to fit the data;
the PSK correlation coefficients R2 of BBB ranged from 0.9848 to 0.9997 for MO and from
0.9913 to 0.9919 for Cr6+. Meanwhile, the Qe.cat values (664.5, 769.0, and 844.2 mg/g for MO,
and 98.4, 122.3, and 143.6 mg/g for Cr6+) agreed with those obtained from experiments,
which showed the applicability of PSK in the adsorption process.

When the models were used to fit with the data of N-BBB, the PFK correlation coef-
ficients R2 were 0.9721–0.9952 for MO and 0.9318–0.9506 for Cr6+. The Qe.cat values were
631.3, 732.9, and 817.1 mg/g for MO, and 89.7, 122.4 and 153.0 mg/g for Cr6+, which were
both lower than the Qe values (644.4, 755.1 and 858.3 mg/g for MO, and 99.5, 135.0, and
169.1 mg/g for Cr6+) obtained from experiments. It can be speculated that the PFK model
may have played a role in the adsorption process, although the role was not dominant. For
the IPD model, the correlation coefficients R2 were 0.5471–0.7830 for MO and 0.9432–0.9746
for Cr6+, also indicating that the adsorption process of N-BBB for Cr6+ had a particle diffu-
sion behavior and was largely unaffected by particle diffusion for MO. The PSK coefficients
R2 were 0.9873–0.9989 for MO and 0.9765–0.9869 for Cr6+, indicating the PSK model was
more suitable to describe the adsorption process. Moreover, it was found that, with the
increase in the initial concentration of the solution, the rate constants k2 of BBB were also
increased for both MO and Cr6+, indicating that the adsorption rate gradually accelerated,
and the adsorption rate was faster at a higher concentration. However, the rate constants k2
of N-BBB were different. For MO, N-BBB showed a similar trend to BBB. At the same time,
the rate constants k2 of N-BBB for Cr6+ decreased gradually, which indicated that, with the
increase in initial concentration, the adsorption rate gradually slowed, and the adsorption
rate was slower at a higher concentration.

According to the results, we inferred that the adsorption processes of BBB and N-
BBB for MO and Cr6+ may be mainly chemical reactions (while physical adsorption and
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particle diffusion also had certain effects on the adsorption process), and the adsorption
behaviors between adsorbent and adsorbate through transfer, exchange, or sharing to form
chemisorption bonds, may control the adsorption rate [40,41].

2.3.2. Adsorption Isotherms

The effect of concentration on the adsorption capacity of the adsorbent is usually
determined by investigating the adsorption isotherms. The effects of different initial
concentrations of solution on the adsorption process of BBB and N-BBB were studied
at a temperature of 303 K, and the results are shown in Figure 7. Increasing the initial
concentration of MO or Cr6+ solution was beneficial to the forward process of adsorption.
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Figure 7. Adsorption isotherms of MO and Cr6+ for BBB (A,B) and N-BBB (C,D) at 303 K.

Subsequently, the Langmuir and Freundlich isotherm models were used to analyze
the experimental data, and the results are shown in Table 3. The Langmuir isotherm model
is often used to describe the adsorption process of homogeneous molecules [42], while the
Freundlich isotherm model is often used to study the heterogeneous multilayer adsorption
process [43]. When the adsorbate was MO, the Langmuir isotherm correlation coefficients
R2 were 0.9327 for BBB and 0.9041 for N-BBB, which indicated that the adsorption pro-
cesses were not uniform single-layer. The Qm of BBB and N-BBB for MO were 860.3 and
887.4 mg/g, higher than Qe, indicating that the prepared biochars had higher adsorption
capacities for MO. Moreover, the KL of N-BBB for MO was slightly bigger than that of
BBB, which showed that N-BBB had a faster MO adsorption rate. The Freundlich isotherm
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correlation coefficients R2 for MO were 0.9967 for BBB and 0.9883 for N-BBB. The nF values
of BBB and N-BBB for MO were 7.75 and 7.51, bigger than 1.0, indicating that this adsorp-
tion model of fitting MO was appropriate. As for Cr6+, the Langmuir isotherm correlation
coefficients R2 were 0.9949 for BBB and 0.9822 for N-BBB, which also showed that the
uniform single-layer adsorption was not suitable to describe the adsorption process. When
the Freundlich isotherm was used to fit the data, the correlation coefficients R2 were 0.9976
for BBB and 0.9959 for N-BBB; while the nF values of BBB and N-BBB were 3.76 and 2.77.
The results indicated that the adsorption processes were non-uniform multilayer [42–44].

Table 3. Fitting parameters of adsorption isotherm models for MO and Cr6+ at 303 K.

Adsorbates Adsorbents Types Parameters

MO

BBB

Langmuir
Qm (mg/g) 860.3
KL (L/mg) 0.1345

R2 0.9327

Freundlich
KF (mg g−1(L mg−1)1/n) 431.5

nF 7.75
R2 0.9967

N-BBB

Langmuir
Qm (mg/g) 887.4
KL (L/mg) 0.1364

R2 0.9041

Freundlich
KF (mg g−1(L mg−1)1/n) 437.1

nF 7.51
R2 0.9883

Cr6+

BBB

Langmuir
Qm (mg/g) 169.8
KL (L/mg) 0.0264

R2 0.9949

Freundlich
KF (mg g−1(L mg−1)1/n) 34.9

nF 3.76
R2 0.9976

N-BBB

Langmuir
Qm (mg/g) 226.2
KL (L/mg) 0.0163

R2 0.9822

Freundlich
KF (mg g−1(L mg−1)1/n) 25.7

nF 2.77
R2 0.9959

2.3.3. Adsorption Thermodynamics

The influence of temperature (293, 303, and 313 K) on adsorption by BBB and N-BBB
is shown in Figure 8. On increasing the temperature from 293 K to 313 K, the adsorp-
tion capacities of BBB for MO and Cr6+ increased from 712.5 to 764.8 mg/g and from
105.8 to 124.1 mg/g, respectively, while the adsorption capacities of N-BBB for MO and
Cr6+ increased from 726.7 to 773.7 mg/g and from 112.6 to 148.3 mg/g, respectively.
Obviously, raising the temperature increased the adsorption capacities of MO and Cr6+—
that is, a high-temperature environment promoted the adsorption processes by biochars
(BBB and N-BBB).

The experimental data were analyzed by thermodynamics formulas, and the param-
eters are shown in Table 4. All ∆G values were negative, indicating that the adsorption
occurred spontaneously, both with BBB (−5.86, −6.19, and −6.55 for MO and −0.27, −0.61,
and −0.73 for Cr6+) and N-BBB (−5.93, −6.29, and −6.60 for MO and −0.43, −0.93, and
−1.23 for Cr6+) [39,40]. The thermodynamic enthalpy values of ∆H of adsorption of MO
were 4.29 and 3.82 kJ/mol for BBB and N-BBB, respectively, and the ∆H values of ad-
sorption of Cr6+ were 6.47 and 11.23 kJ/mol for BBB and N-BBB, respectively, which
further confirmed the endothermic property of the adsorption process [38]. In addition,
the positive values of thermodynamic ∆S (34.61 and 33.27 Jmol−1 K−1 for MO, 23.01 and
39.78 J mol−1 K−1 for Cr6+) indicated that the randomness and chaos of the interface be-
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tween the porous biochars and solutions increased with the increase in temperature [40].
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Table 4. Fitting adsorption thermodynamic parameters for MO and Cr6+.

Adsorbents Adsorbates T (K) ∆G
(kJ/mol)

∆H
(kJ/mol)

∆S
(J mol−1 K−1)

BBB

MO
293 −5.86

4.29 34.61303 −6.19
313 −6.55

Cr6+
293 −0.27

6.47 23.01303 −0.61
313 −0.73

N-BBB

MO
293 −5.93

3.82 33.27303 −6.29
313 −6.60

Cr6+
293 −0.43

11.23 39.78303 −0.93
313 −123

2.3.4. Effect of pH

In general, pH affects the adsorption process by changing the charge properties of the
adsorbent and the adsorbate [32–35]. MO has two chemical structures, basic and acidic,
and whether the chromophore was anthraquinone or azo bond depends on the pH of the
solution [45]. The adsorption of MO by biochars was investigated in the pH range of 2
to 10, and the results are shown in Figure 9A. With the increase in pH, the adsorption
capacity of both BBB and N-BBB decreased, which can be explained by the electrostatic
attraction between the surface charge of the biochars and the ionic charge of the anionic
dye MO. Compared with BBB, N-BBB had higher electronegativity due to the N-doping.
When the pH value was less than 6, the affinity of the dye increased, and the negative
charge on the surface of the biochar could be used as the active site to generate a strong
electrostatic attraction with the dye in solution. Conversely, when the pH was higher than
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6 (particularly 8), the protonation of the dye was gradually weakened, and the biochars
with negative active sites on the surface were not conducive to the adsorption of anionic
dyes due to electrostatic repulsion, which reduced the adsorption amount of MO. Cr6+

also possessed various forms at different pH levels [4,5,20], where it exists as HCrO4
−

and Cr2O7
2− when the pH is lower than 6.5, and as Cr2O7

2− and CrO4
2− when the pH is

higher than 6.5. With the increase in pH, the adsorption capacities of both BBB and N-BBB
decreased, and the maximum adsorption capacities were at a pH value of 2. This can be
explained by the fact that the biochars (BBB and N-BBB) had a positive surface charge at a
pH less than pHpzc (4.46 for BBB and 4.52 for N-BBB). When the pH was higher than 6, the
adsorption capacities decreased sharply, which may be due to electrostatic repulsion. When
the pH was in the range of 8 to 10, the adsorption became relatively stable, which indicated
that electrostatic interaction was not the only process affecting adsorption performance [20].
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2.4. Results of Cycle Tests

The recyclability of adsorbents is an important parameter for evaluating the practical
performance of biochars [38–40]; thus, the five-cycle performance of the biochars was
investigated, and the results are shown in Figure 10. The removal rates of MO and Cr6+

by BBB and N-BBB decreased with an increase in cycle number. This can be explained as
follows: on the one hand, with the treatment of the cycling experiment, adsorbed organic
pollutants formed by-products on the surface of biochars [38,39]; while on the other hand,
with the increase in the carbonization regeneration process, the structure of the biochars
became more fragile, which further affected its regeneration. At the same time, after five
cycles, the removal rate of MO and Cr6+ by BBB and N-BBB remained above 80%, indicating
that they had good stability and regeneration ability.
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2.5. Probable Mechanism Analysis

In this work, the N-BBB exhibited good removal ability of MO and Cr6+ in water
solutions affected by many factors (Figure 11). Firstly, the large specific surface area
and high total pore volume (2292.7 m2/g and 1.0356 cm3/g) of N-BBB provided many
adsorption sites for the adsorption pollutant; therefore, it can be speculated that pore filling
may play an important role in the adsorption process. The results based on the kinetics and
isotherm showed that the adsorption process was heterogeneous multilayer adsorption
with a chemical reaction, which indicated that the chemical binding force will also promote
the adsorption process. In addition, from the test results with FT-IR and XPS, it can be
speculated that many unsaturated functional groups containing carbon and oxygen on
the biochar surface will produce hydrogen-bond interaction with the pollutant model.
Moreover, FT-IR and Raman test results also showed that the prepared biochars contained
aromatic rings and sp2 hybridized carbon with graphite structure, and the π bond in these
structures may also have π–π interaction with aromatic rings in pollutants to enhance the
adsorption capacity. The charged pollutants in the appropriate pH environment formed a
strong electrostatic attraction with N-BBB, which further promoted the adsorption process.
Experiments under different conditions, such as the initial concentration of the solution
and the temperature of the adsorption process, show that these also affect the adsorption
process. To summarize, in addition to the experimental conditions, the pore filling, π–
π interaction, H-bond interaction, and electrostatic attraction supported the excellent
performance of N-BBB.
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2.6. Comparison

Adsorption capacity is an important parameter for evaluating the practical perfor-
mance of an adsorbent; thus, the adsorption capacities of BBB and N-BBB are compared
with other biochars, as shown in Table 5. The adsorption capacities of CBB for MO and
Cr6+ were only 25.2 and 10.4 mg/g. After activation and N-doping co-activation, the
adsorption capacities of BBB and N-BBB to MO and Cr6+ were significantly enhanced.
In addition, compared with other biochars, the adsorption capacities of BBB and N-BBB
were not low, which fully indicated that the prepared biochars had great potential and
application prospects in the treatment of water pollutants.
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Table 5. Comparison of BBB and N-BBB to MO and Cr6+ with other biochars.

Adsorbents Qe for MO (mg/g) Qe for Cr6+ (mg/g) References

BBB 836.9 141.1 This work
N-BBB 858.3 169.1 This work

Pomelo peel biochar 147.9 - [46]
Magnetic bamboo biochar 305.4 - [47]

Date seeds biochar 334.0 - [48]
Lotus root biochar 449.0 - [49]

Date palm petioles biochar 461.0 - [50]
Landfill leachate sludge

biochar - 17.5 [51]

Zn/iron-based
sludge/biochar - 27.0 [52]

Potamogeton crispus biochar - 34.4 [53]
Egeria najas biochar - 138.8 [54]

Soybean protein biochar - 489.7 [55]

3. Materials and Methods
3.1. Materials and Reagents

Birch bark (BB), Betula Mandshurica Nakai, obtained from the campus of Jilin Agricul-
tural University (Changchun, China) in 2022, was washed with deionized water, dried at
80 ◦C for 12 h, and crushed. Urea, NaOH, H2SO4, HCl, and ethanol were purchased from
Beijing Chemical Works (Beijing, China) and used without further purification.

Diphenylcarbazide (CAS: 140-22-7), Methyl orange (MO, CAS: 547-58-0), and Potassium
dichromate (Cr6+, CAS: 7778-50-9) were supplied by Aladdin Chemical (Shanghai) Co., Ltd.
(Shanghai, China) and the structural formulas are shown in Figure S1 (Supplementary Material).

3.2. Preparation of Biochars

BB was carbonized at 500 ◦C for 60 min with a heating rate of 10 ◦C/min under the
protection of a nitrogen atmosphere to obtain CBB. BB was used by mixing with NaOH and
Urea at a ratio of 1:4:1; meanwhile, 1.0 g BB was sufficiently ground with 4.0 g NaOH. The
two mixtures were both heated at 700 ◦C for 60 min. After cooling to room temperature,
the activated mixtures were washed with HCl and deionized water until reaching a natural
pH value and dried at 180 ◦C for 12 h. At last, the samples including CBB, BBB, and N-BBB
were kept in a desiccator prior to subsequent experiments.

3.3. Adsorption Performances

In a batch adsorption experiment, 0.05 g/L BBB or N-BBB was added to a flask contain-
ing pollutant solutions (MO or Cr6+). The flask was placed in a constant temperature shaker
at 150.0 RPM in the dark. After the adsorption process reached equilibrium, the suspension
was centrifuged, and the supernatant was diluted with deionized water. The concentration
of the solution was determined with an Agilent Cary-300 UV-vis spectrophotometer. The
adsorption capacities of samples were calculated by Equation (1):

Qe =
(C0 − Ce)× V

m
(1)

where Qe (mg/g) represents the adsorption capacity of the sample, Ce represents the
equilibrium concentrations of the solution, C0 (mg/L) represents the initial concentrations
of the solution, m (g) represents the mass of the samples, and V (L) represents the volume
of the solutions.

The pollutant solutions were prepared at different concentrations (50, 100, and 200 mg/L).
A total of 0.05 g/L BBB or N-BBB was dispersed into flasks containing MO or Cr6+ solutions
and shaken at 150 RPM in the dark at 303 K. Then, the concentrations of the solutions were
determined at preset time intervals. The pseudo-first-order kinetic (PFK, Equation (2)), the
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pseudo-second-order kinetic (PSK, Equation (3)), and the intra-particle diffusion model
(IPD, Equation (4)) were used to analyze the adsorption kinetic data, shown as follows:

ln(Qe − Qt) = ln Qe − k1t (2)

t
Qt

=
1

k2Q2
t
+

t
Qe

(3)

Qt = k3t0.5 + C (4)

where Qt represents the adsorption capacity of the sample at different time points t, C
represents the thickness of the boundary layer, k1 represents the PFK adsorption kinetic
rate constant, k2 represents the PSK adsorption kinetic rate constant, and k3 denotes the
IPD adsorption kinetic rate constant.

The pollutant solutions at different initial concentrations (50, 100, 150, 200, and
250 mg/L) were prepared and used to test the adsorption isotherm at 303 K. After adsorp-
tion saturation, the absorbances of the solutions were measured using a UV-Vis spectropho-
tometer. The adsorption isotherm data were investigated using the Langmuir isotherm
model (Equation (5)) and Freundlich isotherm model (Equation (6)), as follows:

Ce

Qe
=

Ce

Qm
+

1
QmKL

(5)

ln Qm =
1
n

ln Ce + ln KF (6)

where Qm (mg/g) represents the maximum adsorption capacity of the sample calculated by
the adsorption isotherm model, KL represents the Langmuir adsorption isotherm constant,
and KF represents the Freundlich adsorption isotherm constant.

The effect of temperature (293, 303, and 313 K) on the adsorption capacity of the
samples was investigated at an initial concentration of 100 mg/L BBB or 0.05 g/L N-BBB.
The thermodynamic parameters were analyzed to describe the effect of temperature on the
adsorption process. The calculation equations were as follows:

ln(KT) = −∆H
RT

+
∆S
R

(7)

KT =
Qe

Ce
(8)

∆G = ∆H − T∆S (9)

where ∆S represents the thermodynamic parameters’ standard entropy, ∆G represents the
standard free Gibbs energy, ∆H represents the standard enthalpy, and R represents the gas
constant (8.314 J/K·mol).

The variation in the adsorption capacity of the samples with the pH (2, 4, 6, 8, and
10) was also investigated. The solutions were adjusted to different pH values by HCl
and NaOH.

3.4. Cycle Tests

In each cycle, 1.0 g/L BBB or N-BBB was placed into a flask containing the organic
pollutant solutions at a concentration of 100 mg/L at 303 K. After the adsorption of
pollutants (Figure S2, Supplementary Material), the samples, BBB/MO, BBB/Cr6+, N-
BBB/MO, and N-BBB/Cr6+, were collected and washed with deionized water. Then, the
recycled samples were carbonized for 60 min at 600 ◦C under the protection of a nitrogen
atmosphere. The re-carbonized samples were re-used as fresh adsorbent in the next cycle.
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4. Conclusions

In this work, BB was used for the first time to prepare porous biochars via N-doping
co-activation. The specific surface area and total pore volume of N-BBB were 2292.7 m2/g
and 1.0356 cm3/g, respectively, which proved the feasibility of N-doping co-activation
in pore-forming. The large specific surface area and the high total pore volume played a
substantial role in the adsorption process. EDS, FT-IR, and XPS were used to characterize
the samples, and the results indicated that nitrogen doping was successfully completed. In
an experiment using the synthetic dye MO and heavy metal Cr6+ as the pollutant models,
N-BBB showed good removal ability. The adsorption capacity of N-BBB remained above
80% after five regenerations, which fully proved the stability of regeneration. Moreover, the
excellent adsorption performance of N-BBB may have been influenced by pore filling, π–π
interaction, H-bond interaction, and electrostatic attraction. This study not only provided a
biochar adsorbent with excellent performance but also verified the feasibility of the one-step
nitrogen-doping co-activation method to prepare high-performance biochars. In the future,
we will continue to study this N-doped co-activation method and explore its application to
other types of biomass to further develop more biochars with better performance.
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Abstract: Quasi-spherical undoped ZnO and Al-doped ZnO nanoparticles with different aluminum
content, ranging from 0.5 to 5 at% of Al with respect to Zn, were synthesized. These nanoparticles
were evaluated as photocatalysts in the photodegradation of the Rhodamine B (RhB) dye aqueous
solution under UV-visible light irradiation. The undoped ZnO nanopowder annealed at 400 ◦C
resulted in the highest degradation efficiency of ca. 81% after 4 h under green light irradiation
(525 nm), in the presence of 5 mg of catalyst. The samples were characterized using ICP-OES,
PXRD, TEM, FT-IR, 27Al-MAS NMR, UV-Vis and steady-state PL. The effect of Al-doping on the
phase structure, shape and particle size was also investigated. Additional information arose from
the annealed nanomaterials under dynamic N2 at different temperatures (400 and 550 ◦C). The
position of aluminum in the ZnO lattice was identified by means of 27Al-MAS NMR. FT-IR gave
further information about the type of tetrahedral sites occupied by aluminum. Photoluminescence
showed that the insertion of dopant increases the oxygen vacancies reducing the peroxide-like
species responsible for photocatalysis. The annealing temperature helps increase the number of
red-emitting centers up to 400 ◦C, while at 550 ◦C, the photocatalytic performance drops due to the
aggregation tendency.

Keywords: nanomaterials; ZnO; Al-doped ZnO; Rhodamine B; photocatalysis; green light-irradiation;
photoluminescence; solid-state 27Al-NMR

1. Introduction

Based on the world water development report 2020 [1], among the most critical con-
temporary global issues, the conservation of water resources associated with global climate
change is of high environmental importance. Water resources are currently contaminated
with various organic, inorganic and microbial pollutants. Organic contaminants, which are
mainly employed in processing products such as fabrics, cosmetics, leather, plastic, ceram-
ics, paper, ink-jet printing, pharmaceuticals, etc. [2–4], are due to the discharge of organic
dyes through industrial wastewater. In aquatic life, different pollutants were identified,
including textile dyes, surfactants, insecticides, pesticides and heavy metals [5]. Exposure
to dyes at a small level of less than 1 mg L−1 can seriously affect the water quality of the
aquatic environment [3]. In fact, Rhodamine B (RhB), Methyl Orange (MO) and Methylene

255



Int. J. Mol. Sci. 2022, 23, 15459

Blue (MB) are commonly used mutagenic, toxic and non-biodegradable dyes hazardous
to aquatic life. These dyes also threaten human lives due to their high potential of being
carcinogenic [6]. In particular, traces of organic dyes in water can result in ailments such as
abdominal disorders, irritations, anemia and many more [7,8].

In the textile industry, up to 200,000 tons of dyes are dispersed in water bodies every
year during the dyeing and finishing manipulations due to the inefficiency of the dyeing
process [9]. Therefore, the removal of pollutant dyes from wastewater is needed. Among
the conventional treatments available nowadays, various chemical and physical processes
such as chemical precipitation and separation, adsorption and coagulation methods are in
use [10]. However, these methods lead to incomplete dye degradation and only transfer the
contaminant from one phase to another [11]. Advanced Oxidation Processes (AOPs), based
on semiconducting materials, have emerged in recent years as an alternative to conventional
methods [12]. Indeed, through these processes, reactive species such as hydroxyl radicals
can be generated and used as active species to oxidize the organic contaminants quickly
and non-selectively. Heterogeneous photocatalysis utilizing oxide-based nanomaterials
is of particular interest owing to its ability to destroy water-soluble organic pollutants in
water and wastewater [13].

Ideally, the system design concept for the photocatalytic degradation reaction includes
the use of particles suspended in water as photocatalysts irradiated by light. In this process,
the photocatalyst plays a fundamental role. The utilized materials are semiconductors
characterized by an electronic band structure, where the highest occupied energy band,
called the valence band (V.B.), and the lowest empty band, the conduction band (C.B.), are
separated by an energy bandgap. The absorption of photons with equivalent to or higher
energies than the semiconductor bandgap leads to the generation of the electron (e−)–hole
(h+) pairs in the semiconductor particles. A charge separation follows due to the migration
of these photogenerated carriers in the semiconductor particles. Then, the surface chemical
reactions between these carriers with various compounds (e.g., H2O, hydroxyl radicals)
occur. Electrons and holes may also recombine with each other without participating in any
chemical reactions. The oxidizing agents attack the organic pollutants present on or near
the catalytic surface until there is complete mineralization into harmless species [14,15].

Until now, ZnO-based nanomaterials have been studied as heterogeneous photocata-
lysts for dye degradation because they are abundant, environmentally friendly, non-toxic,
insoluble in neutral water and economical [16]. However, the efficiency of zinc oxide as a
photocatalyst is still limited due to the rapid recombination of electron–hole pairs and the
lower activity in the visible region than in the UV-range [17]. Doping of ZnO is an interest-
ing way to optimize and tune its optical, electrical, magnetic and structural performance.
Zinc oxide can be observed in three polymorphs: wurtzite, zinc blend and rock salt [18].
Under ambient conditions, the thermodynamically stable phase is the wurtzite structure.
Structurally, wurtzite has a hexagonal closed-packed arrangement of O2- anions where half
of the tetrahedral sites are occupied by the Zn2+ cations. The other half of the tetrahedral
sites and all the octahedral sites are empty. These latter sites procure possible dopant sites.
n-type and p-type doped ZnO materials have been extensively studied because they exhibit
interesting properties for industrial applications [18,19]. Undoped ZnO displays n-type
conductivity, traditionally attributed to intrinsic defects such as zinc excess at the interstitial
positions and the lack of oxygen. The n-type conductivity can also be acquired by doping
with post-transition metal ions such as Al [20], Ga [21] and In [22]. It is known that the trend
in doping efficiency is related to the size of the trivalent dopant (In > Ga > Al) with respect
to the Zn2+ ion [21]. The greater similarity between the dopant and the host cation size
allows a more favorable lattice substitution. Indeed, the ionic radii for Zn2+, In3+, Ga3+ and
Al3+ in CN = 4 coordination are 0.60, 0.62, 0.47 and 0.39 Å, respectively [21]. These dopants
mentioned above have fully occupied d orbitals, hence no possible internal d-d transitions.
However, they stimulate the formation of native defects in the ZnO lattice (for instance,
zinc interstitials and oxygen vacancies). Such defects generate mid-bandgap energy levels
which are reported to increase carrier trapping leading to rapid non-radiative recombina-
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tion of the electron–hole pairs within the semiconducting materials. Although doping can
be used to enhance the general efficiency of the photocatalyst, many contributions to a
changing performance have to be considered, such as preparation method [23], particle
morphology [12,24], surface properties [25,26] and defects [27], dopant concentration [2] as
well as the charge transfer dynamics of the discoloration process [28].

In this work, aluminum was selected as a dopant for the ZnO semiconductor material
because of its abundancy, low price and suitability. Several articles have been published
regarding the conductivity enhanced through n-type doping when Al is incorporated
into the zinc oxide crystal lattice [19–21,29]. Some authors [30] also noticed that the
electronic properties of the doped oxide are influenced by the crystallographic position
of the aluminum dopant in the ZnO lattice. Indeed, the Al3+ ion can occupy the empty
tetrahedral sites, and also substitute a Zn2+ ion in the tetrahedral geometry, to furnish a
free electron (charge carrier) which improves the conductivity. Likewise, an interstitial
octahedral coordinated site can be occupied by the Al3+ ion. It is reported that when
Al3+ ions occupy the octahedral site, the conductivity decreases [30,31]. Thus, the Al3+

dopant should be placed in a substitutional, tetrahedral position to optimize the ZnO host
material’s electronic properties.

The insertion of post-transition metals as dopants creates defects responsible for en-
hanced functionalities and might lead to enhanced charge separation [32]. Therefore, we
synthesized, characterized and investigated undoped and Al-doped ZnO nanoparticles
with increasing percentages of aluminum with respect to Zn for photocatalytic degradation
under UV-visible light irradiation of Rhodamine B. Although many authors have reported
on the photodegradation of Rhodamine B by ZnO [7,33–35], it is difficult, if not impos-
sible, to directly compare their photocatalytic performances due to the many variables
(e.g., reaction conditions, light source, reactor setup, etc.) that are not standardized. We
also examined the effect of the thermal treatment in a dynamic nitrogen atmosphere at
400 ◦C and 550 ◦C on the catalysts, focusing on the role played by the defects.

2. Results and Discussion

Designing a photocatalyst requires attention to the composition (e.g., Al/Zn ratio) and
the morphology. Nanosized dimensions are crucial for a material to function as an efficient
photocatalyst due to a large number of atoms at the surface with their distinct optical,
crystallographic and electronic properties. Thus, the strategy consisted in synthesizing
undoped and Al-doped ZnO particles in the nanoscale to achieve large surface areas with
consequent benefits for its performance. To this end, a method previously described by Mo-
mot et al. [19] was followed, where the authors presented an applicable solvothermal route
to nanocrystalline Al-doped ZnO based on the reaction between zinc (II) acetylacetonate
and aluminum (III) acetylacetonate as precursors and benzylamine used as solvent and
reactant, Figure S1. The dopant concentrations range from 0 at% to 5 at% with respect to Zn.
To investigate and evaluate any possible effects of the aluminum dopant on the zinc oxide
structure, Inductively Coupled Plasma Optical Emission Spectroscopy (ICP-OES), Powder
X-ray Diffraction (PXRD), Transmission Electron Microscopy (TEM), Fourier Transform
Infrared spectroscopy (FT-IR), Solid-State 27Al-Magic Angle Spinning Nuclear Magnetic
Resonance (SS 27Al-MAS NMR), UltraViolet-Visible spectroscopy (UV-vis) and steady-state
Photoluminescence spectroscopy (PL) have been used. The thermal treatment under nitro-
gen atmosphere was applied to investigate its effect on the position of the dopant and the
related performance change. In particular, the annealing in a dynamic nitrogen atmosphere
was performed on the ZnO (ZO) and Al-doped ZnO (AZO-05 and AZO-5) at 400 and
550 ◦C. Moreover, commercial ZnO (CZO) is used as reference material. The resulting
synthesized and commercial samples were coded as listed in Table 1.
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Table 1. Undoped, Al-doped and commercial ZnO sample codes.

Sample Type Sample Code Nominal Al
Concentration (at%)

Annealing in N2
Flow

Commercial ZnO CZO 0 /
Undoped ZnO ZO 0 /
Undoped ZnO ZO-400 0 400 ◦C/10 min
Undoped ZnO ZO-550 0 550 ◦C/10 min
Al-doped ZnO AZO-05 0.5 /
Al-doped ZnO AZO-05-400 0.5 400 ◦C/10 min
Al-doped ZnO AZO-05-550 0.5 550 ◦C/10 min
Al-doped ZnO AZO-1 1 /
Al-doped ZnO AZO-2 2 /
Al-doped ZnO AZO-3 3 /
Al-doped ZnO AZO-5 5 /
Al-doped ZnO AZO-5-400 5 400 ◦C/10 min
Al-doped ZnO AZO-5-550 5 550 ◦C/10 min

The powder XRD patterns of commercial ZnO, undoped ZnO and Al-doped ZnO
materials displayed in Figure 1, where the CZO was used as reference solid.
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Figure 1. X-ray diffraction patterns of undoped ZnO and Al-doped ZnO powders as-synthesized
with different aluminum content. CZO is used as reference material. Symbol: *—corresponds to the
secondary phase: Zn6Al2(OH)16CO3 4H2O.

All patterns match the hexagonal wurtzite crystal phase (PDF card 89-1397) [10]. The
characteristic diffraction peaks at 2θ = 31.79◦, 34.44◦, 36.28◦, 47.59◦, 56.61◦, 62.91◦, 66.41◦,
68.04◦ and 69.17◦ indicate the reflection from (100), (002), (101), (102), (110), (103), (200), (112)
and (201) crystal planes, respectively. At an increasing amount of aluminum inserted into
the zinc oxide lattice, an additional crystalline phase, identified as Zn6Al2(OH)16CO3·4H2O
(PDF card 38-0486), is observed. Although the Al3+ ion is smaller than the Zn2+ ion, its
incorporation is complex and incomplete [36]. Therefore, depending on slight variations
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of the experimental conditions [30,37], a segregated phase of aluminum external to the
zinc oxide lattice might explain the presence of different diffraction peaks in the XRD
patterns [20,38,39].

The doping efficiency also depends on the crystallographic position in the ZnO lattice
and is majorly correlated to the post-treatments and synthesis method [30].

A quantitative determination of dopant incorporation within the ZnO structure was
evaluated using ICP-OES, Table S1. Although the presence of a secondary phase (vide infra),
might lead to an incorrect composition analysis, the results display a good relationship
between the nominal amounts of aluminum added during the synthesis mixture and the
actual aluminum found in the final solid. The missing aluminum content most probably
was removed by the repeated washing procedures. This would suggest that doping ZnO
quasi-spherical nanoparticles with aluminum is more efficient at lower reaction molar
ratios. Similar observations for the experimental aluminum content are made in the
literature [30,40].

TEM was used to evaluate the morphology and size of the nanoparticles. As displayed
in Figure 2, the synthesis produced quasi-spherical nanoparticles exhibiting diameters
ranging between 10 and 70 nm for ZO and AZO, highlighting the success of the synthesis
method. From TEM investigation, the nominal aluminum content in the AZO nanoparti-
cles as-synthesized does not affect the average diameter and the size distribution of the
quasi-spheres when the aluminum content is low. In contrast, an increase in diameter is
observed for the AZO-5 NPs. It was previously reported [41–45] that the morphology of
the particles is not affected at low aluminum content while it can be strongly altered (or
modified) for increased aluminum content. For instance, Kelchtermans and coworkers [46]
demonstrated that at an aluminum concentration of 10 at%, the presence of both Al-doped
ZnO nanoparticles and nanorods can be detected. Pinna et al. [47] observed a mixture of
spheres and rods for pure ZnO, and the presence of different morphologies was particu-
larly evident when impurities were present. Generally, when the spherical morphology is
maintained, a decrease in the diameter of the AZO nanoparticles is reported.

A further structural investigation was performed after annealing the ZO and AZO
nanopowders in a nitrogen atmosphere at 400 and 550 ◦C; see Figures S2 and S3.

The particle size distribution histograms show that thermal treatment affects the
zinc oxide NPs shape and size. The particles size goes from 22 ± 7 nm for the bare
ZO, to 42 ± 21 nm for the same material annealed at 400 ◦C and up to 51 ± 21 nm for
the nanoparticles annealed at 550 ◦C. Furthermore, the aggregation tendency is more
pronounced by annealing at 550 ◦C temperature. A broader particle size distribution
together with the appearance of particles of different shape was already observed in the
samples annealed at 400 ◦C. Indeed, the particle size distribution presents a wider standard
deviation for the annealed materials due to the variety of morphologies displayed.

Solid-state 27Al MAS NMR can provide information on the local environment of the
aluminum ions inserted into the zinc oxide structure [30,48]. Therefore, the technique is
used to study the position of aluminum in the crystalline lattice [19,30,48]. Figure 3 presents
the solid-state 27Al MAS NMR spectra of the AZO as-synthesized series, in which the signal
assignments can be made based on the correlation between the observed chemical shift
value and the coordination number of the aluminum atoms.

Four principal signals are often observed in the AZO 27Al MAS NMR spectra: the first
signal around 10 ppm results from a 6-fold coordination, i.e., Al coordinated to 6 oxygen
atoms (octahedral, AlVI) [29]. The peak often has a narrow linewidth indicating a highly
ordered, crystalline environment, implying that the aluminum is incorporated into the
crystalline ZnO lattice during the synthesis. In this case, however, the general line shape of
the octahedral signal is broadened by superposition with a broad contribution originating
from a portion of the aluminum atoms in an amorphous, disordered environment [48].
27Al nucleus is quadrupolar and can interact with an external magnetic field as well as
with an electric field gradient generated in the surrounding environment. Therefore, in a
symmetrical environment the generated signal is sharp, while in an asymmetrical environ-
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ment, the signal shape is distorted and broadened [49]. The second signal around 82 ppm
is referred to as the 4-fold coordination, i.e., Al coordinated to 4 oxygen atoms (tetrahedral,
AlaIV). In agreement with results reported in the literature [30], higher aluminum contents
imply a decreasing fraction of aluminum occupying tetrahedral sites. The third signal
around 200 ppm is (partly) due to a spinning-side band (SS) of the octahedral signal but can
also contain a Knight-shift signal (AlKs). In the literature, some authors [50] reported the
observation of a Knight-shift signal in their NMR spectra. The mechanism of appearance of
this signal in metals has been explained [51], while the exact origin of this signal in ZnO
samples has been suggested [19]. These three signals are all observed in the spectra of the
AZO samples in this study. Sometimes, a fourth, broad signal appears around 70 ppm
indicating the presence of aluminum in a 5-fold coordination state (AlV) or in a distorted
4-fold coordination (AlbIV) [29]. This signal is clearly observed in the spectra of the AZOs
after annealing in N2 at 400 and 550 ◦C (Figure S5).
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Figure 2. TEM micrographs of the ZO, AZO-05 and AZO-5 as-synthesized materials supported with
the corresponding particle size histograms.
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Based on the characterization results obtained by PXRD, ICP-OES and 27Al MAS NMR,
the discussion presented below will focus mainly on three selected materials, ZO, AZO-05
and AZO-5. Indeed, the bare ZnO, AZO-05 and AZO-5 are representative for the entire
AZO series.

It is reported in literature [19] that an enhanced conductivity of the AZO materials is
obtained by annealing in a reductive atmosphere at increased temperatures. The authors
showed that aluminum atoms occupying interstitial positions in the zinc oxide lattice can
migrate to the substitutional positions, at the same time creating interstitial Zn atoms. They
also provided evidence that the origin of the Knight-shift peak observed in their NMR
spectra is related to the formed complex of aluminum in these substitutional positions
and Zn at interstitial positions. To evaluate how the annealing procedure might affect
the photocatalytic activity of the AZO semiconductors, the AZO-05 and AZO-5 samples
were annealed in a tube furnace under a dynamic nitrogen atmosphere at temperatures
of 400 ◦C and 550 ◦C. Figure S5 shows the 27Al MAS NMR spectra of these annealed
AZO samples. Compared to the spectra of the not-annealed samples shown in Figure 3,
the spectra of the annealed AZOs show a much broader signal for the octahedral AlVI

next to the presence of a broad signal around 70 ppm from 5-fold coordinated (AlV) or
distorted 4-fold coordinated (AlbIV) aluminum. It emerges that a significant part of the
aluminum atoms migrates from an octahedral position to a tetrahedral, as well as distorted
tetrahedral (or pentahedral) position, after annealing. These results are in agreement
with the literature [19]. Taking the comparison between AZO-05 and AZO-05-400 as
an example, it is clear that thermal annealing favors the migration of Al atoms from
octahedral environments towards tetrahedral and distorted 4-fold or 5-fold coordination
sites. Moreover, by increasing the annealing temperature from 400 ◦C to 550 ◦C, aluminum
atoms almost only migrate from 4-fold coordination sites towards the distorted 4-fold
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or 5-fold coordination sites. This behavior is also observed comparing AZO-05-400 to
AZO-5-400. In addition, for the annealed AZO nanoparticles, a lower amount of aluminum
doping results in an increase of aluminum in a metallic-state environment (AlKs).

The 27Al-NMR spectra have demonstrated that the aluminum in the zinc oxide lattice
is located mainly in tetrahedral and octahedral sites. However, it is still unclear whether
the tetrahedral sites arise from substituting the Zn2+ ions. It might be possible that the
signal of tetrahedral aluminum is due to Al3+ ions occupying the vacant interstitial tetra-
hedral positions instead of substituting Zn2+ ions. Therefore, to further assess the effect
of aluminum as a dopant, FT-IR measurements were performed. This technique is used
to obtain information about the vibrational stretching and bending of the undoped and
Al-doped zinc oxide materials in the infrared region. The transmittance of the KBr pellets
containing CZO, ZO and AZO materials was measured in the interval of 4000–400 cm−1;
see Figure 4.
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The fingerprint zone (bands between 400–800 cm−1) illustrates the stretching and
bending modes of Zn-O bonds at ca. 477 and 435 cm−1, respectively [33,52]. The bands
at ca. 3400, 1637 and 1045 cm−1 are related to the stretching and bending modes of O-H
groups in physisorbed water [30]. The peaks observed at ca. 2970, 2921, and 1375 cm−1

are due to C-H asymmetric stretching and bending vibrations of alkane groups [53,54].
These are ascribed to impurities present in the KBr powder. The emergence of the bands
with low intensity at ca. 622 and 685 cm−1 in the AZO samples are characteristic of Al-O
stretching mode [53,55,56]. Together with the peaks mentioned above, a pronounced band
between 800 and 3000 cm−1 is observed for both AZO samples, while it is absent for the
undoped materials. This band, called the Localized Surface Plasmon Resonance (LSPR)
band [19–21,30], is a clear signature of n-doping of the AZO nanoparticles caused by the
increased free electron density. The position of the LSPR band depends on the density of
charge carriers. It is also affected by other parameters, such as nanoparticles size, shape,
defects and segregation of dopants [21].

One of the requirements to exhibit the LSPR band is to have the Al3+ ions dopant
substituting the positions of the Zn2+ ions instead of occupying the vacant tetrahedral
positions of the wurtzite structure [30]. Therefore, the FT-IR spectra recorded of the powders
of the quasi-spherical AZO nanoparticles are indicative of substitutional doping.

A closer look at the fingerprint zone in Figure 4 shows that from ZO to AZO-5,
probably due to the insertion of the dopant and consequent displacement of the zinc in
the oxide lattice, there is a modification of the peak’s shape and a shift towards higher

262



Int. J. Mol. Sci. 2022, 23, 15459

wavenumbers. This behavior is also observed in the literature for ZnO doped with other
metals [52].

Infrared spectra of AZO and ZO nanomaterials, annealed at 400 and 550 ◦C under
nitrogen flow, are reported in Figure S6. A comparison between the band’s shape of the
samples in Figure 4 and Figure S6A highlight how this thermal treatment modifies the
LSPR. The band of the AZO-05 is less pronounced, while for AZO-5, it is broader and more
intense when the samples are annealed at 400 ◦C, indicating some modification in terms
of free charge carriers and their mobility. In the fingerprint zone, increasing the amount
of dopant in the nanomaterials leads to a visible modification of the vibrational modes
of the Zn-O peaks in terms of intensity and shape. Generally, as shown in the spectra on
the right side in Figure 4, the commercial zinc oxide displays a trimodal band due to its
multitude of shapes, including rod-like, quasi-spherical and agglomerated particles (see
TEM, Figure S4). The ZO quasi-spherical nanoparticles present a monomodal band shape,
instead, which is slightly modified for AZO-05 and more different in AZO-5. Therefore,
the modification of this band shape and the shift towards a higher wavenumber could be
related to the dopant insertion and a variation in morphology. In fact, in Figure S6A,B the
role of dopant is principally highlighted, while Figure S6C shows the role of the annealing
temperature. The TEM images show that the size of the nanoparticles starts to grow with
the temperature and that they also tend to agglomerate into bigger particles, modifying
the band’s shape. It can be noted that ZO without annealing presents a monomodal band
(fingerprint zone in Figure 4 and Figure S6C), whereas ZO-400 presents a bimodal band
which we tentatively ascribe to the changes in morphology (see TEM Figure S2), and ZO-
550 is again monomodal, potentially due to the substantial aggregation of the nanoparticles.
These observations agree with the literature where spherical ZnO nanoparticles tend to
agglomerate to bigger particles due to the calcination temperature [57].

Photocatalytic Degradation of Rhodamine B Dye

ZnO is one of the most widely used semiconducting materials for the photodegrada-
tion of organic pollutants in water [58–60]. Even though many scientific publications report
the design of novel catalysts, the photocatalytic response of material depends mainly on the
particle size distribution, morphology and crystalline phase of the selected material. Hence,
the photocatalytic activity of as-synthesized ZO and AZO nanoparticles was estimated
under UV-visible light irradiation by determining the photodegradation of Rhodamine B
(RhB), used as a dye model compound.

The degradation of the RhB dye was verified via UV-vis analysis of the solution after
removal of the solid catalyst (when needed). In the absence of photocatalyst, the degrada-
tion of Rhodamine B under UV-visible light irradiation was found negligible, whilst the
dye–catalyst suspension did undergo discoloration under UV and green light irradiation.

Table 2 displays the photocatalytic activity in terms of dye degradation (%) of CZO,
ZO, AZO-05 and AZO-5 nanomaterials as-synthesized. The activity was monitored after
20 min of reaction under UV-C and UV-A light irradiation. The CZO was tested as reference.
Under UV-C light irradiation, RhB degradation occurred in the presence of all the catalysts.
These results evidenced that the photocatalytic activity decreases while increasing the
amount of aluminum in the catalysts. Among the catalysts containing aluminum, the
best photocatalytic performance is shown by the AZO-05 sample. This behavior is not
unexpected as the literature reports a similar behavior for Al-doped and other ZnO-based
systems [61,62]. Indeed, it was reported that increasing the aluminum content of doped
samples results in higher photocatalytic activity for the Al/Zn molar ratio up to 1.0%.
Higher aluminum contents provoked a reduction of photocatalytic efficiency. The same
considerations can be applied to the photocatalytic activities obtained under UV-A light
irradiation. However, among all the catalysts synthesized in our work, the best performance
has been shown by the ZO material.
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Table 2. Degradation of RhB after 20 min of UV-C and UV-A light irradiation in the presence of
commercial ZnO, undoped ZnO, 0.5 and 5 at% Al-doped ZnO nanopowders.

Sample Codes
RhB Dye

Degradation [%]
UV-C 254 nm

RhB Dye
Degradation [%]

UV-A 368 nm

CZO 94 ± 1 95.9 ± 0.1
ZO 44.6 ± 0.5 70 ± 3

AZO-05 41 ± 2 53 ± 2
AZO-5 21 ± 2 19 ± 3

Table 3 displays the RhB degradation expressed in percentage for a one-hour reaction
under green light irradiation for the ZO, AZO-05, and AZO-5 nanomaterials and a four-
hour reaction under green light irradiation for the ZO catalyst before and after annealing at
400 and 550 ◦C. Interestingly, under green light irradiation the best catalytic performance
is shown by undoped ZnO solid, of which the activity overpasses that of commercial
ZnO. Figure S7 shows the absorbance spectra plotted as a function of the green light
exposure time for the RhB samples without the catalyst and with the catalyst that presented
the best photocatalytic performance of the synthesized materials. Figure S8 displays the
behavior of RhB in the absence of a catalyst, which shows photolysis effects since the dye is
sensitive to visible light irradiation [63]. Therefore, the 20% degradation of CZO, shown in
Table 3, could be ascribed to the thermal decomposition of the dye as a consequence of the
continuous irradiation during one hour with high power lamp and the dark adsorption
experiment (ca. 15%, see Figure S9). Whereas when the photocatalytic degradation of the
RhB dye occurs under green light irradiation, the amount of dopant present in the zinc
oxide lattice seems not to have any positive influence on the photocatalytic activity itself.

Table 3. Degradation of RhB under green light irradiation for one hour and four hours in the presence
of CZO, ZO, AZO-05 and AZO-5 nanomaterials before and after the thermal treatment under nitrogen
at 400 and 550 ◦C.

RhB Dye Degradation (%) under Green Light (525 nm)
Sample Codes Reaction Time Not Annealed 400 ◦C in N2 550 ◦C in N2

CZO 1 h 20 ± 4 20 ± 4 19 ± 2
ZO 1 h 39 ± 1 50 ± 3 21 ± 1

AZO-05 1 h 26 ± 2 21.7 ± 0.5 25 ± 1
AZO-5 1 h 21 ± 2 22 ± 1 23 ± 1

ZO 4 h 64 ± 2 81 ± 4 51.3 ± 0.5

The data reported in Table 3 demonstrate that the annealing temperature of the (A)ZO
affects the results of the photocatalytic activity. The best result is shown by the undoped
ZnO material annealed at 400 ◦C for 10 min, presenting a photocatalytic activity value
of 50% after a one-hour reaction and 81% after four hours of reaction under green light
irradiation. However, when the annealing temperature reaches 550 ◦C, the photocatalytic
activity drops, making the catalyst inactive for the same reaction.

The differences between the two annealed ZnO materials can be related to morpholog-
ical and structural features.

The unexpected increase of the photocatalytic performances under the green light
source of our synthesized ZnO nanoparticles (both as-synthesized and annealed at 400 ◦C)
compared to the commercial ZnO bulk sample can be explained by the presence of different
types of defects that allow the absorption of light at longer wavelengths (infra gap). Thus,
this promotes the degradation process of Rhodamine B dye with less energetic radiation.
This is of interest for applications where, instead of UV-light, solar light is used for the
photocatalytic degradation.

264



Int. J. Mol. Sci. 2022, 23, 15459

To explore more in-depth and seek a hypothesis for the photocatalytic behavior
of the CZO, ZO and AZO materials, the presence of these defects has been investi-
gated using steady-state PL spectroscopy, which allows a higher sensitivity over optical
absorption techniques.

UV-vis reflectance measurements of our samples cannot provide clear information on
the specific characteristics of our synthesized particles. Despite the slightly different trends,
all spectra show the typical ZnO pattern which is confirmed by the bandgap calculation
performed by applying the Schuster–Kubelka–Munk formula [64–67] and fitting the data
with the Boltzmann function according to the methodology proposed by Zanatta [68]
(details in the Supplementary Figures S13 and S14 and Table S3). This analysis displays
only a small variation in the absorption spectra of the samples, the band gap being estimated
in the 378–388 nm range as compared to the theoretical values of 368 nm.

To bypass the high intrinsic contribution to the emission of ZnO excitons that can
cover possible emission signals due to defects and excite only the latter, steady-state PL
measurements were carried out in the infra-gap visible region employing 405 and 532 nm
laser beam excitations (Figures 5 and S10).

Under 405 nm excitation (Figure 5), the investigated samples show different optical
behavior. Figure 5a compares the normalized emission features of the commercial sample
made by bulk ZnO (CZO) and the nanosized structure that we have synthesized (ZO). The
main emission center in CZO is in the violet–blue region with a secondary weaker peak in
the red wavelength range. At the same time, the ZO signal consists of a broad asymmetric
red band extending up to the green region with a small contribution in the violet one. This
difference in the emission spectra calls for a significant presence of diverse defects within the
nanosized ZO responsible for infra-gap absorption and emission in the visible range. Those
red-emitting defects could be involved in the observed photocatalytic process through
green excitation if they absorb in the same region (vide infra). To further investigate the
emission properties of nanosized ZO, we compare in Figure 5b the spectra of ZO and AZO
samples. AZO-05 displays a broad emission very similar to the ZO sample, with a slight
increase in the relative contribution of the green emission. The latter is further increased
in the AZO-5 sample up to being the main emission band. This blue shift caused by
aluminum doping could explain its deleterious effect on photocatalysis performances since
the relative contribution of red-emitting defects is decreased with respect to the green ones.
The opposite trend was displayed after the annealing of the sample in nitrogen (Figure 5c):
at 400 ◦C (ZO-400), there is a slight variation of the luminescence band compared to pristine
ZO, while it is red-shifted down to 675 nm after the treatment at 550 ◦C (ZO-550).

The reported scenario was confirmed under 532 nm excitation (Figure S10), of which
the energy is comparable to the one of our photocatalytic processes: ZO nanoparticles
present the same red contribution previously observed, with the AZO-5 and ZO-550 sam-
ples still slightly blue- and red-shifted, respectively, as compared to the others. These spectra
demonstrate the capability of our materials to absorb infra-gap green light, suggesting that
the same red-emitting defects could be responsible of our photocatalytic performances in
the same energy range. Exciting the CZO sample with the green laser source recorded
the absence of any red photoluminescence, supporting the observed poor photocatalytic
performances. This is also an indication that the weak red emission displayed in CZO under
405 nm excitation light has a different origin as compared to our synthesized samples.

To better identify the relative contribution of the different emitting centers, a gaussian
deconvolution of the spectra excited at 405 nm was performed (Figure 6).
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Figure 6. Gaussian deconvolution of emission spectra obtained under 405 nm excitation wavelength
of CZO (a), ZO (b), AZO-05 (c), AZO-5 (d), ZO-400 (e) and ZO-550 (f).

All the spectra can be fitted assuming two or three contributions in the orange/red,
green/blue, and violet range, as reported in Table S2. The analysis confirmed that the
red emission band of CZO, centered at about 660 nm, differs from the one detected in
the other samples, where the emission band peaked at about 640 nm. This red band is
the primary emission band in the ZO, even after annealing at 400 ◦C (the relative content
was about 75% of the overall emission in the undoped sample, 77% after annealing).
When annealed at 550 ◦C, the band is still present but red-shifted by about 35 nm. It
should be noted that, different morphologies of the materials may affect scattering and
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absorption in PL measurements [69]. Therefore, this effect could be related to a change
in the environment of the emitting centers, caused by aggregation of the nanoparticles
(vide infra); indeed, the TEM images in Figures S2 and S3 show the formation of larger
nanoparticle agglomerates. Two other bands, in the green and violet spectral range (at
about 520 and 430 nm, respectively) with decreasing relative content, were also added
to complete the deconvolutions. Interestingly, the violet band in all samples (except for
AZO-5 and ZO-550) peaked at the same spectral position as in the CZO sample, where
a further blue band at about 450 nm is required to fit the emission spectrum, instead of
the green one of our synthesized samples. Moreover, by doping the samples with a small
content of aluminum and through the annealing at 400 ◦C, these peaks’ positions remain
almost unmodified, while increasing the aluminum content largely modified the spectrum,
shifting the red band to about 600 nm and largely decreasing the relative contribution
of this band (47%) with respect to the green one (53%). According to the detailed study
by Zhang et al. [70] on ZnO nanostructures using PL and EPR (Electron Paramagnetic
Resonance spectroscopy) measurements, the blue–violet peak of the CZO can be attributed
to interstitial Zn in the surface and bulk position, respectively. The surface interstitial Zn
band and the related defect contribution are displayed in all samples (the only exception
is AZO-5) with a much weaker relative intensity that passes from 35% in CZO to 3–5% in
the others. Moreover, the opposite trend of the green and red band relative intensity is
worth noting. In the undoped nanoparticles, the green band represents 22% of the area,
which increases to 26% in the AZO-05 sample and 53% in the AZO-5. The same authors
attributed this green band to O2 adsorbed on the surface or charged oxygen vacancies
Vo

+ (not excluding Vo and Vo
++) while the broad red one around 2.0 eV might be due to

the presence of peroxide-like species O2
2− interacting with the ZnO surface. Considering

these attributions, we propose to explain the photocatalytic properties of the synthesized
samples as follows. As stated before, the presence of red-emitting centers promotes the
photocatalytic process of our synthesized samples under green light since they can absorb
in the green infra-gap region in opposition with commercial ZnO. When ZO is doped with
aluminum below 0.5%, tetrahedral positions are taken. At least part of these are aluminum
ions substituting zinc ions, as corroborated by the appearance of an LSPR band in FT-IR
(see Figure 4a). An increase in the aluminum content up to 5 at% causes the migration of the
aluminum atoms mainly towards an octahedral environment, as indicated by solid-state
NMR analysis (see Figure 3). Together with the appearance of the aluminum in octahedral
environment, XRD analysis (see Figure 1) shows the existence of a secondary phase, which
makes us believe that this secondary phase contains an octahedral aluminum environment
as well.

Doping with (small amounts of) aluminum in the substitutional Zn2+ positions creates
oxygen vacancies in the ZnO structure. Along with this, Zn ions are displaced from their
lattice position. Hence, the secondary phase, observed in XRD, is probably formed by these
displaced Zn2+ ions together with the surplus (octahedral) aluminum ions and oxygen.
Upon higher aluminum doping, the amount of the secondary phase increases. This may
cause more oxygen vacancies to be formed in the ZnO, leading to the increase of the green
emission band and, consequently, to the decrease of the photocatalytic performance.

As for the annealed samples, the emission is marginally affected by the thermal treat-
ment at 400 ◦C whilst its photocatalytic efficiency is increased, from 39 to 50%. The opposite
effect is displayed in the ZO-550 sample, where besides the observed red-shift, a decrease
in the photocatalytic performances from 39 to 21% is also observed. The explanation of
these phenomena is challenging because just a little variation in the mainly red emission
spectra that we had associated with the presence of oxidative species was observed. The
thermal treatment did cause a change in morphology and distribution of the particles (see
Figure S2), and a variation in the aggregation of the nanoparticles, the latter being larger in
ZO-550, possibly reducing the photocatalytic surface area.
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3. Materials and Methods
3.1. Synthesis

All chemical reagents were used as received. Zinc acetylacetonate hydrate ((Zn(acac)2
· xH2O) 99.995% m/m% purity, Aldrich), aluminum acetylacetonate (Al(acac)3 99.999%
m/m% purity, Aldrich) and benzylamine for synthesis (99% purity, ethanol absolute, for
analysis, Merck).

The syntheses of undoped and Al-doped ZnO materials were carried out with 1 g of
Zn(acac)2 for pure ZnO and in combination with 0.0057g of Al(acac)3, ranging from 0.5 to
5 mol% for the AZO nanoparticles. To obtain undoped and Al-doped ZnO nanoparticles
by a solvolysis reaction in a reflux setup, Zn(acac)2 hydrate was mixed with x mol of
Al(acac)3 and 80 mL of benzylamine and heated to the boiling point (nominal temperature
185 ◦C). After reaching the boiling point, the mixture was refluxed for four hours under
stirring. After cooling to room temperature, the mixture was centrifuged to precipitate the
nanoparticles. The particles were then washed three times with ethanol and twice with
water. After washing, the obtained powders were dried overnight in the oven at 60 ◦C.
Subsequently, the catalysts were annealed under dynamic nitrogen for 10 min in a tubular
oven at 400 and 550 ◦C.

3.2. Characterization Techniques

The Al/Zn ratio in the powders was determined by inductively-coupled plasma
optical emission spectrometry (ICP-OES, Perkin Elmer Optima 3300 DV simultaneous
spectrometer, PerkinElmer, Waltham, MA, USA). To analyze the Zn and Al content, a small
portion of the powdered AZO sample was dissolved in a 5% aqueous nitric acid solution
(HNO3, 69.0–70.0%, J.T.Baker, for trace metal analysis). The AZO aqueous stock solutions
and 1000 ppm Zn, Al standards (Merck) were diluted by 5% HNO3 to 1–10 ppm and 10,
5, 2 and 1 ppm concentrations, respectively, for ICP-OES measurements. All ICP analyses
were carried out twice. The measurement error was evaluated based on calibration certifi-
cates and from statistical analysis of repeated measurements. The following errors were
considered: volumetric operations (volumetric flasks, measuring cylinders) and the error
of concentrations/purity of commercial chemicals. For calculations, calibration certificates
or information sheets from the manufacturer were used. Powder X-ray Diffraction (PXRD)
patterns were collected on a Bruker AXS D8 Discover diffractometer (Cu Kα radiation,
LynxEye detector). The undoped and Al-doped ZnO powders were scanned between
2θ = 10◦ and 70◦ with a 2θ scan step size of 0.020◦. Metal sample holders were used as a
support for all powder samples. The profile analysis of the related diffraction patterns was
carried out with the program DIFFRAC.EVA (general profile and structure analysis soft-
ware for powder diffraction data, Bruker Analytical X-ray Systems). Transmission electron
microscopy (TEM) images were recorded on a Philips Tecnai 10 with an acceleration voltage
of 100 kV. The samples were prepared by dispersing a small quantity of nanopowders in
absolute ethanol, depositing them on a carbon-film coated copper mesh and drying them.
The particle size distribution was evaluated over 450 nanoparticles. Fourier transform
infrared (FT-IR) spectroscopy (Bruker Vertex 70, 32 scans, scan range 4000–400 cm−1, res-
olution 1 cm−1) was performed on pellets containing trace amounts of the investigated
materials diluted with KBr. The discoloration process was monitored by means of a UV-vis
spectrophotometer Agilent Cary 5000. The measures were carried out in the UV-visible
range of 200–800 nm, with a quartz cuvette applying baseline corrections. 27Al solid-state
MAS NMR spectra were acquired on an Agilent VNMRS DirectDrive 400 MHz spectrome-
ter (9.4 T wide bore magnet) equipped with a T3HX 3.2 mm probe. Magic angle spinning
(MAS) was performed at 20 kHz in ceramic rotors of 3.2 mm (22µL). AlCl3 was used to
calibrate the aluminum chemical shift scale (0 ppm). Acquisition parameters used were:
a spectral width of 420 kHz, a 90◦ pulse length of 2.5 µs, an acquisition time of 10 ms, a
recycle delay time of 20 s, a line-broadening of 200 Hz and around 10,000 accumulations.
UV-vis solid-state reflectance spectra were collected (applying baseline corrections) using
a Jasco V-750 spectrophotometer with a spectral bandwidth of 0.2 nm in the 300–500 nm
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range. Photoluminescence (PL) measurements were performed in backscattering geometry
with a confocal micro-Raman system (SOL Confotec MR750) equipped with a Nikon Eclipse
Ni microscope. Samples were excited with 405 and 532 nm laser diodes (IO Match-Box
series), and the spectral resolution was 0.6 cm–1 (average acquisition time 1 s, the average
number of acquisitions 3, sensor temperature −23 ◦C, objective Olympus 10×, grating with
150 grooves/mm, power excitation 3 mW).

3.3. Photocatalytic Assessment

The photocatalytic activity of the catalysts was estimated under UV-visible light
irradiation, determining the photodegradation of Rhodamine B (RhB), used as a dye model
compound. To perform the photocatalytic tests, two homemade photoreactors were used
(Figures S11 and S12).

3.3.1. Photodegradation in the UV Range

Quartz beakers containing 20 mL of the RhB aqueous solution (4 mg L−1) along with
the photocatalyst (5 mg) were used to carry out the photodegradation experiments. A
lamp emitting in the UV (UV-C: Osram Hg lamp, 11 W, dominant wavelength 254 nm;
UV-A: Phillips Hg lamp, 11 W, dominant wavelength 368 nm), was axially positioned
among the four beakers and kept at 1 cm from the magnetic stirrer plate. The reactor
was kept at room temperature (24 ± 3 ◦C) using a fan placed on the back wall of the
reactor. The reaction mixtures were stirred using a magnetic stirrer bar of equal length for
30 min in the dark before irradiation to attain the adsorption–desorption equilibrium of the
substrate. The reactions were stopped after 20 min. The suspensions were centrifuged to
separate the catalysts from the aqueous dye solution and analysed by UV-vis spectroscopy,
considering the main absorption peak of this dye in the visible range, located at 554 nm.
The degradation % is calculated using Formula (1):

Degradation % =
(A0 − A)

A0
∗ 100 (1)

where A0 is the absorbance of the starting solution before reaction and A is the final
absorbance measured after the reaction. Photolysis tests of the RhB dye were carried out
under UV light irradiation. The single photocatalytic test was performed four times to
ensure the reproducibility of the data.

3.3.2. Photodegradation in the Visible Range

A quartz beaker containing 20 mL of the RhB aqueous solution (4 mg L−1) and the
photocatalyst (5 mg) were used to carry out the photodegradation tests. A lamp emitting
in the visible range (dominant wavelength 525 nm, 18 W Evoluchem LED) was axially
positioned and kept at 10 cm from the top of the beaker. To avoid the contribution of the
UV-A light, a 405 nm long-pass edge filter was positioned between the beaker and the
emitting lamp. The reactor was kept at room temperature (24 ± 3 ◦C) using a fan placed
inside the reactor positioned a few centimeters aside from the beaker. The reaction mixtures
were stirred using a magnetic stirrer bar of equal length for 30 min in the dark before
irradiation to attain the adsorption–desorption equilibrium of the substrate. The reactions
were stopped after 60 min. The suspensions were centrifuged to separate the catalysts from
the dye solution and analyzed by UV-vis spectroscopy, considering the main absorption
peak of this dye in the visible range, located at 554 nm. To ensure the evaluation of the
photocatalytic activity measurements, tests of the RhB dye were carried out under visible
light irradiation in the absence of the catalyst. The photocatalytic reactions were repeated
three times to ensure the reproducibility of the data. The degradation % is calculated using
Formula (1).
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4. Conclusions

In summary, undoped ZnO and Al-doped ZnO quasi-spherical nanoparticles were
successfully synthesized using a very accessible method and tested under UV and green
light irradiation for the photodegradation of Rhodamine B in an aqueous solution. The
ICP-OES analysis confirmed the successful incorporation of the dopant into the final solid.
X-ray diffraction showed that all the samples exhibit the hexagonal wurtzite structure.
After incorporating the aluminum into the zinc oxide lattice, additional peaks appeared,
which correspond to the secondary phase of Zn6Al2(OH)16CO3·4H2O. The TEM images
displayed that the quasi-spherical nanoparticles grow with the insertion of the dopant
and, due to the annealing temperature, tended to agglomerate. The 27Al NMR elucidated
the position occupied by aluminum in the ZnO lattice, highlighting the migration from
the octahedral coordination, which is the preferred site for the as-prepared materials,
towards tetrahedral coordination after annealing in nitrogen flow. The FT-IR technique was
sensitive to the variations of particle morphology and changes in the charge carriers pre-
and post-annealing. PL allowed an in-depth study of the catalyst’s defects.

CZO, ZO and AZO catalysts were investigated as photocatalysts for degrading Rho-
damine B dye in an aqueous solution under UV-visible light irradiation. Under UV-light
irradiation, all the materials underperformed with respect to commercial zinc oxide. Un-
doped ZnO exhibited the best photocatalytic performance when illuminated under green
light (525 nm), as demonstrated by the high degree of discoloration with respect to the
commercial ZnO evaluated under the same conditions. The insertion of the dopant resulted
in lower photocatalytic activity under UV-light irradiation and dropped the efficiency of
the AZO catalysts to zero under green light irradiation. The catalysts were also thermally
treated under a nitrogen atmosphere at 400 and 550 ◦C and evaluated again for the discol-
oration of the dye. Results of the present work demonstrated that annealing undoped zinc
oxide nanoparticles at 400 ◦C for 10 min under nitrogen flow improves the discoloration
efficiency by up to 81%. These results strongly suggest the interconnection between defects,
synthesis and post-synthesis route, particle size and photocatalytic activity. The photo-
catalytic performances under green light irradiation can be explained as follows: CZO
mainly contains zinc interstitial and has emission centers in the violet–blue region that are
inactive for the photodegradation of RhB dye under this excitation wavelength. Undoped
ZO presents red-emitting centers, which can be associated with a high content of O2

2−,
which is the main initiator of the photodegradation and responsible for the discoloration
of the dye [7,71]. Annealing ZO at 400 and 550 ◦C modified the morphology and the size
distribution along with the aggregation. Compared to the ZO and ZO-400 samples, the
degree of aggregation is larger in ZO-550. Therefore, the substance is paying the penalty
of surface area reduction induced by the high temperature. The improved photocatalytic
activity of ZO-400 might be ascribed to the different morphology displayed by the particles
after annealing. The effect of aluminum doping was studied as well: even the insertion of a
small percent of dopant in the zinc oxide lattice, such as in AZO-05, leads to a material with
a significant number of oxygen vacancies (green band, PL). As shown by the PL measured
at 532 nm, there is not much difference in the spectra between ZO, AZO-05 and AZO-5.
Here, we suggest that a small amount (equal or less than 0.5%) of aluminum occupying sub-
stitutional tetrahedral sites of the ZnO structure, saturates the photocatalytically active sites
on the catalyst surface. Higher amounts of aluminum doping surpass the solubility limit
and tend to occupy octahedral positions in secondary phases as well. As a consequence,
oxygen vacancies are created in the ZnO, which act as fast-charge recombination centers.
Moreover, the higher amount of this type of defect, that do not absorb in the green region,
and a reduction of O2

2− species, possibly deactivate the photocatalytic process making the
AZO catalysts inactive for the photodegradation of the RhB dye in an aqueous solution
under green light.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/ijms232415459/s1.
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Abstract: Ionic liquids (ILs), named also as liquid salts, are compounds that have unique properties
and molecular architecture. ILs are used in various industries; however, due to their toxicity, the ILs’
recovery from the postreaction solutions is also a very important issue. In this paper, the possibility of
1,3-dialkylimidazolium IL, especially the N,N-dibutylimidazolium chloride ([C4C4IM]Cl) recovery by
using the electrodialysis (ED) method was investigated. The influence of [C4C4IM]Cl concentration
in diluate solution on the ED efficiency was determined. Moreover, the influence of IL on the ion-
exchange membranes’ morphology was examined. The recovery of [C4C4IM]Cl, the [C4C4IM]Cl flux
across membranes, the [C4C4IM]Cl concentration degree, the energy consumption, and the current
efficiency were determined. The results showed that the ED allows for the [C4C4IM]Cl recovery and
concentration from dilute solutions. It was found that the [C4C4IM]Cl content in the concentrates
after ED was above three times higher than in the initial diluate solutions. It was noted that the ED
of solutions containing 5–20 g/L [C4C4IM]Cl allows for ILs recovery in the range of 73.77–92.45%
with current efficiency from 68.66% to 92.99%. The [C4C4IM]Cl recovery depended upon the initial
[C4C4IM]Cl concentration in the working solution. The highest [C4C4IM]Cl recovery (92.45%) and
ED efficiency (92.99%) were obtained when the [C4C4IM]Cl content in the diluate solution was
equal 20 g/L. Presented results proved that ED can be an interesting and effective method for the
[C4C4IM]Cl recovery from the dilute aqueous solutions.

Keywords: electrodialysis; ionic liquids recovery; 1,3-dialkylimidazolium ionic liquids;
N,N-dibutylimidazolium chloride

1. Introduction

Ionic liquids (ILs) are known as green solvents. ILs are completely composed of
ions [1]. Over the past two decades, ILs have gained increasing importance in the industrial
sector. Due to their unique properties, they are attractive alternatives to other organic
solvents. ILs are characterized by a melting point below 100 ◦C, high polarity, versatile
solubility, high electrical conductivity, high thermal stability, and non-volatility [2]. Due to
their properties, ILs can be divided into room temperature ILs, low-temperature ILs, poly-
ILs, and magnetic ILs. Room temperature ILs have a liquid or molten state below 100 ◦C.
Low-temperature ILs are used for low-temperature applications and in electrochemical
instruments to store energy. In membrane technology, because of their ability and durability
to form membranes, poly-ionic liquids can be used. Magnetic ILs are characterized by
paramagnetic properties, and easy dispersion in solutions [3,4]. ILs’ applications have
a multidisciplinary character. Generally, in chemical processes, ILs are used as reagents,
catalysts, and solvents [5]. In biotechnology, ILs can be used for biocatalysis and protein
purification [6,7]. In the pharmaceutical industry, the ILs can be applied in drug delivery
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systems and as active pharmaceutical ingredients [8,9]. Moreover, ILs have been employed
in chemical engineering in extraction and separation processes [10]. ILs are often used
as additives in synthesis reactions, in the physical processing of polymers, or as reaction
media [10].

In last decades, the ILs are of special interest since they have proven their versatility
and effectiveness in many areas of chemistry. Their application stems from their unique
properties. One of the interesting ILs is N,N-dibutylimidazolium chloride ([C4C4IM]Cl). In
the case of [C4C4IM]Cl, which is an ambient temperature IL, it was successfully used as a
“green” solvent and catalyst at once in Friedlander heteroannulation reaction [11], cellulose
dissolution, and the dehydration of fructose [12]. The advantages of [C4C4IM]Cl are good
thermal stability, non-volatility, solubility in water, and recyclability.

Unfortunately, due to the good miscibility of ILs with most solvents, their recovery
and separation from the organic compound or polymer solutions by traditional separation
processes are inefficient. Moreover, the separation of the final product requires numerous
unit operations, uses environmentally hazardous reagents, leads to the unfavorable dilution
of ILs to very low concentrations during individual stages of processing, and generates
an increased amount of harmful waste. Due to the growing generation of wastewater
by various industries, the wastewater treatment and recovery of raw materials are very
important aspects [1,13,14]. Despite the unique properties of ILs, they can have a negative
impact on the environment. In particular, the water-soluble, chemical, and thermal stable
ILs occurring in wastewater can contaminate the soil and aquatic environment to a great
extent and increase a negative effect on the environment and living organisms [15]. The
imidazolium-based ILs indicate toxicity towards the aquatic system, green algae, and
microorganisms [10]. In the available literature, it was also found that ILs have the ability
to inhibit various enzymes. Therefore, investigations on the removal or recovery of ILs
from wastewater and post-reaction mixtures should be developed [16–18].

In the available literature, the methods for recovering ILs from wastewater include
adsorption, crystallization, distillation, extraction, and membrane processes [19,20]. One of
the promising methods of ILs recovery is electrodialysis (ED). ED is an environmentally
friendly process for solution desalination, which is easier to scale up than other wastewater
treatment techniques such as adsorption or ion-exchange. In addition, ED allows for the re-
covery and concentration of salts from diluted solutions. In the case of ILs recovery, ED does
not require the use of additional solvents. ED is known as a separation process used to sep-
arate ions using electrical potential and charged ion-exchange membranes. Thus, because
of the electrolyte nature of ILs, ED could be an efficient ILs recovery method [21]. During
ED, ions migrate across membranes, anions across the positively charged anion-exchange
membranes, and cations across the negatively charged cation-exchange membranes. Thus,
the treated solutions are desalted [22–24]. ED applications include brackish water desalina-
tion, salt pre-concentration, demineralization of food products, and wastewater treatment,
especially wastewater from the electroplating industry [25–27]. ED can be also applied
for ILs recovery from aqueous post-reaction solutions [28]. Effectiveness of electrodialytic
ILs recovery depends on the kind of treated ILs—cation or anion. Nowadays, ED is ap-
plied for 1-butyl-3-methylimidazolium chloride ([Bmim]Cl), 1-butyl-3-methylimidazolium
bromide ([Bmim]Br), 1-butyl-3-methylimidazolium hydrogensulfate ([Bmim]HSO4), 1-
allyl-3-methylimidazolium chloride ([Amim]Cl), 1-ethyl-3-methylimidazolium chloride
([Emim]Cl), and triethylammonium hydrogen sulfate [TEA][HSO4]. It was concluded that
the IL recovery highly depends on the kind of ILs, the concentration of ILs in solution,
and ED parameters. Depending on the treated ILs solution, alkyl chain length, and ILs
concentration, the ILs recovery rate ranges from 40 to 95%. Therefore, it is important to
check the effectiveness of ILs recovery for the specific ILs [29–35].

The purpose of this work is to investigate the possibility and effectiveness of the
recovery of N,N-dibutylimidazolium chloride ([C4C4IM]Cl) using the ED method. The
influence of [C4C4IM]Cl concentration in diluate solution on the ED efficiency is discussed
in detail. The [C4C4IM]Cl content in the experimental solutions was selected based on the

276



Int. J. Mol. Sci. 2022, 23, 6472

general ILs content in the wastewater. The recovery and concentration of [C4C4IM]Cl by
the ED method has not yet been demonstrated in the available literature, therefore it can be
a novel method for [C4C4IM]Cl recovery from wastewater.

2. Results and Discussion

The aim of this work is to examine the effectiveness of the N,N-dibutylimidazolium
chloride ([C4C4IM]Cl) recovery using ED method. The influence of the initial concentration
of [C4C4IM]Cl in diluate solution on the ED efficiency was evaluated by the ED effective-
ness factors such as recovery ratio, IL concentration rate, IL molar flux across ion-exchange
membranes, electric current efficiency, and energy consumption. The IL concentration in
feed solution influence on the solution conductivity, electrical resistance, and concentration
polarization, as well as simultaneously on the ED efficiency. Thus, four sets of ED experi-
ments with IL concentration in feed solution in the range from 5 to 20 g/L were carried
out. The process solutions compositions are presented in Table 1. The experiments were
conducted using the method described in Section 3.2.

Table 1. The experimental solutions composition.

Exp. No. Initial Diluate Initial Concentrate Electrode Rinse Solution

1. 300 mL of 5 g/L [C4C4IM]Cl 100 mL of 5 g/L [C4C4IM]Cl 250 mL of 0.1 M H2SO4
2. 300 mL of 10 g/L [C4C4IM]Cl 100 mL of 10 g/L [C4C4IM]Cl 250 mL of 0.1 M H2SO4
3. 300 mL of 15 g/L [C4C4IM]Cl 100 mL of 15 g/L [C4C4IM]Cl 250 mL of 0.1 M H2SO4
4. 300 mL of 20 g/L [C4C4IM]Cl 100 mL of 20 g/L [C4C4IM]Cl 250 mL of 0.1 M H2SO4
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Figure 1. The effect of [C4C4IM]Cl concentration in the initial diluate on the LCD.

In the first stage of the work, the LCDs were determined. The LCD is a crucial factor
in choosing the operational parameters of the ED [36]. LCD also determines the efficiency
of the ED. The ED conducted above LCD is characterized by high electrical resistance in the
diluate as a result of depletion of the ions in the laminar boundary layer at the ion-exchange
membrane surface. The LCD is highly dependent on the concentration of feed solution [37].
The LCD as a function of the [C4C4IM]Cl concentration in diluate is presented in Figure 1.
As was presumed, the LCD increased in a linear manner with increasing [C4C4IM]Cl
content in the feed solution. The determined LCDs were in the range of 34 to 138 A/m2.
All the ED experiments were conducted below the LCD at constant voltage.

Electrodialytic ILs recovery and concentration degree highly depend on the feed
solution concentration. The effect of the initial feed concentration on the [C4C4IM]Cl
recovery effectiveness was presented in Figure 2a–e. Figure 2a shows that the [C4C4IM]Cl
recovery ratio depended on the initial [C4C4IM]Cl content in the diluate.
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It was found that the recovery ratio increased with increasing [C4C4IM]Cl concentra-
tion in the feed solution. The recovery ratio increased from 73.77% to 92.45% for the feed
solution of 5 to 20 g/L of [C4C4IM]Cl, respectively. Thus, it was proved that [C4C4IM]Cl
was effectively removed from diluate solution by the ED method. The recovery ratio
reached above 90% for solutions with a [C4C4IM]Cl content equal to 15 and 20 g/L. The
ED at high [C4C4IM]Cl concentration resulted in a high [C4C4IM]Cl recovery ratio (in the
analyzed concentration range). It is in agreement with research on [BMIM]Cl recovery by
ED method [28,29]. In the available literature, it is noted that the initial ILs content in dilu-
ate solution has an important effect on the ED effectiveness factors. The results presented
in the works [28,29,33] confirmed that the ILs recovery by the ED method increases with
increasing ILs concentration in the initial diluate. However, the ILs recovery also is highly
dependent on the ILs type and chemical character.

It was also noted that the [C4C4IM]Cl content in the all concentrates after ED was three
times higher than in the feed solution (Figure 2b). Moreover, the obtained results were
correlated with [C4C4IM]Cl molar flux across ion-exchange membranes. It can be clearly
seen in Figure 2c that the molar flux of [C4C4IM]Cl increased with increasing [C4C4IM]Cl
concentration in the feed solution in an almost linear manner. The [C4C4IM]Cl molar flux
across ion-exchange membranes was estimated to be 0.76 mol/m2h at the feed solution
concentration of 5 g/L [C4C4IM]Cl and 2.56 mol/m2h at the feed solution concentration of
20 g/L [C4C4IM]Cl.
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ED efficiency is also evaluated by electric current efficiency. Current efficiency is
defined as the ratio between the current used in the ED stack for effective ion recovery
from diluate solution to concentrate and the amount of the total current applied in the ED
stack. Current efficiency defines how much of the electric current is effectively used in ion
transport across ion-exchange membranes [38,39]. In Figure 2d, the effect of [C4C4IM]Cl
concentration in the initial diluate on the electrodialysis current efficiency is shown. It
was found that current efficiency increased with increasing [C4C4IM]Cl concentration in
the initial diluate solution. It can be explained by the reduction of electrical resistance
of initial diluate with increasing ILs concentration, and the acceleration of ion transport
across membranes. Electric current efficiency increased from 68.66% to a maximum value
of 92.99% for the feed solutions in the range from 5 to 20 g/L of [C4C4IM]Cl.

The current efficiency increased linearly for diluates with IL concentrations ranging
from 5 to 15 g/L. However, above a concentration of 15 g/L, the current efficiency increases
slightly. It was concluded that obtained current efficiencies in the examined range are very
satisfactory in comparison to values presented in other works about ILs recovery by ED
methods. Current efficiency of the electrodialytic recovery of [BMIM]Cl increased from
37.7% to 70.7% for initial [BMIM]Cl content in feed solutions from 2.24 to 6.90 g/L [30].
In another work [29], current efficiency of [BMIM]Cl recovery was over 70% under the
condition of IL concentration equaled 34.94 g/L (0.2 mol/L).

As is shown in Figure 2e, the initial [C4C4IM]Cl content in diluate also has an effect
on the energy consumption. It was observed that the stack energy consumption highly
depended on the initial [C4C4IM]Cl content in the diluate. It can be clearly seen that energy
consumption increased linearly with increasing of [C4C4IM]Cl concentration in the initial
diluate solution. When the initial concentration of [C4C4IM]Cl increased from 5 to 20 g/L,
the energy consumption increased from 2.35 to 12.57 kWh/m3, respectively.

The obtained results confirmed, that the electrodialytic [C4C4IM]Cl recovery is in-
fluenced by feed solution concentration. The best ED performance was obtained when
the [C4C4IM]Cl content in the initial diluate was 15 and 20 g/L. When the concentra-
tion of [C4C4IM]Cl in the initial diluate was 15 g/L, the [C4C4IM]Cl recovery ratio, the
[C4C4IM]Cl concentration rate, the electric current efficiency, as well as energy consumption
were 91.87%, 3.15, 91.40%, and 8.77 kWh/m3, respectively. It was also noted that when in
the initial diluate the [C4C4IM]Cl concentration was 20 g/L, the 3.45-fold concentration
degree can be achieved with 92.45% [C4C4IM]Cl recovery ratio and current efficiency
of 92.99%.

One of the disadvantages of the electrodialytic IL recovery is membrane fouling.
Membrane fouling can be described as agglomerations of molecules, inorganic, and organic
compounds in the membrane pores or on the membrane surface. Membrane fouling causes
reduced membrane separation efficiency. Membrane fouling can be limited by the linear
flow velocity of feed solution, ED operational parameters, and the ED module chemical
cleaning after process [39,40]. In Figure 3, the SEM micrographs of the tested heterogeneous
ion-exchange membranes before and after ED are presented. The AM(H)PP and CM(H)PP
membranes were fabricated by a pressing method from polypropylene (as an inert polymer
membrane matrix) and ion-exchange resin particles. In Figure 3, the morphology of the
pristine AM(H)PP and CM(H)PP membranes are presented. The morphology of pristine
membranes are inhomogeneous. The pores, ion-exchange resin grains, and reinforcing
net are clearly observed on the pristine membranes’ surface (Figure 3). It was also found
that the morphology of the anion-exchange membranes’ AM(H)PP did not differ from
that of the pristine AM(H)PP. On the both AM(H)PP membrane surface micrographs, the
ion-exchange grains in the polymer membrane matrix, the reinforcing net, and the pores can
be clearly seen. However, in the case of the cation-exchange membranes’ (CM(H)PP) SEM
micrographs, it can be noted that the fouling occurred. It was found that the morphology
of the CM(H)PP differs from that of the pristine CM(H)PP. The layer on the CM(H)PP
membrane surface is caused probably by [C4C4IM]+. The ionic radius of [C4C4IM]+ and
the alkyl chain length also influence the fouling ability. As the ion radius increases, the
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probability of fouling increases. The size of [C4C4IM]+ is larger than that of [C4MIM]+, and
in consequence higher fouling of the CM(H)PP membrane was observed in comparison
to the ED of [BMIM]Cl [41]. The pores on the surface of the CM(H)PP membrane after
ED are clearly smaller (Figure 3). The reinforcing net is also less visible. Fouling of the
CM(H)PP membranes can reduce the flux and increase energy consumption [39]. Although
some kind of the cation-exchange membranes fouling was observed, the obtained results
confirmed that the ED performance was not affected, and the ED can be applied as an
efficient [C4C4IM]Cl recovery method from wastewater and aqueous solutions. A very
important aspect is the cleaning of the membranes after ED. Membranes can be cleaned
with distilled water [39], 0.35 wt% HCl [30], as well as 0.4 wt% NaOH [30].
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3. Materials and Methods
3.1. Experimental Solutions

Experiments were conducted using the model diluate and concentrate solutions con-
taining [C4C4IM]Cl. The concentration of [C4C4IM]Cl in the diluate and concentrate
solutions was in the range of 5–20 g/L. The [C4C4IM]Cl content in solutions was selected
based on the general ILs content in the wastewater. Frequently, the content of IL in the
wastewater and post-reaction solution is in the range of 2.24 to 35 g/L [29,30,33].

The [C4C4IM]Cl was synthesized as follows: 5 mL of butylimidazole (114 mmol),
14.2 mL of chlorobutane (136.8 mmol), and 30 mL of toluene were put in a round bottom
flask, which was then placed in an oil bath at 120 ◦C and equipped with a reflux condenser.
The reaction was carried out for 24 h. After a designated time, the mixture was cooled
to room temperature. The upper layer was collected with a syringe. Toluene from the
bottom layer was evaporated in a rotary evaporator with a water bath temperature of
100 ◦C. The ionic liquid was dissolved in methylene chloride, and activated carbon was
added to remove possible impurities. The whole solution was passed through a filter
and again evaporated in a rotary evaporator with a water bath temperature of 50 ◦C.
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Finally, the ionic liquid was dried to get rid of water and not distilled toluene. 1H NMR
(400 MHz, CDCl3) δ [ppm]: 0.95–1.00 (t, 6H, >NCH2CH2CH2CH3), 1.35–1.43 (sextet,
4H, >NCH2CH2CH2CH3), 1.88–1.95 (quintet, 4H, >NCH2CH2CH2CH3), 4.35–4.40 (t, 4H,
>NCH2CH2CH2CH3), 7.43 (d, 2H, position 4 and 5 in the ring N-CH = CH-N) 10.92 (s, 1H,
position 2 in the ring N-CH = N).

The 0.1 M H2SO4 (Avantor Performance Materials, Gliwice, Poland) solution was used
as the electrode rinse solution. All experimental solutions were prepared using deionized
water (Millipore Elix 10 system, Darmstadt, Germany).

3.2. Experimental Set-Up

The electrodialytic [C4C4IM]Cl recovery was carried out at room temperature using
the experimental set-up consisting of the EDR-Z/10-0.8 module (MemBrain, Straz pod
Ralskem, Czech Republic) with two pairs of the heterogeneous ion-exchange membranes
AM(H)PP–CM(H)PP (Mega a.s., Straz pod Ralskem, Czech Republic) in the ED stack. An
effective area of the single membrane was 64 cm2. The ED module was connected to a
programmable power supply (KORAD KA3010, KORAD Technology Co., Ltd., Dongguan,
China). The experiments were performed under constant voltage conditions, which was a
maximum value determined by the limiting current density test. The electric current of
the electrodialysis system was recorded every 1 min. The electrodialyzer was connected
with three tanks named diluate, concentrate, and electrode rinse solution. All process
solutions were recirculated using a peristaltic pump (MCP Standard Ismatec, Cole-Parmer,
Wertheim, Germany) at a rate corresponding to the linear flow velocity of 2 cm/s. The
initial volume of diluate was 300 mL, the initial volume of concentrate was 100 mL, and
the volume of the electrode rinse solution was 250 mL. Thus, the diluate-to-concentrate
volume ratio was equal to 3. The experiments were conducted until the diluate conductivity
dropped to 10% value of initial diluate conductivity, which was monitored using two CX-461
conductivity meters (Elmetron, Zabrze, Poland). Experimental ED set-up for [C4C4IM]Cl
recovery is presented in Figure 4. All experiments were replicated three times.
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3.3. Membranes

AM(H)PP–CM(H)PP ion-exchange membranes were used in the experiments. The
CM(H)PP and AM(H)PP membranes were manufactured by Mega a.s. (Straz pod Ralskem,
Czech Republic). The tested membranes comprised an ion exchange resin incorporated
within a binder. Before and after the ED experiments, the surface morphology of the
tested membranes was investigated using a scanning electron microscope (Hitachi TM3000
table-top TM series, Tokyo, Japan), equipped with a backscattered electron (BSE) detector.

3.4. Limiting Current Density (LCD)

The LCDs for solutions with [C4C4IM]Cl concentrations of 5, 7.5, 10, 15, and 20 g/L
were determined by the Cowan–Brown method [36]. During the LCDs determination, the
applied voltage was increased stepwisely at a speed of 0.5 V/min until the ED cell potential
drop reached 20 V. The LCDs were determined from the relationship between the current
and the corresponding potential. Therefore, the ED stack resistance–reciprocal current
curves for the LCD assessment were drawn.

3.5. Analytical Methods

The concentrations of [C4C4IM]Cl in diluate and concentrate solutions were ana-
lyzed using a UV-VIS spectrophotometer (Varian Cary 50 Scan, Agilent, Santa Clara, CA,
USA). The maximum absorption wavelength for the [C4C4IM]+ cation was 211.50 nm. The
concentration of [C4C4IM]Cl was determined based on the standard curve between the con-
centration and absorbance of [C4C4IM]Cl. The standard curve between the concentration
and absorbance of [C4C4IM]Cl is presented in Figure S1.

3.6. ED Experiments Data Analysis

To estimate the [C4C4IM]Cl recovery effectiveness, some crucial factors such as the
[C4C4IM]Cl recovery ratio (R[C4C4 IM]Cl), the [C4C4IM]Cl concentration rate (Rconc), the
[C4C4IM]Cl molar flux across ion-exchange membranes (J[C4C4 IM]Cl), the electric current
efficiency (CE[C4C4 IM]Cl), as well as energy consumption (EC) were calculated using the
following Equations (1)–(5), respectively:

R[C4C4 IM]Cl =
mconc

IL,t

mdil
IL,0

· 100% (1)

where:

� mdil
IL,0—the initial mass of the [C4C4IM]Cl in the diluate before ED, [g],

� mconc
IL,t —the increase in the [C4C4IM]Cl mass in the concentrate after ED, [g].

Rconc =
Cconc

IL,t

Cdil
IL,0

· 100% (2)

where:

� Cdil
IL,0—the initial concentration of the [C4C4IM]Cl in the diluate solution before

ED, [g/L],
� Cconc

IL,t —the final concentration of the [C4C4IM]Cl in the concentrate solution after
ED, [g/L].

J[C4C4 IM]Cl =

(
Vconc

t · Cconc
IL,t

)
−
(

Vconc
0 · Cconc

IL,0

)

M[C4C4 IM]Cl · A · t
(3)

where:

� Vconc
t —the volume of the concentrate solution after ED, [L],

� Vconc
0 —the volume of the concentrate solution before ED, [L],
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� Cconc
IL,t —the concentration of the [C4C4IM]Cl in the concentrate solution after ED, [g/L],

� Cconc
IL,0 —the concentration of the [C4C4IM]Cl in the concentrate solution before ED, [g/L],

� M[C4C4 IM]Cl—the molar mass of [C4C4IM]Cl, [g/mol],
� A—the active membrane surface area, [m2],
� t—ED time, [h].

CE[C4C4 IM]Cl =
F · z · Cconc

IL,t
M[C4C4 IM]Cl

· Vconc
t

n ·
t∫

0
I(t)dt

· 100% (4)

where:

� F—the Faraday constant (96,485 C/mol),
� z—the charge number of [C4C4IM]+,
� Vconc

t —the volume of the concentrate solution after ED, [L],
� Cconc

IL,t —the concentration of the [C4C4IM]Cl in the concentrate solution after ED, [g/L],
� M[C4C4 IM]Cl—the molar mass of [C4C4IM]Cl, [g/mol],
� n—the number of membrane pairs,
� I—the electric current, [A].

EC =

U ·
t∫

0
I(t)dt

Vdil
0

(5)

where:

� EC—the energy consumption, [kWh/m3],
� U—the applied voltage, [V],
� I—the electric current, [A],
� Vdil

0 —the initial diluate volume, [L].

4. Conclusions

In this work, the possibility and effectiveness of N,N-dibutylimidazolium chloride
recovery using the ED method were discussed. It was concluded that ED can be applied as
an efficient [C4C4IM]Cl recovery method from wastewater and aqueous solutions. It was
proved that the [C4C4IM]Cl content in the feed solution influences the ED performances.
The recovery ratio, the [C4C4IM]Cl molar flux, and the electric current efficiency increase
with increasing the concentration of [C4C4IM]Cl in the feed solution. Moreover, the energy
consumption also highly depends on the initial [C4C4IM]Cl content in diluate. Energy
consumption increases linearly with increasing of the [C4C4IM]Cl concentration in the
initial diluate solution.

It was also found that in the examined [C4C4IM]Cl concentration range, the best ED
performance can be obtained when the [C4C4IM]Cl content in the initial diluate is 15 and
20 g/L. When in the initial diluate the [C4C4IM]Cl concentration is 20 g/L, the 3.45-fold
concentration degree can be achieved with 92.45% [C4C4IM]Cl recovery ratio and current
efficiency 92.99%.

The ILs concentration in feed solution influences the solution conductivity, electrical
resistance, and concentration polarization, as well as simultaneously the ED efficiency.
It was found that ED efficiency increased with increasing [C4C4IM]Cl concentration in
the initial diluate solution (in the examined range). It was explained by the reduction
of electrical resistance of the initial diluate with increasing ILs concentration, and the
acceleration of ions transport across membranes.
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Abstract: In order to restrain electric-stress impacts of water micro-droplets in insulation defects
under alternating current (AC) electric fields in crosslinked polyethylene (XLPE) material, the present
study represents chemical graft modifications of introducing chloroacetic acid allyl ester (CAAE) and
maleic anhydride (MAH) individually as two specific polar-group molecules into XLPE material with
peroxide melting approach. The accelerated water-tree aging experiments are implemented by means
of a water-blade electrode to measure the improved water resistance and the affording mechanism of
the graft-modified XLPE material in reference to benchmark XLPE. Melting–crystallization process,
dynamic viscoelasticity and stress-strain characteristics are tested utilizing differential scanning
calorimeter (DSC), dynamic thermomechanical analyzer (DMA) and electronic tension machine,
respectively. Water-tree morphology is observed for various aging times to evaluate dimension
characteristics in water-tree developing processes. Monte Carlo molecular simulations are performed
to calculate free-energy, thermodynamic phase diagram, interaction parameter and mixing energy
of binary mixing systems consisting of CAAE or MAH and water molecules to evaluate their ther-
modynamic miscibility. Water-tree experiments indicate that water-tree resistance to XLPE can be
significantly improved by grafting CAAE or MAH, as indicated by reducing the characteristic length
of water-trees from 120 to 80 µm. Heterogeneous nucleation centers of polyethylene crystallization
are rendered by the grafted polar-group molecules to ameliorate crystalline microstructures, as
manifested by crystallinity increment from 33.5 to 36.2, which favors improving water-tree resistance
and mechanical performances. The highly hydrophilic nature of CAAE can evidently inhibit water
molecules from aggregating into water micro-droplets in amorphous regions between crystal lamellae,
thus acquiring a significant promotion in water-tree resistance of CAAE-modified XLPE. In contrast,
the grafted MAH molecules can enhance van der Waals forces between polyethylene molecular
chains in amorphous regions much greater than the grafted CAAE and simultaneously act as more
efficient crystallization nucleation centers to ameliorate crystalline microstructures of XLPE, resulting
in a greater improvement (relaxation peak magnitude increases by >10%) of mechanical toughness in
amorphous phase, which primarily accounts for water-tree resistance promotion.

Keywords: crosslinked polyethylene; polar-group molecule; peroxide graft; water-tree resistance

1. Introduction

Water-tree aging in polymeric insulation materials has attracted considerable attention
due to the inevitable moisture and water-bath environments that cause insulation failures
under long-term mechanical fatigues. Nevertheless, there is, so far, no comprehensive
explanation and clarified mechanism of water-tree initiation and propagation. Insulation
defects and internal electric field distortion in crosslinked polyethylene (XLPE) material
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under thermal-water environments are dominant triggers leading to water-tree aging
of electric insulation [1,2]. The electric field strength at water-tree terminals gradually
increases with aging time, resulting in serious local discharge, which forms electric-trees and
finally causes dielectric breakdown of XLPE main insulation in power cables. Alternating
current (AC) electric field is more likely to render water-trees than DC electric field. The
frequency of AC electric fields is one important factor accounting for water-trees, and the
electrical, chemical and mechanical characteristics are comprehensively related to water-tree
resistant performance of polymeric insulation materials. At present, mechanical damage
and electrochemical oxidation are the two most recognized fundamental mechanisms for
water-tree initiation and propagation [3].

Electromechanical stress theory is the focus of mechanical damage theory, indicating
that the macroscopic molecular-chains of XLPE material are not neatly arranged and thus
give rise to substantial holes and frail areas where periodic elastic deformations (local
motions of polymer molecular-chains) frequently occur, causing mechanical fatigue under
Maxwell’s stress derived from AC electric field [4]. Moreover, XLPE molecular-chains
will be oriented under the electric field greater than 30 MV/m at water-tree terminal [5].
Meanwhile, the orientation behavior and thermal motions of polymer molecular-chains are
two contrary processes in opposite trends, in which the thermal motions of polymers inten-
sify with increasing temperature in disfavor of orientation behaviors. In semi-crystalline
polymers, such as XLPE, there are large numbers of molecular branches in amorphous
regions, which are in irregular arrangements and will be oriented under AC electric field.
The molecular-chains perpendicular to the orientation direction subjected to Maxwell stress
is more prone to break under electric-stress fatigue than the unoriented molecular-chains,
thus forming micro-cracks along orientation direction in amorphous regions, which ac-
counts for the higher water-tree propagation speed in the electric field direction than the
other directions.

Due to the remarkable discrepancy in dielectric permittivity, the water molecules will
undergo electrostrictive actions under electric field, rendering local pressures at insulation
defects in polyethylene amorphous regions [6]. Accordingly, the amorphous molecular-
chains of XLPE suffer continuous impacts of water micro-droplets filled in micro-cracks
under AC electric-stress to be further broken, leading to the enlargement of micro-cracks
full of water micro-droplets and forming water-fill channels, which will randomly extend
along electric field [7]. Compared to amorphous regions, the polyethylene molecular-
chains assemble into condensed periodic lattices with much higher stability in crystalline
regions, so water-trees are only initiated and propagate in amorphous regions of XLPE
material [8]. Water-trees consist of tree-shaped channels of water-filling defects produced
inside XLPE insulation under electric field in water-bath environments, which is classified
into bow-tie and tube types according to their macroscopic shape [9]. The condition of
producing water-trees resides in the micro-droplets forming at structural defects, which
should be inhibited for alleviating water-tree aging [10,11]. Three-dimensional crosslink-
ing networks in XLPE amorphous regions can restrict the impacts of micro-droplets on
amorphous molecular-chains from forming water-trees when local deformation occurs
along electric field direction, which essentially accounts for the high water-tree resistance
of XLPE material [12,13]. It has been reported that the larger size and fewer grains of XLPE
spherulites conduce to a higher speed of water-tree propagation [14]. Employing elastomer
(SEBS and EVA), inorganic nanofiller (nano MgO) or auxiliary crosslinker (HAV2) for XLPE
modifications can ameliorate crystallization morphology, increase crystallinity or crosslink-
degree so as to improve water-tree resistance and electrical insulation performances of
XLPE material [8,15–17].

By grafting polar-group molecules, the hydrophilicity of XLPE molecular-chains can
be significantly improved to restrain water molecules in structural defects from aggre-
gating into micro-droplets but resolve them into water membranes, which will inhibit
growth of water-trees. Both chloroacetic acid allyl ester (CAAE) and maleic anhydride
(MAH) molecules containing multiple polar groups as well as vinyl group, which should
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be competent for grafting on polyethylene molecular-chains to fulfill molecular-level modi-
fications on XLPE material, are expected to acquire a substantial improvement in water-tree
resistance. In the present study, by the melting blend method and thermal chemistry, we
make chemical graft modifications on XLPE material with CAAE and MAH, focusing on
improving water-tree resistant performance and trying to reveal the correlated modifica-
tion mechanism, which is expected to provide strategic technical support for developing
water-tree resistant XLPE materials for power cables.

2. Results and Discussion
2.1. Infrared Spectroscopic Analysis

The successful modification of chemical grafting on XLPE can be verified by FTIR
spectroscopy, which is characterized by stretching vibration peaks at 907 and 1735 cm−1 of
vinyl (C=C) and ester (C=O) groups on CAAE and at 912 cm−1 of MAH molecules [18,19],
as shown in Figure 1. In comparison to both the raw material blends before and after
vacuum hot-degassing treatment, the CAAE-grafted XLPE (XLPE-g-CAAE) with 1.0 wt%
grafting content gives rise to the characteristic peak of C=O groups. The infrared absorption
peak at 907 cm−1 of C=C groups in CAAE molecules arises in the mixtures of LDPE, DCP
and CAAE without crosslinking and grafting reactions. By contrast, the characteristic
peak of C=C disappears in XLPE-g-CAAE, demonstrating that CAAE molecules have been
successfully grafted onto XLPE molecular-chains. Moreover, the characteristic absorption
peak at 912 cm−1 of unsaturated chemical bonds in MAH molecules disappears in MAH-
grafted XLPE (XLPE-g-MAH) with 1.0 wt% grafting content, giving rise to a new peak
at 1792 cm−1 of carbonyl groups after grafting reaction, indicating the successful graft of
MAH molecules to XLPE. These FTIR results are also identically presented for the other
modified XLPE materials with grafting contents of 0.5 and 1.5 wt%. Therefore, it has been
verified by FTIR spectroscopy that chemical modifications of grafting CAAE and MAH to
XLPE have been fulfilled.
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2.2. Water-Tree Morphology and Growth Length 

Figure 1. Fourier-transform infrared spectra of uncrosslinked raw material blends before and after
vacuum hot-degassing ( 1© and 2©) and the modified XLPE ( 3©): (a) grafting 1.0 wt% CAAE and
(b) grafting 1.0 wt% MAH.

2.2. Water-Tree Morphology and Growth Length

Taking the ungrafted XLPE material as a benchmark, the water-tree morphologies
and growth lengths of XLPE-g-CAAE and XLPE-g-MAH with grafted contents of 0.5, 1.0
and 1.5 wt% (XLPE-g-wt%CAAE and XLPE-g-wt%MAH) are observed and evaluated by
optical microscopy, as illustrated by photo images of water-trees aging for 192 h and by
water-tree length versus aging time profiles in Figure 2. Water-tree resistant performance
is characterized by water-tree length at the same aging time, which means the smaller
water-tree length represents the higher water-tree resistance. As shown by curve profiles
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in the top-right two panels of Figure 2, the water-tree lengths of all the tested samples
increase with aging time. When the CAAE grafting content reaches 1.0 wt%, the water-tree
resistance is improved most significantly, as manifested by water-tree lengths for aging
longer than 48 h. In addition, XLPE-g-1.5wt%CAAE are more severe for water-tree aging
than XLPE-g-0.5wt%CAAE.
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Figure 2. Water-tree morphology observed with optical microscopy for XLPE modified by grafting
CAAE or MAH (image photos), and water-tree length versus aging time for XLPE-g-CAAE and
XLPE-g-MAH compared with benchmark XLPE (top-right curve profiles).

Polar groups on the grafted CAAE and MAH molecules evidently promote the hy-
drophilicity of XLPE so that the water molecules penetrating into XLPE amorphous regions
are mostly adsorbed near these polar groups and disfavor aggregating into micro-droplets
at structural defects, which alleviates the impacts of electrostrictive water micro-droplets
on polyethylene molecular-chains, as manifested by the appreciable inhibition of water-tree
propagation. Meanwhile, the grafted molecules increase molecular-chain density in XLPE
amorphous regions, which also accounts for improving water-tree resistance. Further, the
excessively high grafting content of CAAE leads to incompatible interfaces in XLPE, which
will produce structural defects that initiate water-tree and benefit water-tree propagation,
thereby reducing water-tree resistance instead. In contrast, when the grafting content
of MAH exceeds 0.5 wt%, the inhibition of water-tree aging fades away, indicating the
different underlying mechanisms of grafting CAAE and MAH for restraining water-tree
aging that will be further revealed in the following sections.
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2.3. Melting–Crystallization Characteristics

Melting–crystallization characteristics of XLPE benchmark, XLPE-g-1.0wt%CAAE
and XLPE-g-1.0wt%MAH (as the paradigm of graft-modified XLPE) are represented by
endothermic and exothermic heat-flows of DSC temperature spectra in reverse processes
of heated-melting and cooled-crystallization to evaluate semi-crystalline crystallinity by
comparing melting and crystallizing peaks, as shown in Figure 3 and Table 1. In contrast
to benchmark XLPE, the modified XLPE grafted with CAAE or MAH acquire substantial
elevations in both crystallizing and melting temperatures and in crystallinity, implying that
the polar groups on the grafted molecules lead to higher intermolecular forces between
polyethylene molecular-chains. Meanwhile, the grafted molecules undergo as the heteroge-
neous nucleation centers for polyethylene molecular-chain crystallization, which accounts
for the smaller size and higher density of spherulites in XLPE microscopic crystallization
structure, resulting in the reductions of the spacing between lamellae and the volume of
amorphous regions.
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Figure 3. DSC temperature spectra of XLPE, XLPE-g-1.0wt%CAAE and XLPE-g-1.0wt%MAH in
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Table 1. Melting–crystallization characteristics and the calculated crystallinities.

Material
Melting Peak

Tm/◦C
Crystallizing Peak

Tc/◦C
Melting Enthalpy

∆Hm/(J/g)
Crystallinity

Xc/%

XLPE 88.76 105.13 98.35 33.5
XLPE-g-1.0wt%CAAE 89.37 106.62 105.11 35.8
XLPE-g-1.0wt%MAH 89.61 106.98 106.29 36.2

The initial increase slope in crystallizing peak indicates crystallization nucleation
rate, whilst the difference between initial temperature and peak temperature characterizes
the inverse rate of crystal growth, which are, respectively, higher and lower for the graft-
modified XLPE than that for XLPE benchmark. It is thus verified from DSC tests that both
the nucleation rate and crystal growth rate of the graft-modified XLPE are higher than
those of XLPE benchmark. It is hereby verified that the polar-group molecules (especially
for MAH) grafted on polyethylene molecule-chains are capable of enhancing van der
Waals interactions between polyethylene molecule-chains and acting as heterogeneous
nucleation centers to expedite crystallization nucleation and crystal growth, resulting in
higher densities of lamellae and spherulites, as manifested by the higher crystallization
enthalpy and crystallinity, respectively.

Optical microscopic images of semi-crystalline morphologies with spherullites and
amorphous regions in XLPE, XLPE-g-1.0wt%CAAE and XLPE-g-1.0wt%MAH are shown in
Figure 4. Compared with XLPE benchmark, the grafted XLPE materials represent a higher
density of spherulites in smaller diameters, resulting in a considerably smaller volume
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ratio of amorphous phase, for which XLPE-g-MAH is more evident than XLPE-g-CAAE.
Based on crystallization kinetics, the polyethylene lamellae are formed by folding regular
molecular-chains, while a spherulite is formed by a large number of lamellae arranged
radically from a crystallizing nucleus. Therefore, the grafted CAAE or MAH molecules
could act as crystallization nuclei to initiate the crystallization of polyethylene lamellae,
which will finally develop into spherulites, resulting in a higher crystallinity as manifested
by a higher density of smaller-sized spherulites.
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2.4. Viscoelasticity and Stress-Strain Characteristics

In dynamic relaxation temperature spectra of DMA, the storage modulus E’ indicates
the mechanical stiffness of polymer materials, while loss modulus E” and loss factor
tanθ characterize the mechanical toughness of polymer materials. DMA temperature
spectra and static tensile characteristics of 1.0wt%-graft XLPE in reference to XLPE are
shown in Figure 5a–c, with the peak magnitudes and water-tree lengths (aging for 192 h)
listed in Table 2. Mechanical toughness of amorphous regions can be measured from
the intensities of E” and tanθ peaks at glass-transition temperature (β relaxation peak
at −25 ◦C) [20,21], which are dominantly derived from the relaxations of amorphous
molecular-chains connecting to lamella surfaces. As the density of lamellae in XLPE
increases, the β relaxation peak shifts toward a lower temperature, and the peak intensity
of E” increases, implying that the molecular-chain relaxations on lamella surfaces are
intensified. The β peak intensities of E” and tanθ for XLPE-g-1.0wt%CAAE and XLPE-
g-1.0wt%MAH are distinctly higher than that for XLPE benchmark, in which XLPE-g-
1.0wt%MAH shows the highest values. Therefore, the mechanical toughness in amorphous
regions between the lamellae of XLPE material is enhanced by grafting CAAE and MAH
molecules, which improves the resistance to the electric-stress damage from micro-droplets
on polyethylene molecular-chains, as manifested consistently by the higher crystallinities.

Table 2. DMA β relaxation peak magnitude (loss modulus E” and factor tanθ), crystallinity Xc and
water-tree dimension (characteristic length Lc).

Material E”/MPa tanθ Xc/% Lc/µm

XLPE 81 0.079 33.5 129.8
XLPE-g-1.0wt%CAAE 87 0.085 35.8 80.1
XLPE-g-1.0wt%MAH 90 0.090 36.2 79.6

292



Int. J. Mol. Sci. 2022, 23, 9450Int. J. Mol. Sci. 2022, 23, x FOR PEER REVIEW 7 of 14 
 

 

 
Figure 5. DMA temperature spectra of (a) storage modulus, (b) loss modulus, (c) loss factor and (d) 
stress-strain characteristics for XLPE-g-1.0wt%CAAE and XLPE-g-1.0wt%MAH in comparison to 
XLPE benchmark. 

Table 2. DMA β relaxation peak magnitude (loss modulus E” and factor tanθ), crystallinity Xc and 
water-tree dimension (characteristic length Lc). 

Material E”/MPa tanθ Xc/% Lc/μm 
XLPE 81 0.079 33.5 129.8 

XLPE-g-1.0wt%CAAE 87 0.085 35.8 80.1 
XLPE-g-1.0wt%MAH 90 0.090 36.2 79.6 

The tanθ peaks appearing at the higher temperature of 80 °C (α relaxation peak) come 
from the rotation and slip of lamellae and the relaxation of fold molecular-chains on la-
mella surfaces [22]. The graft of polar-group molecules ameliorates crystalline character-
istics by reducing the volume ratio of XLPE amorphous phase and the size of spherulites, 
resulting in the effective restriction on α relaxation, which accounts for the lowest α peak 
of XLPE-g-1.0wt%MAH. Although XLPE-g-1.0wt%MAH shows the highest crystallinity 
and mechanical toughness, its water-tree resistant performance is similar to XLPE-g-
1.0wt%CAAE (as shown in Figure 2), implying a discrepant mechanism for improving 
water-tree resistance by grafting CAAE. 

Stress-strain characteristics include four stages during dynamic mechanical tensile 
process: elastic, yielding, strain-softening and strain hardening stages, as shown in Figure 5d. 
Because the grafting reaction causes breakages in parts of polyethylene molecular-chains, 
the fracture stress and elongation of the graft-modified XLPE materials are distinctly 
lower than that of benchmark XLPE [23,24]. After grafting modifications, both elastic 

Figure 5. DMA temperature spectra of (a) storage modulus, (b) loss modulus, (c) loss factor and
(d) stress-strain characteristics for XLPE-g-1.0wt%CAAE and XLPE-g-1.0wt%MAH in comparison to
XLPE benchmark.

The tanθ peaks appearing at the higher temperature of 80 ◦C (α relaxation peak) come
from the rotation and slip of lamellae and the relaxation of fold molecular-chains on lamella
surfaces [22]. The graft of polar-group molecules ameliorates crystalline characteristics by
reducing the volume ratio of XLPE amorphous phase and the size of spherulites, resulting
in the effective restriction on α relaxation, which accounts for the lowest α peak of XLPE-g-
1.0wt%MAH. Although XLPE-g-1.0wt%MAH shows the highest crystallinity and mechani-
cal toughness, its water-tree resistant performance is similar to XLPE-g-1.0wt%CAAE (as
shown in Figure 2), implying a discrepant mechanism for improving water-tree resistance
by grafting CAAE.

Stress-strain characteristics include four stages during dynamic mechanical tensile pro-
cess: elastic, yielding, strain-softening and strain hardening stages, as shown in Figure 5d.
Because the grafting reaction causes breakages in parts of polyethylene molecular-chains,
the fracture stress and elongation of the graft-modified XLPE materials are distinctly lower
than that of benchmark XLPE [23,24]. After grafting modifications, both elastic modulus
and yield strength decrease, whilst strain softening and elastic (cold stretching) processes
are shortened, and even XLPE-g-1.0wt%MAH exhibits no perceptible strain softening stage.
Amorphous regions between lamellae in XLPE material are diminished by chemically
introducing polar-group molecules, which restricts the slips between lamellae, as indicated
by the shortened strain softening and cold stretching processes.
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2.5. Miscibility of Grafted Molecules with Water

Employing the modified Flory–Huggins model [25] for the thermodynamics of binary
molecular-mixture systems, the free energy, phase diagram and mixing energy of PE/H2O,
CAAE/H2O and MAH/H2O binary molecular mixtures are calculated to analyze the
hydrophilicity of polyethylene molecular-chains and polar-group molecules, as shown in
Figure 6. Although the solubility of H2O in polyethylene (PE) is very low and the critical
point temperature reaches 1374K, the metastable phase region located between Spinodal
and Binodal boundaries remains largely in phase diagram, implying that ~5 mol% of
H2O molecules will penetrate into polyethylene amorphous regions to form a metastable
mixture above 600 K.
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Due to the existence of polar groups, both CAAE and MAH molecules represent
much higher hydrophilic features than PE molecules, with the critical point temperatures
approaching 117 and 446 K, respectively. In contrast, the molecular compatibility of CAAE
with H2O is significantly higher than that of MAH, and the critical point temperature is
lower than room temperature, implying that CAAE and water can completely dissolve
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with each other in any proportion. Therefore, it is suggested that water is able to exist
as molecules around MAH and CAAE in graft-modified materials, but water molecules
cannot disperse uniformly and will aggregate into water droplets to form phase separation
around polyethylene molecular chains without polar groups.

A small or negative interaction parameter (χ) indicates that the two molecular com-
ponents interact strongly at a specific temperature to form a binary mixing system under
thermodynamic equilibrium. While for a large positive χ, the two different molecules prefer
to cluster with their peers to form a separate two-phase system. Interaction parameters and
mixing energies (Emix) of PE/H2O, CAAE/H2O and MAH/H2O binary mixing systems as
a function of temperature are shown in Figure 7. Binary mixing systems of CAAE/H2O
and MAH/H2O present a higher magnitude of χ and Emix than PE/H2O. The χ and Emix
of CAAE/H2O are negative at temperatures below 350 K, while MAH/H2O represents two
positive parameters in temperature range of 200–800 K, approaching maximum at 300 K,
which is remarkably higher than that of CAAE/H2O. Since the polar-group molecules in
graft-modified XLPE materials are all chemically bonded to polyethylene molecular-chains,
the water molecules infiltrated into XLPE-g-CAAE prefer to disperse and dissolve around
polar groups rather than assembling into micro-droplets.

Int. J. Mol. Sci. 2022, 23, x FOR PEER REVIEW 9 of 14 
 

 

Due to the existence of polar groups, both CAAE and MAH molecules represent 
much higher hydrophilic features than PE molecules, with the critical point temperatures 
approaching 117 and 446 K, respectively. In contrast, the molecular compatibility of CAAE 
with H2O is significantly higher than that of MAH, and the critical point temperature is 
lower than room temperature, implying that CAAE and water can completely dissolve 
with each other in any proportion. Therefore, it is suggested that water is able to exist as 
molecules around MAH and CAAE in graft-modified materials, but water molecules can-
not disperse uniformly and will aggregate into water droplets to form phase separation 
around polyethylene molecular chains without polar groups. 

A small or negative interaction parameter (χ) indicates that the two molecular com-
ponents interact strongly at a specific temperature to form a binary mixing system under 
thermodynamic equilibrium. While for a large positive χ, the two different molecules pre-
fer to cluster with their peers to form a separate two-phase system. Interaction parameters 
and mixing energies (Emix) of PE/H2O, CAAE/H2O and MAH/H2O binary mixing systems 
as a function of temperature are shown in Figure 7. Binary mixing systems of CAAE/H2O 
and MAH/H2O present a higher magnitude of χ and Emix than PE/H2O. The χ and Emix of 
CAAE/H2O are negative at temperatures below 350 K, while MAH/H2O represents two 
positive parameters in temperature range of 200–800 K, approaching maximum at 300 K, 
which is remarkably higher than that of CAAE/H2O. Since the polar-group molecules in 
graft-modified XLPE materials are all chemically bonded to polyethylene molecular-
chains, the water molecules infiltrated into XLPE-g-CAAE prefer to disperse and dissolve 
around polar groups rather than assembling into micro-droplets. 

 
Figure 7. Interaction parameter (left panel) and mixing energy (right panel) of PE/H2O, CAAE/H2O 
and MAH/H2O binary molecular mixtures. 

2.6. Mechanism of Water-Tree Resistance 
According to the melting–crystallization characteristics and DMA temperature spec-

tra with the derived water-tree resistant mechanisms introduced by grafting polar-group 
molecules, it is reasonable to predict that besides improving water resistance by amelio-
rating crystallization structure of XLPE, the imported hydrophilia of polar groups can re-
strain water molecules from aggregating into micro-droplets, resulting in improved wa-
ter-tree resistance. Macroscopic molecular-chains of XLPE pass through several crystalli-
zation regions and tangle with each other. Hence, polyethylene molecular-chains in amor-
phous phase, which determine slides between lamellae, undergo deformations and relax-
ation motions under electric-stress impacts of water micro-droplets. When semi-crystal-
line XLPE materials bear a mechanical stretching process in strain hardening stage, the 
molecular-chains connecting lamellae in amorphous regions mainly bear the applied me-
chanical forces, which means the stronger connecting molecular-chains or the smaller 
amorphous regions require a higher external force to produce macroscopic deformations. 

Figure 7. Interaction parameter (left panel) and mixing energy (right panel) of PE/H2O, CAAE/H2O
and MAH/H2O binary molecular mixtures.

2.6. Mechanism of Water-Tree Resistance

According to the melting–crystallization characteristics and DMA temperature spec-
tra with the derived water-tree resistant mechanisms introduced by grafting polar-group
molecules, it is reasonable to predict that besides improving water resistance by ameliorat-
ing crystallization structure of XLPE, the imported hydrophilia of polar groups can restrain
water molecules from aggregating into micro-droplets, resulting in improved water-tree
resistance. Macroscopic molecular-chains of XLPE pass through several crystallization
regions and tangle with each other. Hence, polyethylene molecular-chains in amorphous
phase, which determine slides between lamellae, undergo deformations and relaxation
motions under electric-stress impacts of water micro-droplets. When semi-crystalline XLPE
materials bear a mechanical stretching process in strain hardening stage, the molecular-
chains connecting lamellae in amorphous regions mainly bear the applied mechanical
forces, which means the stronger connecting molecular-chains or the smaller amorphous
regions require a higher external force to produce macroscopic deformations.

Although XLPE-g-MAH has a greater strain hardening strength and higher/lower
β/α relaxation peaks (as shown in Figure 5), the hydrophilicity of CAAE far exceeds
MAH, so XLPE-g-CAAE possesses a nearly identical water-tree resistance as XLPE-g-MAH.
The grafted hydrophilic CAAE can effectively disperse water micro-droplets gathered in
amorphous regions between lamellae, thus alleviating electrical-mechanical damage of
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water micro-droplets on defect areas under AC electric field, as shown in Figure 8, in which
R’ and R” respectively denote the grafted MAH and CAAE on polyethylene molecular-
chains. In contrast to XLPE-g-MAH, the water micro-droplets in amorphous regions of
XLPE-g-CAAE are much smaller, which will not further aggregate in insulation defects to
form water-filling holes and thus are difficult to render water-tree channels.
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3. Methods and Materials
3.1. Material Preparation

Raw materials for the melting blend process are comprised of dicumyl peroxide
(DCP, Nobel Company Ltd., Aksu, China) as the crosslinking and grafting initiator, low-
density polyethylene (LDPE, LD200GH, Sinopec Company Ltd., Beijing, China) as the basis
material, and chloroacetic acid allyl ester or maleic anhydride (CAAE or MAH, Ruierfeng
Chemical Co. Ltd. Guangzhou, China) as the grafting modification agents. In melting blend
process of preparing initial mixture materials before crosslinking and grafting reactions, the
pristine LDPE material is heated for melting at 110 ◦C temperature for 3 min with a rotating
speed of 40 rpm in torque rheometer (RM200C, Hapro Co. Ltd., Harbin, China), and then
2 wt% DCP and 0.3 wt% 1010 antioxidant together with 0, 0.5 and 1.0 wt% CAAE or MAH
are added into torque rheometer blending for 17 min and cooled down to room temperature,
thus obtaining the uniformly mixed material. For crosslinking/grafting chemical reactions,
the prepared blend is first heated to 120 ◦C for melting in plate vulcanizer, and then is
further heated to 175 ◦C at a rate of 5 ◦C/min with the pressure being raised to 15 MPa by
a rate of 1 MPa/min. After 35 min, the crosslinked and grafted polyethylene material is
cooled down to room temperature and then compressed into molding films. Eventually,
the film samples are hot-degassed under short-circuit in vacuum drying chamber at 80 ◦C
for 48 h so as to clear off the residual reactants and reaction by-products and to relax
mechanical stresses in samples.

3.2. Water-Tree Experiment

Water-tree experiments are fulfilled by accelerating electric aging process with a water
blade electrode being continuously applied by AC high voltage of 4 kV at high frequency
of 3 kHz for 24–192 h, as schematically shown in Figure 9. The blade electrode in 0.03 mm
thickness and with a blade edge in 0.01 mm curvature radius is vertically inserted into
the 4 mm thick film sample whilst keeping 2 mm away from the sample’s bottom surface,
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which causes knife-like defects at blade edge, as shown in Figure 9b. Sodium chloride
solution of 1.8 mol/L is used as water medium for water-tree aging experiments. Before
water-tree experiment, the entire equipment is degassed in vacuum for 60 min to completely
remove residual air in blade defects. After water-tree growth has been finished, the cuboid
film sample is sliced (into ~100 µm thickness) through the defects at blade edge along
the direction perpendicular to both the blade plane and sample surface, as implemented
by the manual rotary microtome (Leica RM2235, Chuangxun Medical Equipment Co.,
Ltd., Shanghai, China). The sliced samples are then immersed in methylene blue solution
persisting at a constant temperature of 90 ◦C for 4 h, making water-trees legible.
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3.3. Characterization and Measurement

Infrared absorption spectra are tested for the raw blends and the crosslinked XLPE
materials to determine whether or not the grafting process is successful by comparing
the characteristic peaks of specific chemical groups before and after crosslinking/grafting
reaction process. The film samples in 0.3 mm thickness are tested by Fourier-transform
infrared (FTIR) spectrometer (FT/IR-6100, Jiasco Trading Co., Ltd., Shenyang, China) in
wavelength range of 500–4000 cm−1 with a resolution of 2 cm−1.

Differential scanning calorimetry (DSC) is employed to test the heat flow from and out
of samples when being gradually heated/cooled at a rate of 5 ◦C/min in nitrogen atmo-
sphere, as implemented in differential scanning calorimeter (DSC-3, METTLER TOLEDO,
Zurich, Switzerland). Polyethylene crystallinity is calculated from enthalpy change in
melting process of DSC test, according to Xc = ∆Hm/∆H100, where ∆H100 = 293.6 J/g
and ∆Hm denote the melting enthalpies of the 100% crystallized material and the tested
semi-crystalline samples, respectively.

Water-tree morphology is observed to evaluate water-tree length with an optical
microscope (SteREO DiscoveryV20, Carl Zeiss AG, Berlin, Germany). Semi-crystalline
morphologies of the grafted and benchmark XLPE materials in 120 µm thick slice samples are
observed by polarizing fluorescence microscope (PLM, DM2500P, Leica Co., Berlin, Germany).

Dynamic thermomechanical analysis (DMA) is performed on 15 × 6 × 1 mm3 cuboid
film samples to evaluate viscoelastic characteristics, as described by energy-storage mod-
ulus E’, loss modulus E” and loss factor tanθ = E’/E”, in the heating process by a rate
of 3 ◦C/min from −50 to 100 ◦C under nitrogen atmosphere, as implemented in dy-
namic thermomechanical analyzer (Q800DMA, TA apparatus Co. Ltd., DE, USA). DMA
tests are carried out under tensile stress by specifying target frequency/amplitude and
static/dynamic forces of 1 Hz/15 µm and 0.375 N/0.3 N, respectively. Complying with
GB/T 1040.2-2006 standard, the stress-strain characteristics of “5A” dumbbell shaped sam-
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ples with a mark distance of 20 mm in 4 mm width and 2 mm thickness are measured by
an elongation speed of 5 mm/min.

3.4. Miscibility Computation

Mixing energy, free energy and phase diagram of water (H2O) molecules mixing
with CAAE or MAH molecules are calculated by Monte Carlo method combined with the
modified Flory–Huggins model, using Blends program of Materials Studio 2020 package
(Accelrys Inc., Materials Studio version 2020.08, San Diego, CA, USA). According to ther-
modynamics theory of miscibility and separation in binary phase systems as described by
Flory–Huggins model [26,27], the free energy of a binary mixture system is represented
as by:

∆G
RT

=
φb
nb

ln φb +
φs

ns
ln φs + χφbφs (1)

where ∆G denotes mixing free energy (per mole), φi and ni symbolize volume ratio and
polymerization degree of component i respectively, χ represents interaction parameter, T
and R indicate absolute temperature and gas constant respectively. The sum of the first
two terms are always negative, which is combinatorial entropy in favor of mixed state
rather than separating into pure components. The last term of free energy is derived
from interaction of mixing different components. Interaction parameter χ is defined by
χ=Emix/RT (Emix denotes mixing energy), which indicate free energy difference between
mixed and separated phase states, in disfavor of mixing when being positive.

4. Conclusions

For the first time, we propose and demonstrate how to improve water-tree aging
resistance of XLPE material by grafting polar-group molecules, in which the underlying
mechanism is elucidated by the hydrophilia of graft molecules, the crystalline characteris-
tics of heterogeneous nucleation, and the mechanical properties derived from polyethylene
molecular-chains in amorphous phase. By means of peroxide-initiated thermochemical
grafting method, two species of molecules named by CAAE and MAH, which possess polar-
groups, are successfully grafted onto XLPE molecular-chains through free radical addition
reactions. Infrared spectroscopy, water-tree aging experiments, crystallization character-
istics and mechanical properties are conducted to elucidate the mechanism of improving
water resistance by chemically grafting CAAE or MAH molecules. Combined with Monte
Carlo molecular simulations, it is verified that water-tree resistance can been significantly
promoted by grafting polar-group molecules. It is consistently manifested by DSC spectra,
DMA peaks and stress-strain characteristics that the grafted polar groups can enhance
Van der Waals’ force between polyethylene molecules and are available as heterogeneous
nucleation centers for polyethylene crystallization, which lead to the increased densities of
spherulites with the reduced-volume and increased-tenacity amorphous regions between
lamellae, accounting for the considerable improvement in water-tree resistance. It is indi-
cated from Monte Carlo molecular simulations that CAAE/H2O binary system possesses
negative interaction parameters and mixing energies throughout a large temperature range,
implying that water molecules will be dispersed without aggregating into water droplets
in CAAE grafted XLPE, which alleviates electric-stress impacts on amorphous regions.
Inspired by the chemical modifications of XLPE material by grafting polar-group molecules
which have been recently verified for improving insulation performances, this paper sug-
gests a feasible strategy of chemical grafts to simultaneously improve water-tree resistances
and insulation performances of polyethylene insulation materials in applications of high
voltage cable manufactures.
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Abstract: The influence of phosphates on the transport of plastic particles in porous media is en-
vironmentally relevant due to their ubiquitous coexistence in the subsurface environment. This
study investigated the transport of plastic nanoparticles (PNPs) via column experiments, paired with
Derjaguin–Landau–Verwey–Overbeek calculations and numerical simulations. The trends of PNP
transport vary with increasing concentrations of NaH2PO4 and Na2HPO4 due to the coupled effects
of increased electrostatic repulsion, the competition for retention sites, and the compression of the
double layer. Higher pH tends to increase PNP transport due to the enhanced deprotonation of
surfaces. The release of retained PNPs under reduced IS and increased pH is limited because most
of the PNPs were irreversibly captured in deep primary minima. The presence of physicochemical
heterogeneities on solid surfaces can reduce PNP transport and increase the sensitivity of the trans-
port to IS. Furthermore, variations in the hydrogen bonding when the two phosphates act as proton
donors will result in different influences on PNP transport at the same IS. This study highlights the
sensitivity of PNP transport to phosphates associated with the solution chemistries (e.g., IS and pH)
and is helpful for better understanding the fate of PNPs and other colloidal contaminants in the
subsurface environment.

Keywords: plastic nanoparticles; phosphates; solution chemistry; retention; release

1. Introduction

Plastic nanoparticles (PNPs) are commonly defined as plastic debris smaller than
1 µm in diameter across its widest dimension and distinct from the larger microplastics
(1–5000 µm) and macroplastics (larger than 5000 µm) [1]. It is reported that more than
300 million tons of plastics are manufactured each year [2,3]. The sources of PNPs in the
environment may come from various materials and processes related to our daily life such
as synthetic fibers [4], personal care products [5–7], washing [8], and packaging [9,10].
PNPs in the environment can be primary materials or degradation products of large plastic
wastes as secondary production [11]. In addition, the wide application of agricultural mulch
in farms or greenhouses, irrigation with waters containing plastics, and the use of sewage
sludge all potentially bring a significant amount of plastics into soils [12–16]. Previous
studies reported that the average amount of plastics in soils in southwestern China was
as high as 18,760 particles per kilogram [17]. It is estimated that the annual total amount
of plastics in European and North American farmlands can reach 44,000–430,000 tons per
year [13].

The toxicity of PNPs to the ecosystem has been studied [18,19]. The presence of PNPs
may influence the physical (e.g., hydraulic and pore distribution), chemical (e.g., contami-
nant adsorption), and biological properties (e.g., microbial communities) of soils [3,20,21].
Previous studies confirm that PNPs in the soil can affect the transportation, reproduc-
tion, and metabolism of soil biota [22,23]. In addition, microorganisms can act as carriers
that transfer PNPs from soil to plants and eventually to other organisms through food
chains [24]. Studies indicated that PNPs can pass important biological barriers (e.g., the
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intestinal barrier, blood–air barrier, blood–brain barrier, and placental barrier) and poten-
tially produce adverse effects on human beings [3,25]. Furthermore, PNPs can adsorb
other pollutants (organic and inorganic) and facilitate their mobility in the aqueous envi-
ronment or soils thus increase the risk of coupled contaminations in the environment and
groundwater [26]. PNPs show colloidal properties and are less affected by gravity due to
their light weight and long-term durability [27]. The transport of PNPs in the subsurface
environment is expected to be highly affected by a wide range of processes, including
sedimentation, aggregation, re-suspension, and entrapment [28,29]. These processes are
significantly influenced by the properties of PNPs (i.e., particle size and surface properties),
solution chemistries (i.e., ionic strength (IS), cation type, and pH), porous media (i.e., grain
size and surface heterogeneity), flow condition, and coexisting pollutants [30–33]. How-
ever, the transport behaviors of PNPs and the mechanisms involved are still far from being
fully understood.

Phosphates are ubiquitous in agricultural drainage and municipal wastewater [34,35]
and may reach high levels in surface water and groundwater, e.g., ranging from 0.0035 to
0.1 mM after a long-term accumulation [36–39]. Furthermore, phosphate is also abundant in
soils due to the wide application of phosphate fertilizers and sewage sludge on farms [38].
The presence of phosphates in the environment inevitably alters the composition of solution
chemistry and the properties of the natural collector surface (i.e., soil grain surface), thus in-
fluencing colloid transport [40]. It has been demonstrated that phosphates can facilitate the
transport of graphene oxide, nTiO2, and ZnO-NPs by increased electrostatic repulsion and
the competition for retention sites between colloids and phosphates [38,41,42]. However,
the influence of phosphates on the interaction of plastic particles and collector surfaces is
still rarely studied and poorly understood. In addition, due to the high burdens of both
phosphates and PNPs in soils, the influence of phosphates can be a critical issue in the
fate of PNPs in the subsurface environment. To the best of our knowledge, the relevant
information has not been reported.

Therefore, the objective of this study was to explore the potential coupled effects of typ-
ical phosphates (NaH2PO4 and Na2HPO4) associated with solution pH, ionic strength, and
the presence of NaCl on the transport behaviors of PNPs using column experiments. Batch
adsorption experiments, interaction energy calculations based on the classic Derjaguin–
Landau–Verwey–Overbeek (DLVO) theory [43,44], and numerical simulations were also
performed to better deduce the mechanisms of PNP transport. Findings in this study are
helpful for better understanding the fate of PNPs and other colloidal contaminants in the
subsurface environment.

2. Results and Discussion
2.1. Characterization of PNPs and Porous Media

Tables S1–S3 summarize the zeta potentials of PNPs, porous media, and hydrodynamic
diameters (dp) of PNPs under all experimental conditions. In general, the dp values of PNPs
in NaH2PO4 or Na2HPO4 were similar. In the absence of NaCl, the dp of PNPs did not
increase much when phosphates increased from 0 to 1 mM under pH 7. Under the same
phosphate concentration and pH, the dp of PNPs in the presence of NaCl was slightly larger
than that without NaCl; e.g., when pH was 7, dp ranged from 124 to 150 nm and from 131
to 164 nm in NaH2PO4 and NaH2PO4–NaCl systems, respectively (Table S1). The dp values
were in a larger range between 131 and 200 nm in the Na2HPO4–NaCl system under pH 7
(Table S2). The dp was also slightly larger under pH 7 compared with pH 10 under the same
electrolyte. However, in 0.25 mM NaH2PO4 with 1 mM NaCl, dp was stable (128–135 nm)
when the pH increased from 5 to 10. Generally, the dp was in the order of pH 10 < pH 7
with phosphate alone < pH 7 with both phosphate and NaCl. These results indicate that
the charge screening under a higher IS and deprotonation of the surface hydroxyl groups
under a higher pH [42] play important roles in the charge of the PNP surface.

The trends of PNP zeta potentials in two phosphates showed only minor differ-
ences. Although slight fluctuation occurred, the zeta potentials of PNPs were less negative
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at a higher IS as phosphate concentrations increased (less than 1 mM) with or without
1 mM NaCl and sometimes tended to become more negative under 1 mM phosphates
(Tables S1 and S2). Conversely, the zeta potentials of porous media became more negative
with increasing IS. This may arise from the adsorption of phosphates that creates charge
density due to the deprotonation of the phosphate [45]. Figures S3 and S4 demonstrate
the adsorption capacities of sand and PNPs for phosphate increased with the increase in
phosphate concentrations, while the adsorption on PNPs is higher than that on sand under
comparable phosphate concentrations as in column experiments (Figure S4). The adsorp-
tion behaviors can be attributed to the irreversible chemical absorption (hydrogen bonding)
on quartz sand [45,46] and the reversible physical absorption on PNPs. The trends of more
negative charge with increasing IS in a low-level range were also reported in previous
studies for PNPs [47] and porous media [48]. Table S3 shows that the zeta potentials of
PNPs and porous media under IS = 1 mM with the mixture of 0.3 mM Na2HPO4 and
0.1 mM NaCl were more negative than those of 1 mM NaCl. In addition, the zeta potentials
of both PNPs and sand were more negative as pH increased due to the deprotonation of the
surfaces. Values of dp and zeta potentials provided in Tables S1–S3 were used to determine
the interaction energy of PNPs–sand based on DLVO theory. Figures S5–S8 show the depths
of the primary minima (Φ1min), the secondary minima (Φ2min), the energy barrier height
(Φmax), and the energy barrier to detachment (∆Φd). According to DLVO theory, larger
Φmax values indicate stronger repulsions between two surfaces. Figures S5 and S6 indicate
that the Φmax decreases and the depths of Φ2min are deeper when phosphate concentrations
increase. In the presence of phosphate with or without NaCl, the Φmax values of Na2HPO4
were higher than those of NaH2PO4. The Φmax tends to be larger under a higher pH
(Figure S7) or under Na2HPO4 in the mixture of NaCl and phosphates at an IS of 1 mM
(Figure S8). The shallow Φ2min values indicate a low potential of retention in a secondary
minimum. The Φ1min is deeper and ∆Φd is increased as phosphate concentration or IS
increases or under lower pH, implying the potential of irreversible retention (Table S4).

2.2. Transport of PNPs in the Presence of Phosphate

Figure 1 presents the breakthrough curves (BTCs) and releases curves (RCs) of PNPs
when concentrations of two phosphates equal 0.00, 0.25, 0.50, and 1.00 mM under pH 7.
Table 1 shows the mass recoveries of PNPs from phases 1–3 in the column effluent. As the
NaH2PO4 concentration increased from 0 to 1 mM, PNPs collected in the column effluent in
phase 1 (Meff) increased from 91% to 98%, and then decreased to 43% and 0 (under detection
limit). Figure 1b presents the transport of PNPs in the presence of Na2HPO4. Different from
NaH2PO4, PNP transport monotonically decreased from 91% to 82%, 32.0%, and 0 as the
Na2HPO4 concentration increased from 0 to 1 mM. In general, at the same concentrations
of the two phosphates, PNP mobility under Na2HPO4 (Figure 1b) was much weaker than
under NaH2PO4 (Figure 1a), mainly due to the higher IS of Na2HPO4 that resulted in a more
pronounced compression of the electrical double layer and a reduction in repulsive force.
However, when phosphate concentration was 1 mM, no breakthrough of PNPs occurred
under both phosphates. Fitted values of k1 and Smax/Co also indicate the non-monotonic and
monotonic (increased) trends in the mass transfer rates and retention capacities as NaH2PO4
and Na2HPO4 increase, respectively. However, the calculated energy barriers (Φmax) show
fluctuations as phosphates increase. This deviation is attributed to the similar fluctuations
of the zeta potentials for PNPs and sand that also display different trends (Tables S1 and S2).
The dispersive distribution of PNPs on the sand surface shown in SEM images (Figure S9)
is in agreement with dp measurements that indicate insignificant differences in the particle
size under the used IS (Tables S1 and S2). This observation indicates that aggregation is
insignificant for enhanced retention and that potential physical straining under a higher IS
can be excluded within the tested range of phosphate concentrations. Note that column
experiments exhibit good reproducibility (Figure 1) with small standard deviations (less
than 5%) for the mass recoveries in the effluent.
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Figure 1. Breakthrough curves of PNPs at various NaH2PO4 (0–1 mM) (a) or Na2HPO4 (b) concentra-
tions in the absence of NaCl under pH 7. The release of PNPs was initiated by eluting with ultrapure
water under pH 7 (phase 2) and pH 10 (phase 3). Replicate experiments were performed under all
experimental conditions.

Table 1. Experimental parameters and the mass recoveries of PNPs under various experimental
conditions.

NaH2PO4
mM

Na2HPO4
mM

NaCl
mM

pH IS
Recovery (%)

Meff M2 M3

Figure 1a

0 0 0 7 0.01 91 - -
0.25 0 0 7 0.25 98 - 1
0.5 0 0 7 0.50 43 1 -
1 0 0 7 1.00 - - -

Figure 1b

0 0 0 7 0.01 91 - -
0 0.25 0 7 0.75 82 - -
0 0.5 0 7 1.50 32 2 -
0 1 0 7 3.00 - 2 -

Figure 2a

0 0 1 7 1.00 45 - 1
0.25 0 1 7 1.25 10 - -
0.5 0 1 7 1.50 - - -
1 0 1 7 1.75 - 2 -

Figure 2b

0 0 1 10 1.00 56 - -
0.25 0 1 10 1.25 53 - -
0.5 0 1 10 1.50 35 - 1
1 0 1 10 2.00 - - 1

Figure 2c

0 0 1 7 1.00 45 - 1
0 0.25 1 7 1.75 - - -
0 0.5 1 7 2.50 - - -
0 1 1 7 4.00 - - -

Figure 2d

0 0 1 10 1.00 56 - -
0 0.25 1 10 1.75 24 - -
0 0.5 1 10 2.50 - - 2
0 1 1 10 4.00 - - 3

Figure 3a

0.25 0 1 5 1.25 - - -
0.25 0 1 7 1.25 10 - -
0.25 0 1 8.5 1.25 10 - -
0.25 0 1 10 1.25 53 - -

Figure 3b

0 0.25 1 5 1.75 - - -
0 0.25 1 7 1.75 - - -
0 0.25 1 8.5 1.75 - - -
0 0.25 1 10 1.75 24 - -
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Table 1. Cont.

NaH2PO4
mM

Na2HPO4
mM

NaCl
mM

pH IS
Recovery (%)

Meff M2 M3

Figure 4
0 0 1 7 1.00 45 - 1

0.3 0 0.7 7 1.00 30 - -
0 0.3 0.1 7 1.00 86 1 -

“-” denotes under detection limit; Meff is the mass percentage of PNPs recovered from effluents in the retention
(phase 1). M2 and M3 are the mass percentages of PNPs recovered from release phase 2 and phase 3. Note that
only one release phase (elution with ultrapure water under pH = 10) was performed when PNPs were retained
under pH = 10 in phase 1.

Previous studies demonstrated the enhanced transport of colloids (e.g., graphene ox-
ide, TiO2, and ZnO NPs) in the presence of abundant NaH2PO4 or K2HPO4 under a broad
concentration range (e.g., 0.1–10 mM) [38,41,42,49]. In contrast, it was also evident that
the transport of TiO2 NPs would be reduced by increasing NaH2PO4 when the phosphate
was higher than 1 mM because of the compressed electrical double layer [50]. Different
from these trends, as described above, our findings suggest non-monotonic or monotonic
decreased trends of PNP transport as phosphate concentrations increase in a narrow range
of 0–1 mM and exhibit significant sensitivity. In particular, except for the condition of
0.25 mM NaH2PO4, the presence of phosphates under selected experimental parameters
tended to inhibit PNP transport. The zeta potentials of porous media became slightly
more negative as phosphate concentration increased at low levels (Tables S1 and S2). The
enhanced transport that occurred in the presence of 0.25 mM NaH2PO4 can be explained by
the competition for retention sites and the increased electrostatic repulsion attributed to the
absorption of the phosphates, which can function as proton donors for hydrogen bonding
on the collector surface [38,41,42]. However, the charge screening and the compression of
the electrical double layer under a higher IS became more significant, as demonstrated by
the less negatively charged PNPs and the greater retention with increasing Na2HPO4 and
1 mM NaH2PO4. Results from adsorption experiments show that the adsorption capacity
of phosphate by quartz sand (Figure S3) is only up to 0.01 mg g−1. In comparison, higher
adsorption of phosphate onto PNPs (Figure S4) reaches a value of 137 mg g−1 due to the
larger specific surface area of PNPs than sand. RCs in Figure 1 show a minimal release of
PNPs. The greater release occurred when a larger number of PNPs were retained in the
previous phase (phase 1). In particular, a small portion of PNPs, which were retained under
1 mM phosphates in phase 1, can be released with the elution of ultrapure water in phase 2,
whereas no release was observed in both phases when phosphates in phase 1 were less
than 0.5 mM. These observations and DLVO calculations (Table S4 and Figure S5) demon-
strate that most PNPs were captured in irreversible retention sites and mainly retained in
deep primary minima. The negligible release is consistent with the strong energy barriers
to detachment (∆Φd). Therefore, although the presence of NaH2PO4 may facilitate PNP
transport under specific concentrations (e.g., 0.25 mM), the compression of the electrical
double layer and reduced repulsive force play essential roles, leading to pronounced irre-
versible retention when IS reaches a threshold. Additionally, certain degrees of micro- and
nanoscale surface roughness are demonstrated by SEM images in Figure S9. The presence of
phosphates can also increase the surface charge/chemical heterogeneity on the solid–water
interfaces. It has been well demonstrated that the surface heterogeneities of colloids and
collectors tend to reduce and/or eliminate energy barriers at electrostatically unfavorable
locations, thus inhibiting colloid retention [51–54]. Consequently, these surface physico-
chemical heterogeneities can contribute to the significant sensitivity of PNP transport to
phosphate concentration and the deviations of DLVO predictions from BTCs. Therefore,
PNP retention in the presence of phosphate was mainly influenced by the coupled effects
of increased electrostatic repulsion, competition for retention sites, electrical double layer
compression, and increased chemical heterogeneity on the interacting surfaces, depending
on the types of phosphates and their concentrations.
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2.3. Transport of PNPs in the Presence of Phosphate Mixed with NaCl

To further investigate the influence of phosphate and IS, transport experiments were
performed under 0–1 mM NaH2PO4 (Figure 2a,b) or Na2HPO4 (Figure 2c,d) at pH = 7 or 10
in the presence of 1 mM NaCl (phase 1). The release of retained PNPs was also carried out
with the elution of ultrapure water under pH 7 (phase 2) and pH 10 (phase 3). Note that
only the elution with water at pH 10 (phase 2) was performed in release experiments when
the PNPs were retained under pH 10 in phase 1. Under pH 7 and 1 mM NaCl without phos-
phate, the recovery of PNPs in column effluent was 45%, whereas, under the phosphate
and NaCl mixture, the PNP transport was significantly reduced. For example, at 0.25 mM
NaH2PO4 with 1 mM NaCl, the Meff decreased to 10%, and complete retention occurred
when NaH2PO4 was 0.5 mM or with a higher concentration (Table 1 and Figure 2a). The
retention of PNPs was more sensitive to the mixture of Na2HPO4 and NaCl under pH 7
(Figure 2c). To be specific, the Meff was dramatically decreased to 0 when Na2HPO4 was
0.25 mM or higher. The more pronounced PNP retention with the presence of Na2HPO4
may also be attributed to the higher IS, even though the concentrations of the two phos-
phates were the same (Figure 2a,c). The greater PNP retention under a higher IS further
demonstrated the importance of electrical double layer compression. The model was able
to describe the BTCs well, and the values of k1 and Smax/Co increased as the IS increased
(Table S5), suggesting an increasing tendency for PNP retention. These results can also
be explained by the DLVO interaction energy calculations. The repulsive energy barrier
(Φmax) declined as phosphate concentration increased, indicating that more PNPs overcame
the energy barrier and were retained in the primary minimum in the phosphate–NaCl
mixture. The asymmetric shapes of BTCs at higher phosphate concentrations reflect a more
pronounced blocking effect due to the gradual filling of retention sites. These influences of
the two phosphates will be further discussed below in Section 3.4.
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Figure 2. Breakthrough curves of PNPs with NaH2PO4 (0–1 mM) under pH = 7 (a) or pH = 10 (b);
breakthrough curves of PNPs with Na2HPO4 (0–1 mM) at pH = 7 (c) or pH = 10 (d). All the experi-
ments were carried out in the presence of 1 mM NaCl. The release of PNPs was initiated by eluting
with ultrapure water under pH 7 (phase 2) and pH 10 (phase 3), respectively. Only the elution of
water at pH 10 (phase 2) was performed when the PNPs were retained under pH 10 in phase 1.

Figure 2 indicates that the transport of PNPs under pH 10 is considerably higher than
that of PNPs at pH 7. Specifically, the Meff values of PNPs dropped from 56% without
phosphate to 35% and 24% with 0.5 mM NaH2PO4 and Na2HPO4 under pH 10, respectively.
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However, the Meff value of PNPs declined from 45% to under the detection limit at 0.5 mM
phosphate (NaH2PO4 and Na2HPO4) under pH 7. Generally, the zeta potentials of PNPs
and porous media (Tables S1 and S2) are more negative at pH 10 (compared with 7) due
to deprotonation of the surface, corresponding to stronger energy barriers and shallower
primary minima in DLVO calculations (Table S4 and Figure S6). Note that the increase
in phosphate concentration also enhances the PNP retention in the alkaline condition,
suggesting that PNP transport is sensitive to the presence of phosphate. Thus, the electrical
double layer compression is still one of the main factors that influence PNP transport.
The influence of solution pH on PNP transport is further discussed in Section 3.4. Similar
to the retention in the presence of phosphate without NaCl, the reversible retention in
phosphate and NaCl mixtures also accounted for negligible fractions (Figure 2). Only small
fractions of PNPs were released in phase 2, when they were retained in the mixture of 1 mM
NaH2PO4 and 1 mM NaCl under pH 7 (phase 1), and in phase 3, when the PNPs were
retained without the presence of phosphates (phase 2). At pH 10 (phase 1), the release also
occurred when the PNPs were previously retained under 0.25 and 0.5 mM phosphates with
1 mM NaCl. This minor release of retained PNPs further indicated that the interactions of
PNPs and quartz sand were strong enough to overcome the forces of diffusion arising from
hydrodynamic shear and/or random kinetic energy fluctuations [55].

2.4. Transport of PNPs under Various Solution pH Levels and Electrolyte Compositions

Figure 3 and Table 1 present experimental results of PNP transport in the presence
of 0.25 mM NaH2PO4 (a) or Na2HPO4 (b) with 1 mM NaCl at various levels of solution
pH (5–10). As shown in Figure 3, the retention of PNPs decreased as the solution pH
increased from 5 to 10, under both conditions of NaH2PO4 and Na2HPO4. In the presence
of NaH2PO4–NaCl mixture, no breakthrough occurred under pH 5.0, whereas the Meff
values were around 10% under pH 7.0 and 8.5 and dramatically rose to 53% at pH 10.
In addition, with the Na2HPO4–NaCl, the Meff was under the detection limit when the
pH was 8.5 or lower but increased to 24% under pH 10. The DLVO prediction certifies the
trends of increasing energy barriers/repulsion as pH increases (Table S4 and Figure S7)
and is consistent with Meff values.
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Figure 3. Breakthrough curves of PNPs at NaH2PO4 (0.25 mM) under pH = 5–10 (a); breakthrough
curves of PNPs at Na2HPO4 (0.25 mM) under pH = 5–10 (b). All the experiments were carried out in
the presence of 1 mM NaCl. The release of PNPs was initiated by eluting with ultrapure water under
pH 7 (phase 2) and pH 10 (phase 3), respectively.

Previous studies evidenced various effects of solution pH on colloid transport in the
presence of phosphates. For example, the transport of ZnO NPs is negligibly influenced by
pH when the K2HPO4 is abundant in the solution [38]. However, the presence of NaH2PO4
can slightly reduce the transport of TiO2 NPs under a higher pH due to less adsorption
of phosphate [49]. In contrast, enhanced transport of graphene oxide NPs occurs as pH
increases because of increasing electrostatic repulsion [41]. The forms of phosphates depend
on solution pH. In particular, when the solution pH is in a range of 2.2 to 7.2, H2PO4

−

is the major fraction of phosphates, while in pH 7.2 to 12.3, HPO4
2− and PO4

3− become
the main forms, and PO4

3− is more important when the pH is higher than 10 [56,57].
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Therefore, the major fractions of phosphates are independent of the initial phosphate forms
when the concentrations of NaH2PO4 and Na2HPO4 are the same and under the same
solution pH. With the same phosphate concentrations, the stronger retention of PNPs under
Na2HPO4 than under NaH2PO4 is mainly attributed to the higher IS of Na2HPO4 (higher
Na+ concentration), which leads to more pronounced electrical double layer compression,
and surface chemical heterogeneity. As pH increases to 10, excessive OH− on the surfaces
of PNPs and porous media enhances the negativity of the surfaces (Tables S1 and S2) due
to the enhanced magnitude of deprotonation [58]. This process intensifies the repulsive
interactions between the interacting surfaces [59,60]. Consequently, the increase in PNP
transport with an increased pH is mainly due to the enhanced deprotonation.

To further deduce the combined influence of phosphates associated with IS and elec-
trolytes on PNP transport, column experiments were conducted under the same phosphate
concentration and IS under pH 7; e.g., 0.3 mM NaH2PO4 (IS = 0.3 mM) was mixed with
0.7 mM NaCl, and 0.3 mM Na2HPO4 (IS = 0.9) was mixed with 0.1 mM NaCl, to keep
a constant total IS of 1 mM. Experimental results showed that Meff accounted for 30%
and 86% under 0.3 mM NaH2PO4–0.7 mM NaCl and 0.3 mM Na2HPO4–0.1 mM NaCl,
respectively, compared with the 45% under 1 mM NaCl (Figure 4 and Table 1). The trend of
Meff is consistent with zeta potentials, the DLVO calculations, and fitted Smax/Co; e.g., the
calculated energy barrier between PNPs and sand is highest (Table S4) and the Smax/Co is
smallest at 0.3 mM Na2HPO4–0.1 mM NaCl, compared to other conditions tested in Figure 4
(Table S5). The larger amount of cations (Na+) in 0.3 mM NaH2PO4–0.7 mM NaCl mixture
could be adsorbed in the diffuse layer by electrostatic force and decreased the surface
charges from inner-sphere P-adsorption [50], thus reducing the repulsive force between
PNPs and sand, leading to enhanced PNP retention. Additionally, compared to NaH2PO4
under the same concentration, Na2HPO4 forms less hydrogen bonding with quartz due to
the sole hydrogen bonding donors [61], and its two P-O− units share more negative charge.
Therefore, the interaction of Na2HPO4 and quartz will increase the electrostatic repulsion
because the intermediate will carry more negative charges on oxygen [34]. Consequently,
with the presence of 0.3 mM Na2HPO4–0.1 mM NaCl, the increased repulsion and the
weaker charge screening/heterogeneity lead to the greatest mobility, as shown in Figure 4.
In contrast, the compression of the double layer, charge screening, and the chemical/charge
heterogeneity generated by the adsorption of cations will be more pronounced with an
increase in Na+ concentration [62,63], leading to high retention of PNPs under 0.3 mM
NaH2PO4–0.7 mM NaCl. These findings suggest that the association and coupled effects of
electrostatic repulsion (attributed to adsorbed phosphates), the compression of the electrical
double layer, and the surface chemical heterogeneity (contributed by the adsorption of
cations) significantly influence the transport, depending on the phosphate concentrations,
IS, and solution pH.
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3. Materials and Methods
3.1. Solution Chemistry and Porous Media

Electrolyte solutions were prepared by diluting NaH2PO4, Na2HPO4, and/or NaCl
in Milli-Q water, and their pH values were adjusted to 5, 7, 8.5, or 10 using HCl or NaOH.
Analytically pure quartz sand (Tianjin Guangfu Fine Chemical Research Institute, Tianjing,
China) was used as porous media. The sand was purified by washing in tap water, followed
by soaking in HNO3 (65%) and H2O2 (10%) for 24 h [54]. Later, the sand was washed
with water again, followed by soaking in 100 mM NaCl and ultrapure water (pH 10) with
ultrasonication to remove the potential attached colloidal impurities by cation exchange
and expand the electrical double layer. Finally, the quartz sand was sieved within the size
range between 250 µm and 380 µm. Zeta potentials of quartz sand were measured using
a ZetaSizer (Nano ZS9, Malvern Instruments, Worcestershire, UK). A scanning electron
microscope (SEM, ZEISS Sigma 300, Neustadt, Germany) was used to visualize the surface
morphology of quartz sand and investigate the interactions of PNPs and sand surfaces.
More detailed information is provided in Supplementary Materials.

3.2. Plastic Nanoparticles

Polystyrene nanoparticles (purchased from Suzhou Smart Nanotechnology Co., Ltd.,
Suzhou, China) with regularly spherical shape and a nano size of around 50 nm were
used as PNPs in this study. Polystyrene nanoparticles have been frequently employed
as model colloids and representative plastics [12,64–67]. The polystyrene was confirmed
by an attenuated total reflectance-Fourier transforms infrared spectroscopy (ATR-FTIR)
(Nicolet iS50, Thermo Fisher Scientific, Waltham, CA, USA) (Figure S1).The initial/input
concentration of PNPs in this study was set as 10 mg L−1 by diluting a raw suspension
(1 g L−1) into selected electrolyte solutions and then sonicating them for 20 min in an
ultrasonication bath before use. The zeta potentials and hydrodynamic diameters of PNPs
were also measured using the ZetaSizer.

3.3. Transport and Release Experiment

Water-saturated column experiments were performed following the processes outlined
in previous studies [68]. Columns made of stainless steel with a length of 12 cm and an
inner diameter of 3 cm were wet-packed with purified quartz sand. A constant velocity
was set as 0.7 cm min−1 for all experiments by a peristaltic pump that introduced PNP
suspensions and PNP-free electrolyte solutions upward into the vertical columns. The
columns were firstly conditioned with background solutions (30 pore volumes) of 0–1 mM
NaH2PO4 or Na2HPO4 under different pH values with or without the presence of NaCl.
Later, the transport of the tracer and PNPs was investigated in each column experiment by
injecting a 100 mL pulse of tracer (2–4 times the concentrations of background solution) or
PNP suspension, followed by elution with 100 mL background solution. Column effluent
samples (4 mL of each) were continuously collected via a fraction collector. A conductivity
meter and a fluorescence spectrophotometer were used to determine the concentrations and
obtain the corresponding breakthrough curves (BTCs) of the tracer and PNPs, respectively.
Experimental conditions are summarized in Table 1. To test the reproducibility, some
experimental conditions were repeated in column experiments.

After the completion of transport experiments named phase 1, the release of retained
PNPs was conducted to examine the potential detachment from the secondary or primary
minimum. The retained PNPs were rinsed with several pore volumes of ultrapure water
under the same pH (phase 2) as in phase 1 and then with ultrapure water at pH 10 (phase 3).
Release curves (RCs) of PNPs were also determined using a fluorescence spectrophotometer.

3.4. Batch Experiments and Theory

Batch adsorption experiments were performed to investigate the adsorption of phos-
phates on 50 nm PNPs (100 mg L−1) and sand (2 × 105 mg L−1) under different phosphate
concentrations (0.25–6 mM) at pH 7. The mixtures were shaken by a water bath oscillator
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at 25 ◦C for 24 h. Before the quantification of phosphates, 40 µL CaCl2 (2 mol L−1) was
added to form larger PNP aggregates to overcome the challenge in the separation of PNPs
from the liquid phase [69], followed by centrifugation at 15,000 rpm (23,120× g) for 15 min
and then filtration through a 0.22 µm membrane. The phosphates were then treated and
determined by a colorimetric method at a fixed wavelength of 700 nm using a visible spec-
trophotometer [70] (Section S2 and Figure S2 in Supporting Information). All adsorption
experiments were carried out in triplicate.

Classical DLVO theory was used to calculate the interaction energy between PNPs
and quartz sand under various solution chemistries as in column experiments. The total
interaction energy includes electrical double layer repulsive and van der Waals attractive
forces [71,72]. The transport of PNPs was described by inverse fitting to experimental
BTCs to obtain the parameters of k1 and Smax/Co by HYDRUS-1D computer code [73].
The k1 and Smax/Co represent the first-order retention coefficient and the maximum solid-
phase concentration of deposited PNPs, respectively. Tracer experiments were used to
determine the values of dispersivity and pore water velocity in the simulations for PNP
transport. The simulation did not perform when the PNP effluent concentration was under
the detection limit. Further information on the DLVO interaction energy calculations and
the descriptions of numerical simulations are provided in the Supplementary Information
(Sections S4 and S5).

4. Conclusions

PNP transport is significantly sensitive to phosphate concentrations at low levels. The
transport of PNPs is non-monotonically influenced by NaH2PO4 due to the increased elec-
trostatic repulsion, the competition for retention sites, and the compression of the double
layer varying with IS. The transport is inhibited when NaH2PO4 concentration reaches a
threshold. However, an increase in Na2HPO4 tends to result in a monotonic decrease in
PNP transport. These observations are different from the findings that show an increase in
colloid transport even at a much larger range of NaH2PO4 concentrations in previous stud-
ies. Higher pH increases PNP transport due to the deprotonation of surfaces. A minimal
fraction for the release of retained PNPs under reduced IS and increased pH indicate that
the PNPs are mainly captured in deep primary minima on irreversible retention sites. The
presence of Na2HPO4 tends to result in greater PNP retention than NaH2PO4 under the
same concentration due to the fact of higher IS and cation concentration for Na2HPO4. Ad-
ditionally, hydrogen bonding from two phosphates that act as proton donors contributes to
variations in the interactions of PNPs and porous media and thus influences PNP transport.
These findings further demonstrate that the compression of the electrical double layer tends
to be dominant over the electrostatic repulsion arising from the adsorption of phosphates
on the interacting surfaces. The adsorption of phosphates can also increase chemical het-
erogeneity, thus reducing PNP transport and increasing the sensitivity of particle transport
to IS, due to the potential reduction/elimination of the energy barrier. Classical DLVO
needs an extension to include the influence of physicochemical heterogeneities for a better
explanation of experimental results.

This study highlights the sensitivity of PNP transport to phosphates associated with
the solution chemistry and indicates enhanced retention of PNPs in the presence of phos-
phate (≥1 mM), higher IS, and low pH. The findings are helpful for better understanding
the fate of PNPs and colloidal contaminants in the subsurface environment. They also
imply that the presence of phosphates will influence PNP transport in engineering pro-
cesses (e.g., deep bed filtration), agricultural soil, or contaminated subsurface environments.
However, polystyrene spheres could not perfectly represent all PNPs in the real soil envi-
ronment. Further investigations on PNPs from different sources with varying shapes and
surface properties are also needed for a better understanding of the environmental fate of
colloidal plastics.
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68. Liang, Y.; Zhou, J.; Dong, Y.; Klumpp, E.; Šimůnek, J.; Bradford, S.A. Evidence for the critical role of nanoscale surface roughness
on the retention and release of silver nanoparticles in porous media. Environ. Pollut. 2020, 258, 113803. [CrossRef]

69. Wang, J.; Liu, X.; Liu, G.; Zhang, Z.; Wu, H.; Cui, B.; Bai, J.; Zhang, W. Size effect of polystyrene microplastics on sorption of
phenanthrene and nitrobenzene. Ecotoxicol. Environ. Saf. 2019, 173, 331–338. [CrossRef]

70. Qi, T.; Su, Z.; Jin, Y.; Ge, Y.; Guo, H.; Zhao, H.; Xu, J.; Jin, Q.; Zhao, J. Electrochemical oxidizing digestion using PbO2 electrode for
total phosphorus determination in a water sample. RSC Adv. 2018, 8, 6206–6211. [CrossRef]

71. Hogg, R.; Healy, T.W.; Fuerstenau, D.W. Mutual coagulation of colloidal dispersions. Phys. Chem. Chem. Phys. 1966, 62, 1638–1651.
[CrossRef]

72. Gregory, J. Approximate expressions for retarded van der waals interaction. J. Colloid Interface Sci. 1981, 83, 138–145. [CrossRef]
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Abstract: The biological reduction of slow degradation contaminants such as perchlorate (ClO4
−)

is considered to be a promising water treatment technology. The process is based on the ability
of a specific mixed microbial culture to use perchlorate as an electron acceptor in the absence of
oxygen. In this study, batch experiments were conducted to investigate the effect of nitrate on
perchlorate reduction, the kinetic parameters of the Monod equation and the optimal ratio of acetate
to perchlorate for the perchlorate reducing bacterial consortium. The results of this study suggest
that acclimated microbial cultures can be applied to treat wastewater containing high concentrations
of perchlorate. Reactor experiments were carried out with different hydraulic retention times (HRTs)
to determine the optimal operating conditions. A fixed optimal HRT and the effect of nitrate on
perchlorate reduction were investigated with various concentrations of the electron donor. The results
showed that perchlorate reduction occurred after nitrate removal. Moreover, the presence of sulfate
in wastewater had no effect on the perchlorate reduction. However, it had little effect on biomass
concentration in the presence of nitrate during exposure to a mixed microbial culture, considering
the nitrate as the inhibitor of perchlorate reduction by reducing the degradation rate. The batch scale
experiment results illustrated that for efficient operation of perchlorate reduction, the optimal acetate
to perchlorate ratio of 1.4:1.0 would be enough. Moreover, these experiments found the following
results: the kinetic parameters equivalent to Y = 0.281 mg biomass/mg perchlorate, Ks = 37.619 mg/L
and qmax = 0.042 mg perchlorate/mg biomass/h. In addition, anoxic–aerobic experimental reactor
results verify the optimal HRT of 6 h for continuous application. Furthermore, it also illustrated that
using 600 mg/L of acetate as a carbon source is responsible for 100% of nitrate reduction with less
than 50% of the perchlorate reduction, whereas at 1000 mg/L acetate, approximately 100% reduction
was recorded.

Keywords: perchlorate; mixed microbial culture; bio reduction; Monod equation; hydraulic retention
time (HRT)

1. Introduction

Widespread usage of perchlorate (ClO4
−) in propellants, polytechnic devices and

explosives for the defense production industry led to its release into the environment [1–5].
In addition, perchlorate has also been used in electropolishing, air bag initiators, paints, per-
chloric acid production and utilization, and fireworks, which contribute to further pollution
while being released into the environment, particularly in water. Moreover, perchlorate also
exists as a salt with the combination of various cations, including ammonium, sodium, and
potassium perchlorate [6–8]. From these sources, 90% production of perchlorate is in the
form of ammonium perchlorate due to low-cost manufacturing and ease of utilization [9,10].
Perchlorate contamination in food and water is long-lasting and toxic to humans because
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perchlorate requires high activation energy for degradation/reduction [1,6,11,12]. Per-
chlorate interferes with iodine uptake in the thyroid gland [3,13,14]. Various technologies
described in the literature have been used for the reduction of perchlorate from the water
and soil, which includes adsorption [15–18], membrane filtration [3,8,19–22], electrochemi-
cal reduction [10,14,23,24], biochemical reduction [1,12,25–27], ion exchange [11,13,28–30]
and bio reduction [2,6,31–34]. In addition, the utilization of integrating methodologies for
perchlorate reduction were also mentioned in the literature and have shown fascinating
results in perchlorate reduction, which includes combination of ion exchange with bio
reduction [3,11,35], but no method has provided a clear solution for the complete reduction
of perchlorate.

The biological removal of perchlorate is assumed to be a promising method for the
reduction of perchlorate. In previous studies, several microbial strains were used and
developed for the reduction of perchlorate, which is similar to other contaminants such
as nitrates, phosphate, chlorate and 1,4-dioxane [2,4,10,31,36–41]. In most of the cases,
dissimilar perchlorate reducing bacteria were grown that were capable of nitrate reduction
in the environment, and they preferentially utilized nitrate over perchlorate as a terminal
electron acceptor, which hindered the reduction of perchlorate [6]. The bacterial strains used
as the perchlorate reducing bacteria (PRBs) are Dechloromonas and Dechlorsomna (efficient
for perchlorate and chlorate reduction) [31,34], Dechloromonas PC1 and Dechlorosomna sp.
(reduces both perchlorate and chlorate along with a transient accumulation of chlorate for
utilization in syntrophic association by PRBs) [32,42], and other strains used for perchlorate
reduction are denitrifying bacteria, including Rhodobactor capsulatus, Rhodobactor sphaeroides,
etc. [2,4,39]. Moreover, the PRBs were isolated from a wide variety of habitats, including
soils, gold mine drainage sediments, hot springs, etc. [6,31,33,40]. However, the isolation
process was not energy efficient and required a high amount of energy, thus to overcome it,
various acetate-oxidizing PRBs have been cultivated in which the number of bacterial cells
ranged increases from 2.31 ± 1.33 × 103 to 2.4 ± 1.74 × 106 cells g−1 in a sample with same
energy consumption and comparatively higher perchlorate reduction efficiency [6,43,44].

Using Acinetobactor berziniae Gram-negative strains as PRBs is responsible for increase
in reduction to 1.33-fold by using 1.067 mM/L of anthraquinone-1-sulfonate (α-AQS)
as a mediator [41]. In addition, results from other studies elucidated that washed cells
(Dechloromonas and Azospira species) readily reduced 90 mg/L perchlorate in a bioelectrical
reactor in the presence of a mediator (2,6-anthraquinone disulfonate (AQDS)) [10]. The
cultivated microbial strains have several environmental limitations, which reduce their
real wastewater application. In order to overcome the issues, mixed microbial culture was
used to degrade the slow degradation contaminants, including perchlorate [5,45,46]. The
mixed microbial culture provides an efficient and stable solution for perchlorate reduction
by using different carbon sources as the electron donor during the process [33,45,47].
Moreover, limited studies were available on utilizing acetate as the sole carbon source for
mixed microbial culture acclimation and for evaluating the impact of nitrate and sulfate on
perchlorate reduction.

The goal of the study was to evaluate the impact of enriched mixed microbial culture
grown using sludge from a wastewater treatment plant and using acetate as the carbon
source. Moreover, the effect of nitrate on perchlorate reduction and in acclimation of mixed
microbial culture was also tested along with acetate, using it as the substrate in batch
testing. Moreover, the Monod equation was used to model the kinetic parameters for the
perchlorate degradation by varying the acetate concentration. In addition, the variation in
biomass concentration was also determined through standard methods. Loss of a carbon
source in terms of COD removal was recorded throughout the study, and the impact of
nitrate and sulfate as the inhibition role was also elaborated. A lab-scale aerobic reactor
was used to optimize the HRT and acetate perchlorate ratio for optimum operation.
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2. Results and Discussions
2.1. Impact of Medium Enrichment by Nitrate on Perchlorate Reduction

Batch testing during enrichment of mixed microbial culture with nitrate as the electron
acceptor has significant effects on perchlorate reduction, as elucidated in Figure 1. As
Figure 1a illustrated, culture A (nitrate and perchlorate as the electron acceptor) was
responsible for the reduction of perchlorate to ≈0 mg/L after 12 h of exposure, but the
mixed microbial culture B (perchlorate as the electron acceptor) and culture C (nitrate as the
electron acceptor) required 24 h for the complete reduction of the perchlorate from the feed
water. In addition, the inhibition impact of the different electron acceptors was also tested
for the perchlorate reduction for mixed microbial culture A where perchlorate, nitrate and
sulfate were used as the electron acceptor in different combinations, as shown in Figure 1b.
The concentration used for the degradation analysis of perchlorate, nitrate and sulfate by
culture A was 400 mg/L, 500 mg/L and 500 mg/L, respectively. The results revealed that
after 12 h of exposure in batch testing, a 100% reduction in perchlorate was recorded in
different combinations. In the initial stages, due to the presence of nitrate and sulfate, the
reduction rate of perchlorate was slow as compared to reduction alone. However, after a
significant reduction in nitrate during the initial 6 h, there was an increase in the reduction
of perchlorate, which clarified that nitrate could degrade faster than perchlorate, and sulfate
has little effect on the degradation of perchlorate, as shown in Figure 1c. Thus, the presence
of nitrate hindered the mixed microbial culture from degrading the perchlorate due to the
higher reduction affinity of nitrate. Moreover, nitrate is a faster degradation compound
compared to perchlorate, and for efficient perchlorate reduction by the mixed microbial
culture, nitrate concentration would be minimized [6,10,48,49].
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different combined electron acceptors in perchlorate reduction by culture A; (c): reduction of nitrate
and sulfate in exposure to mixed microbial culture A (error bar represents the SD of 3 readings with
the maximum SD: 8.6%) (concentration of 400 mg/L, 500 mg/L and 500 mg/L of perchlorate, nitrate
and sulfate was used in feed solution as electron acceptor).

Figure 2a illustrates the increase in biomass concentration during the reduction of
perchlorate by mixed microbial culture A in the presence of different electron acceptors.
The increase in biomass concentration from 1000 mg MLVSS/L to 1250 ± 31.25, 1200 ± 9.6,
1300 ± 19.5, 1150 ± 10.34 and 1450 ± 29 mg MLVSS/L were recorded for the feed solution
containing perchlorate, nitrate, perchlorate + nitrate, perchlorate + sulfate and perchlo-
rate +nitrate + sulfate solution, respectively, as the electron acceptor. The experiment
was performed with a combination of nitrate + perchlorate, perchlorate + sulfate, nitrate,
perchlorate, sulfate, and nitrate + perchlorate + sulfate as the electron acceptor, as men-
tioned above. In this study, we were unable to perform experiments in combination with
nitrate + sulfate as the electron acceptor due to a major concern relating to evaluating
the perchlorate reduction. Moreover, the degradation rate of nitrate is faster than per-
chlorate, and perchlorate degradation starts after the complete degradation of nitrate, so
we expected that the presence of sulfate facilitated the nitrate reduction due to biomass
production. However, individually it would have no significant effect. Furthermore, faster
degradation of perchlorate and nitrate by a mixed microbial culture provides proof of the
compatibility of these two chemicals in the microbial community, which was ultimately
responsible for the reduction of the feed COD. The acetate concentration was recorded as
the COD during the process and elucidated in Figure 2b. The reduction in the COD was
from 2000 mg/L to 1400 ± 70, 1500 ± 119, 900 ± 63, 1500 ± 124 and 750 ± 30 mg/L for
perchlorate, nitrate, perchlorate + nitrate, perchlorate + sulfate and perchlorate + nitrate +
sulfate solution, respectively. The reduction in the COD was particularly high in the feed
containing the perchlorate combination with nitrate and nitrate + sulfate. Due to the faster
reduction of nitrate as compared to the perchlorate, it was elucidated that after the nitrate
reduction, the microbial culture reduction potential for the perchlorate was enhanced due
to a rapid increase in the biomass concentration (due to the presence of an active microbial
community). However, no significant variation in a reduction in sulfate was observed in a
mixed microbial culture where acetate was the primary source of the electron donor; thus,
no variation in the COD and biomass concentrations of sulfate as the electron acceptor
during 12 h of exposure time were observed.
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2.2. Optimizing the Electron Donor Dose for Perchlorate Reduction

A batch test reactor was used to evaluate the endogenous decay rate of perchlorate at
different concentrations of acetate as an electron donor component. The fixed concentration
of 400 mg/L of perchlorate for it and the results are shown in Figure 3a. The endogenous
decay of perchlorate by enriched microbial culture under a dose of acetate concentration
from 0 to 1500 mg/L for 72 h revealed that the reduction in perchlorate increased with
an increase in the concentration of acetate. The results showed that after 72 h, the concen-
tration of 305.17 ± 12.2, 107.24 ± 2.14, 63.7 ± 1.26 and less than 1.5 ± 0.09 mg/L were
observed for acetate concentrations of 0, 150, 300 and greater than 600 mg/L, respectively.
Moreover, we considered the concentration of 600 mg/L to be optimum, as no significant
difference was recorded for a decrease in perchlorate concentration. Figure 3a also shows
that 24 h was enough for the retention time of the maximum degradation of perchlorate at
600 mg acetate/L. The figure also defined the optimum acetate to perchlorate ratio for the
complete removal of perchlorate, which was 1.4 mg acetate/mg perchlorate at an acetate
concentration of 600 mg/L.
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An initial biomass concentration of 500 mg MLVSS/L was used for the batch exper-
iment for endogenous decay of the perchlorate, and the results are shown in Figure 3b.
The results show that with an increase in acetate concentration, the production of biomass
increases due to the utilization of acetate and perchlorate as food by an enriched mixed
microbial culture and significantly decreases the concentration of perchlorate and acetate
in the form of COD. The increase in biomass from 500 mg MLVSS/L to 515.65–750.79 mg
MLVSS/L was observed for 0–1500 mg/L of acetate at 400 mg/L of perchlorate. Specific
substrate utilization was recorded at the 600 mg/L of acetate concentration to evaluate
the kinetic coefficients of the degradation of perchlorate for 24 h experiments, and the
results are summarized in Table 1. The results showed a good correlation with the previous
studies, in which mixed microbial culture was used for the perchlorate reduction with
different food sources [5,49]. Logan et al. [45] used the fixed bed bioreactor along with
ethanol for the perchlorate reduction and elucidated the optimized kinetic parameters
(Ks = 20 mg/L; qmax = 1.821 mg/mg·d) for the reduction in perchlorate in the drinking wa-
ter level. Moreover, the reaction kinetics of perchlorate degradation showed that 190 mg/L
of sodium acetate as a carbon source would be enough for complete degradation in the
absence of any inhibition chemicals (such as nitrate) [33,45]. Similar results were found
in which a single strain of microbial culture was used for the degradation of perchlo-
rate [49]. Yu et al. [49] explained the reduction of perchlorate by using the combined
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PRMs and zero-valent ions in batch testing where kinetic parameters of Ks = 8.9 mg/L;
qmax = 0.65 mg/mg.d were determined and responsible for the increase in perchlorate re-
duction of up to 4 times compared to a single process. Furthermore, the addition of nitrate
and pH delays the reduction in perchlorate, but it is not inhibited completely.

Table 1. Summary of kinetic parameter evaluation by a batch test of perchlorate biodegradation.

Kinetic Parameters Values

Ks (mg Perchlorate/L) 37.61
qmax (mg Perchlorate/mg MLVSS/d) 0.042

Yt (mg MLVSS/mg Perchlorate) 0.281

2.3. Lab Scale Testing

Lab scale experiments were conducted at different HRT times ranging from 0 to 18 h
for five days, each with a 48 h adaption time of the reactor. The results on perchlorate
degradation and COD variation are given in Figure 4. The results show that with an
increase in the HRT, the degradation of perchlorate increased, as shown in Figure 4a. We
considered an HRT of 6 h as optimum because most of the perchlorate was degraded,
and the concentration was 2.45 mg/L. In addition to the reduction of perchlorate, the
carbon source (acetate) also decreased to a level of 28 mg/L in terms of the COD, and no
further reduction was observed for greater than 6 h HRT as seen in Figure 4b. The COD
concentration results for the anoxic tank showed that a major reduction took place in the
anoxic tank and that recycling of the active biomass played a significant role in the faster
degradation of acetate and perchlorate.
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Additional experiments to evaluate the impact of nitrate and the concentration of
acetate were also performed, and the results showed that despite the carbon source con-
centration of the mixed microbial culture, the nitrate experienced a faster degradation rate
compared to the perchlorate, as seen in Figure 4c. At a lower concentration of carbon source,
there was a 100% nitrate reduction, but perchlorate had less than a 50% reduction, while at a
1000 mg/L acetate dose, both had a ≈100% reduction, which strengthened the observation
of the inhibition potential of nitrate toward the perchlorate and was responsible for slowing
down its degradation. Thus, for efficient reduction of perchlorate through feed water by
a mixed microbial culture, it is highly recommended to remove the nitrate from the feed
water or to provide additional carbon, which should be higher than a 1.4 mg acetate/mg
perchlorate ratio. Moreover, the pilot scale plant associated with the combination of a plug
flow reactor was planned for the real wastewater application for perchlorate degradation
through a mixed microbial culture at these design parameters.

3. Materials and Methods
3.1. Materials

Anaerobic sludge was collected from the digester of a wastewater treatment plant in
Suwon, South Korea and used as the seed inoculum for the enrichment of the perchlorate-
reducing culture. A mineral salt medium (MSM) was used to grow the mixed culture
and enrichment prepared in ultra-pure water according to the methodology mentioned
elsewhere [36,38]. The chemicals for MSM preparation were of analytical grade. Con-
centration and chemicals included in MSM were NH4Cl (2000 g/L), KH2PO4 (1000 g/L),
Na2HPO4·2H2O (1000 g/L), MgSO4·7H2O (100 g/L), FeSO4·7H2O (12.6 g/L), NaMoO4·2H2O
(10 g/L), H3BO3 (0.6 g/L) and NaSeO3 (0.6 g/L). The sodium perchlorate solution was
obtained from Sigma-Aldrich Chemicals, Darmstadt, Germany. Figure 5 shows an overview
of the experimental study for the bioreduction of ClO4

−.
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3.2. Enrichment of Perchlorate Reducing Mixed Bacteria

Enrichments, growth of mixed culture and all experiments were performed in an MSM
with the predetermined concentration of perchlorate as the electron acceptor and acetate as
the electron donor. They were injected into prepared synthetic wastewater and placed in a
bottle for stirring. Synthetic wastewater was prepared by dissolving the predetermined
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mass of pollutants in DI water, in our case, perchlorate with the combination of nitrate
and sulfate. After culturing for 24~48 h, the microorganisms were centrifuged and injected
again into newly prepared synthetic wastewater. The anaerobic sludge was centrifuged,
all the supernatant was decanted and the settled sludge was washed with MSM two to
three times. The sludge obtained after washing was used for the experiment. 1000 mg/L
acetate and 500 mg/L perchlorate were added to four 500 mL bottles, each containing equal
amounts of biomass and 300 mL of the MSM. All the bottles were capped and shaken at
150 rpm at room temperature (21 ± 2 ◦C). After 48 h, the biomass was allowed to settle for
1 h. The supernatant was decanted and replaced with a fresh MSM, along with the addition
of 1000 mg/L of acetate and 500 mg/L of perchlorate before the start of the next cycle.

3.3. Experimental Procedure and Reactor Design

The batch scale experiments were conducted with a fixed biomass concentration of
1000 mg MLVSS/L to evaluate the bioreduction of perchlorate. Moreover, the effect of
the medium (enriched mixed culture) acclimation with or without nitrate on perchlorate
reduction was also examined. For that, we used 500 mL bottles containing three different
acclimated cultures, containing perchlorate (500 mg/L), nitrate (500 mg/L) and acetate
(2000 mg/L) in different combinations: Culture A (perchlorate and nitrate as the electron
acceptor, acetate as the electron donor), Culture B (perchlorate/acetate as the electron
acceptor/donor) and Culture C (nitrate/acetate as the electron acceptor/donor).

We also examined the effect of acetate concentration to determine the optimum rela-
tionship between acetate concentration and perchlorate by using the acetate concentration
range of 0–1500 mg/L, which was used for medium acclimation to evaluate the reduction of
a fixed 400 mg/L perchlorate concentration. In this experiment, 300 mL of mixed microbial
culture amended with an acetate concentration of 0–1500 mg/L was shifted to different
500 mL bottles, which contained fixed 400 mg/L perchlorate. The bottles were purged with
N2 and then sealed and incubated in a shaker at 150 rpm. All the experiments were con-
ducted at room temperature (21 ± 2), and the samples were collected at regular intervals for
analysis. Moreover, these batch scale experiments were conducted to evaluate the decaying
parameters by Monod’s equation, as mentioned in Section 3.5. Modeling Approach.

A continuous reactor was used to determine the optimized hydraulic retention time
(HRT) for the bioreduction of perchlorate under the predetermined optimized acetate and
nitrate concentration; the schematic is shown in Figure 6, which shows the anoxic tank and
aerobic tank of 3.2 L and 2.7 L. The pump was used to regulate the flow and HRT of the
system. The anoxic tank was used to maintain the mixed liquid volatile suspended solids
(MLVSS) in suspension by a stirrer. Moreover, a small amount of the mixed microbial culture
was injected with 400 mg/L of perchlorate for 48 h in the anoxic tank as an adaptation time.
Consideration of 48 h as the adaptation time was based on the batch test analysis. In the
batch test, 24 h was used for the degradation of perchlorate in 500 mL bottles by various
enriched mixed microbial cultures; thus, we expected that in a larger tank, the bacteria
need more time to adapt to the environmental conditions. Therefore, we chose the 48 h
adaptation time in an anoxic tank. Air was supplied to the aerobic tank from the bottom
at a uniform rate, and sludge was returned from the settling tank to the anoxic tank. The
samples were collected after every 24 h period for five days of operation for each HRT
duration. The perchlorate concentration, chemical oxidation demand (COD) and nitrate
concentration were measured (the average results are given). The biomass concentration of
1000 mg MLVSS/L was maintained during the process.
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3.4. Analytical Procedure

Aliquot samples of 2 mL from bottle tests were taken by using a 5 mL sampling syringe,
filtered through a 0.2 µm membrane filter and stored in a refrigerator at 4 ◦C prior to being
analyzed. Perchlorate was measured using Liquid Chromatograph/Mass Spectrometry
(LC/MS) equipped with an XBrigeTM C18 3.5 µm, 2.1 mm × 100 mm column, Waters,
Milford, MA, USA and a conductivity detector. The detection limit for perchlorate was
0.05 mg/L. 0.1% formic acid in distilled water, 0.1% formic acid in methanol, 10% methanol
and 90% methanol served as the eluent. The flow rate of the eluent was 0.4 mL/min. A
100 mg/L of perchlorate solution was confected to prepare perchlorate calibration stan-
dards. Moreover, the COD was measured for acetate concentration measurement and
measured by centrifuging the liquid culture sample at 14,000 rpm for 5 min to separate the
biomass portion completely. An appropriate volume of supernatant was used for COD
measurement in accordance with the standard method.

The biomass concentration was measured by a mass measuring method. An appro-
priate 50 mL volume of culture was filtered (vacuum filtration by using 0.2 µm PTFE
standard filter paper) and weighed after the samples were dried at 105 ◦C for 4 h, which
gave the biomass concentration value. Nitrate was measured using the Chromotropic Acid
Method; the high range (0.2 to 30.0 mg/L NO3–N) and sulfate were measured using the
SulfaVer 4 Method (2 to 70 mg/L SO4

2−) with HACH spectrophotometry at 410 nm and
450 nm wavelength.

3.5. Modeling Approach

We investigated the biodegradation of ClO4
− by various microbial metabolism pro-

cesses of pure cultures, with a single strain isolated and characterized for ClO4
− biodegra-

dation. Generally, the perchlorate-reducing bacteria derived from the “16S rDNA sequence”
belongs to the subclasses of Proteobacteria (α, β, γ and ε), as mentioned earlier [6,33,41].
However, in this study, the mixed culture for the perchlorate degradation was tested by
an anoxic–aerobic bioreactor for the lab scale, which was limited in previous studies, as
shown in Figure 6. The coefficient of kinetic parameters for these reactors for the rate of
perchlorate utilization was determined by applying the Monod model Equation (1).

dS
dt

= − qmS
Ks + S

[
X0

a + Yt(S0 − S)
]

(1)
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where Ks represents half-saturation coefficients (mg ClO4
−/L), qm represents the maximum

specific substrate utilization ((mg ClO4
−/mg-MLSS/h), Yt represents the true cell yield

(mg-MLSS/mg ClO4
−), Xa

0 represents the concentration of the biomass initially, (mg/L)
S0 represents the concentration of the substrate initially (mg/L) and S represents the
concentration of substrate at a function of time t (mg/L), as mentioned earlier [9,45,49]. The
batch scale experiments were conducted to determine the substrate utilization constants
and estimate the unknown parameters, where the optimized concentration of acetate was
used from a range varying from 0 to 1500 mg/L as the electron donor in Equation (1).

The observed yield strength of the cell growth was estimated by the linearization of
the substrate (1,4-Dioxane) utilization, as shown in Equation (2).

Yob =
dXa/dt
dS/dt

=
Cgrowth

Perchlorateutilization
(2)

4. Conclusions

All mixed microbial cultures acclimated with and without nitrate had the ability
to reduce perchlorate in anaerobic conditions. Moreover, negligible reduction in sulfate
concentration was observed by mixed culture and had no significant contribution to per-
chlorate reduction. However, there was an increase in biomass production in the presence
of all three chemicals as electron acceptors, which tended to reduce the COD level and
increase the perchlorate degradation. Additionally, we confirmed that prior to perchlorate
degradation, nitrate removal took place, which showed that an enriched mixed micro-
bial culture acclimated with acetate as a carbon source has a great affinity for nitrate and
was an inhibition factor for the perchlorate. With an excess carbon source, the effect of
various concentrations of nitrate on perchlorate reduction was similar. In the batch ex-
periment, the optimal acetate to perchlorate ratio of 1.4 mg acetate/mg perchlorate was
observed at 600 mg/L of acetate concentration. Along with that the kinetic parameters
of the Monod equation were Y = 0.281 mg biomass/ mg perchlorate, Ks = 37.619 mg/L
and qmax = 0.042 mg perchlorate/ mg biomass/h. The reactor experiment to determine
the optimal operation condition had an HRT of 6 h with 600 mg/L of acetate. However,
in elucidating the impact of nitrate at optimal conditions, a reduction in perchlorate was
observed with a removal efficiency of less than 60% and complete removal of nitrate
due to the inhibition impact of nitrate. Furthermore, an increase in the carbon source to
1000 mg/L achieved the 100% removal of nitrate and perchlorate at 6 h HRT time. These
results illustrated the significance of mixed microbial culture for the removal of perchlorate
in an anaerobic environment and that it is necessary to reduce the nitrate concentration
prior to perchlorate reduction or to provide an additional carbon source for simultaneous
degradation of nitrate and perchlorate. Furthermore, through a reactor experiment, we
also verified that the acetate concentration as a carbon source has a significant impact
on the reduction of nitrate and perchlorate. Future experiments on designing real-world
applications for wastewater treatment plants are under consideration for a continuous flow
reactor with various contaminants of inhibition.
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Abstract: In this study, we first manufactured ultrathin g-C3N4 (CN) nanosheets by thermal etching
and ultrasonic techniques. Then, EuVO4 (EV) nanoparticles were loaded onto CN nanosheets to form
EuVO4/g-C3N4 heterojunctions (EVCs). The ultrathin and porous structure of the EVCs increased
the specific surface area and reaction active sites. The formation of the heterostructure extended
visible light absorption and accelerated the separation of charge carriers. These two factors were
advantageous to promote the synergistic effect of adsorption and photocatalysis, and ultimately
enhanced the adsorption capability and photocatalytic removal efficiency of methylene blue (MB).
EVC-2 (2 wt% of EV) exhibited the highest adsorption and photocatalytic performance. Almost 100%
of MB was eliminated via the adsorption–photocatalysis synergistic process over EVC-2. The MB
adsorption capability of EVC-2 was 6.2 times that of CN, and the zero-orderreaction rate constant was
5 times that of CN. The MB adsorption on EVC-2 followed the pseudo second-order kinetics model
and the adsorption isotherm data complied with the Langmuir isotherm model. The photocatalytic
degradation data of MB on EVC-2 obeyed the zero-order kinetics equation in 0–10 min and abided by
the first-order kinetics equation for10–30 min. This study provided a promising EVC heterojunctions
with superior synergetic effect of adsorption and photocatalysis for the potential application in
wastewater treatment.

Keywords: adsorption; photocatalysis; EuVO4/g-C3N4 heterojunction; methylene blue; Langmuir
isotherm

1. Introduction

With the rapid development of modern industry and the consumption of fossil energy,
environmental pollution has become increasingly serious. It is regarded as one of the
major hindrances for the sustainable development of human society [1]. The development
of renewable and green water purification technology for effective removal of organic
contaminants is an extraordinarily problematic undertaking. In recent decades, the strategy
coupling adsorption and photocatalytic degradation based on semiconductor catalyst
has attracted considerable attention in wastewater treatment due to its high efficiency,
low energy consumption, the wide availability of adsorbates, superior recoverability, and
less secondary pollution [2,3]. In this strategy, the adsorption process can concentrate
organic contaminants from the aqueous solution on the surface of a catalyst. Thereafter, the
photocatalytic degradation process can ultimately mineralize organic contaminants to small
molecule compounds such as H2O and CO2. Therefore, the active sites on the adsorbent
surface are recovered and utilized for the next adsorption and photocatalysis process. The
integration of adsorption and photocatalytic degradation is consequently a renewable and
green water purification technology for effective removal of organic contaminants.

Graphitic carbon nitride (g-C3N4, CN) has been widely investigated in environmental
remediation as a semiconductor with impressive merits, including a proper band gap for
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visible light harvesting, low toxicity, high stability, low cost, and so on [4]. Researchers have
reported the adsorption process on CN for wastewater treatment [5–7]. However, both the
adsorption and photocatalytic degradation performance of CN still need to be improved.
Generally, the porous structure and large surface area are beneficial for ameliorating the
adsorption capability [3]. The ultrathin and layered structure of CN nanosheets has a higher
specific surface area and more abundant adsorption sites than bulk g-C3N4. Therefore, the
exfoliation of bulk g-C3N4 to obtain ultrathin CN nanosheets is considered to be an effective
morphology control technique to promote the adsorption capability [6]. For photocatalysis,
on the other hand, the diffusion distance of photoinduced charge carriers is shortened in
ultrathin CN nanosheets, which can reduce the recombination of photoinduced charge
carriers and boost the photocatalytic performance [8]. In addition, semiconductors with
suitable band gaps could be employed to design a g-C3N4-based heterojunction [9–12]. The
spatial separation of photoinduced charge carriers at the interface in heterojunction can
efficiently suppress its recombination. It is expected to further improve the photocatalytic
performance of g-C3N4.

Europium vanadate (EuVO4, EV) has been studied as a photocatalyst [13,14], laser
material [15], and red phosphor [13,16] for its magnetism, thermal stability, and proper en-
ergy band gap. Lin et al. prepared EV with different morphologies by the high-temperature
electrochemistry method. This prepared adsorbent exhibited good selective adsorption
properties and high removal efficiency for U(VI) [17]. Vosoughifar synthesized EV nanopar-
ticles via a precipitation approach; 82% of methyl orange was eliminated in 80 min under
ultraviolet light irradiation [18]. In other research, EV nanoparticles were manufactured
via a sonochemical method; 64% of methyl orange was removed after 70 min of UV
irradiation [14]. Furthermore, a EuVO4-based heterojunction has been synthesized to pro-
mote its photodegradation efficiency. He et al. synthesized a V2O5/EuVO4 heterojunction
from the aqueous solutions of Eu(NO3)3 and NH4VO3, which demonstrated high activity
for the photodegradation of acetone under both UV and visible light [19]; 99.4% of ace-
tone could be degraded under visible light. It manifested that a small amount of V2O5
loaded in EV could significantly enhance the photocatalytic efficiency of vanadates [19,20].
Fe2O3/EuVO4/g-C3N4 ternary nanocomposites were designed and used to degrade rho-
damine B [21]; 80.06% of rhodamine B was removed using visible source, exhibiting
higher photocatalytic activity than the pristine EV nanoparticles. EV nanoparticles were
also loaded onto fluorine-doped graphene sheets to synthesize EV/FG24 nanocomposite;
2,4-dinitrophenol and phenol were completely mineralized in 10 h [22].

So far, only a few works, as mentioned above, have involved the construction of
EV-based heterojunctions to improve its visible light photocatalytic activity. However, EV
and its heterojunctions still exhibit relatively low photodegradation efficiency. Much more
efforts should be made to ameliorate the photodegradation activity of EV. Therefore, we
constructed EVC heterojunctions by loading EV nanoparticles onto ultrathin CN nanosheets.
EVCs presented ultrathin and porous structures, which increased the specific surface
area and reaction active sites, shortened the diffusion distance of photoinduced charge
carriers. The formation of EVCs extended the visible light absorption of EV and accelerated
the separation of charge carriers and ultimately enhanced the adsorption capability and
photocatalytic removal efficiency of methylene blue (MB). The effects of ionic strength,
initial concentration, temperature, and pH on the adsorption of MB were investigated.
The adsorption isotherm and adsorption kinetics were fitted with different models. EVCs
exhibited a synergy of adsorption and photocatalysis to remove MB.

2. Results and Discussion
2.1. Characterization of EVCs

The morphology and textural properties of EVC-2 were determined by TEM and
HRTEM. As displayed in Figure 1a,b, the ultrathin, layered nanosheet structure of CN was
observed. The ultrathin layered structure significantly increased the specific surface area of
EVC-2, which was further confirmed by BET measurements. It should be advantageous to
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boost the absorption capability of EVC-2 for MB. EV nanoparticles can be clearly observed
in Figure 1a,b. The diameters of EV nanoparticles were 20–50 nm. EV nanoparticles were
located on the surface of the CN nanosheets. Distinct lattice fringes can be observed in the
HRTEM image (Figure 1c). The spacing of the lattice fringe was 0.362 nm, corresponding
to the (200) crystal plane of tetragonal EV nanoparticle (PDF#15-0809) [14,17,18]. These
results indicate that the intimate contact between EV nanoparticles and CN nanosheets
successfully formed EVC heterojunctions [23]. Figure 1d shows the AFM image of EVC-2.
The thickness of the CN nanosheets was approximately 4–5 nm, suggesting that EVCs had
a higher specific surface area and more abundant adsorption sites than bulk g-C3N4. This
was instrumental in promoting the adsorption capability. Moreover, the diffusion distance
of the photoinduced charge carriers was shortened in the CN ultrathin nanosheets. It could
reduce the recombination of photoinduced charge carriers and boost the photocatalytic
performance [8].
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Figure 1. (a,b) TEM, (c) HRTEM, and (d) AFM images of EVC-2.

The morphology and chemical composition of EVC-2 were analyzed by SEM, EDS,
and element mapping. From the SEM image displayed in Figure 2a, a stacked lamellar
morphology emerged. It was the layered structural features of CN. The stacked CN of
EVC-2 acquired a three-dimensional porous architecture. Therefore, EVC-2 manifested a
mesoporous structure and large pore size distribution, endowing EVC-2 with an exceptional
adsorption capability for MB. This has been confirmed by BET measurements. C, N, Eu, V,
and O were detected by the energy dispersion spectrum in the selected region (Figure S1).
The weight ratios of C, N, Eu, V, and O of EVC-2 are shown in Table S1. The mass
percentage of EV in EVC-2 was calculated according to the EDS quantitative results. It was
approximately 2.67%, which was slightly higher than the value estimated from the initial
Eu(NO3)3 and NH4VO3 concentration in the precursor. This might be caused by the mass
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loss of CN in the reheating process. The uniformity of C, N, Eu, V, and O in EVC-2 was
corroborated by elemental mapping, and all appeared in the elemental mapping images
(Figure 2b–f). The uniformity of Eu, V, and O demonstrated that the EV nanoparticles were
distributed evenly in EVC-2.
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Figure 2. (a) SEMand element mapping images of (b) C, (c) N, (d) Eu, (e) V, and (f) O of EVC-2.

The XRD patterns of CN, EVC-2, and EVC-5 are shown in Figure 3a. Two diffraction
peaks at 12.8◦ and 27.7◦ were observed, corresponding to the (110) and (022) planes of
CN (JCPDS#87-1526) [24]. The XRD diffraction peaks of EV nanoparticles were hardly
detected in EVC-2 and EVC-5. This could be attributed to the limited dosage of EV in
the heterojunctions. The small amount of EF could not be enough to change the chemical
skeleton and bulk structure of CN, which is consistent with the results reported in the
literature [25,26]. An adsorption band appearing between 2000 and 600 cm−1 was displayed
in the FTIR spectra of CN, EVC-2, and EVC-5 (Figure 3b). The strong adsorption band
located in the range of 1200 to 1700 cm−1 was generally originated from the C-N stretching
vibrations of CN heterocycles [27]. The sharp band emerging around 805 cm−1 can be
allocated to the breathing vibration of the s-triazine units of CN. After the adsorption of MB,
the variation of the FTIR spectra of EVC-2 was almost undetectable (Figure S2), indicating
its excellent structural stability [28]. In addition, the peak at 888 cm−1 is characteristic of
the =C-H out-of-plane deformation vibration of MB [29].

Figure 3c depicts the XPS survey spectra of CN, EVC-2, and EVC-5. It reveals the
existence of C, N, Eu, V, and O in EVC-2 and EVC-5. The O1s peak intensity of CN
reduced with the increase of EV dosage, as reported previously, indicating more H2O
being absorbed on CN [25,27]. In the C1s high-resolution XPS spectra of CN, EVC-2, and
EVC-5, two peaks at 284.8 and 288.3 eV for CN were observed. The peaks at 284.8 eV
originated from the adventitious carbon, and the peaks at 288.3 eV were derived from
the sp2-bonded C in CN [27]. The N1s peak of CN at 398.1 eV shifted to 398.8 eV for
EVC-2 and EVC-5. These peaks could be attributedto the sp2 nitrogen atoms in C–N=C.
The increased N1s binding energy of EVC-2 and EVC-5 demonstrate the reduced electron
cloud density of N atoms [30]. This indicates that the coordination of Eu or V ions with
pyridinic N occurred where N provided lone-pair electrons and Eu3+ or V5+ supplied the
unoccupied d orbit [31]. The XPS results also suggested that EVCs were successfully formed
through the coordination interaction between Eu3+ or V5+ and N [32]. The construction
of EVCs was advantageous to the transfer of photoinduced charge in the photocatalytic
reaction, and thus improved the photocatalytic degradation efficiency of MB over EVCs.
After the adsorption of MB, the C1s peaks of EVC-2 at 284.8 eV and 288.3 eV shifted to
284.5 eV and 287.6 eV, respectively. The N1s peak of EVC-2 at 398.8 eV shifted to 398.1 eV
(Figure S3). This reveals the variation of the electron cloud density of C and N atoms after
the adsorption, which could be attributed to the π–π electron donor-acceptor interaction
between the CN nanosheets and the MBmolecules [33]. The absorption edge of CN and
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EV was 457 and 652 nm, respectively, corresponding to 2.71 and 1.90 eV of the band gap
(Figure 3f). The UV-vis DRS revealed that EVC-2 and EVC-5 presented stronger visible light
absorption than CN, which was instrumental in improving the utilization of visible light
in the photocatalytic process. The absorption edge of EVC-2 and EVC-5 lay between the
values of CN and EV, further confirming the successful formation of EVC heterojunctions.
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(d) C1s, (e) N1s, and (f) UV-vis diffuse reflectance spectrum (Inset: band gap energy of CN and EV)
of CN, EVC-2, and EVC-5.

The BET specific surface areas (SBET) and mesoporous structures of CN, EVC-2, EVC-
5, EVC-10, and EVC-20 were assessed by the N2 adsorption–desorption isotherms and
the corresponding BJH pore size distribution curves. All catalysts presented type IV
isotherms (Figure 4a), which indicated the mesoporous structures of these catalysts [6,25,34].
The H3 hysteresis loop at high P/P0 from 0.50 to 1.00 suggested that the mesopores of
the samples were irregular. The SBET of EVC-2 (80.43 m2 g−1), EVC-5 (38.14 m2 g−1),
EVC-10 (36.21 m2 g−1), and EVC-20 (32.53 m2 g−1) were distinctly higher than that of CN
(12.32 m2 g−1). The pore volumes of EVC-2 and CN were 0.15 and 0.02 cm3 g−1 (Table S2),
respectively. These results reveal that the EVCs possessed higher specific surface areas and
more mesopores for the adsorption of contaminants. Meanwhile, this would imply that
EVCs had more reaction-active sites than CN for the photocatalytic degradation of MB.
The BJH pore size distribution curves of CN, EVC-2, and EVC-5 are depicted in Figure 4b,
indicating the remarkable increase of EVC-2 and EVC-5 in the range of 1–50 nm. This might
be caused by thermal etching in the reheating process, which is similar to the previous
reported results [25]. The ultrathin layered structures increased the specific surface area
of EVC-2, which is confirmed by the TEM and AFM results in Figure 1. The stacked CN
of EVC-2 acquired a three-dimensional porous architecture, which is corroborated by the
SEM results in Figure 2. This further indicates that EVC-2 and EVC-5 possess a higher pore
size distribution ranging from 1 to 50 nm. This increased mesoporous structure endows
EVC-2 with superior adsorption capability for MB in wastewater [23].
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2.2. Adsorption Kinetics and Isotherm of MB

CN, EV, and EVCs were used to adsorb MB. The effect of different EV mass ratios on
the MB adsorption capacity was investigated (Figure 5a). EV content in EVCs significantly
affected the adsorption amount of MB. The qe values of EVCs were higher than that of CN
(1.1 mg g−1). EVC-2 exhibited a highest MB adsorption capacity of 6.75 mg g−1, which was
over six times that of CN. This result was well consistent with the BET measurements, as
displayed in Figure 5a. It suggested that the reheating synthesis approach was an effective
way to ameliorate the adsorption capacity of EVCs. The thermal etching approach could be
instrumental in obtaining an ultrathin, layered structure of EVCs and increasing its specific
surface area. The adsorption capacity and specific surface areas decreased with the increase
of EV content. This might originate from more adsorption active sites being occupied by
EV nanoparticles.
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MB adsorption capacity with different solutions of pH over EVC-2 at 30 ◦C was
tested and is depicted in Figure 5b. It revealed that the adsorption capacity increased
remarkably while the pH was higher than 6. At a pH of less than 6, the adsorption capacity
was extremely low. It reached 6.75 mg g−1 when pH was 7. The alkaline condition was
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advantageous to the MB adsorption, which is similar to many reported results [35–37].
These results indicated that the surface charge of EVC-2 was remarkably affected by the
solution pH. Electrostatic interaction between EVC-2 and MB contributed to adsorption
capacity. MB is a cationic dye and is easily adsorbed on a negatively-charged adsorbent [35].
The point of zero charge pH (pHpzc) of EVC-2 was 6.48 (Figure S4). This suggests that
the EVC-2 was negatively charged at pH > 6.48 and positively charged at pH < 6.48.
The negatively-charged surface of EVC-2 at a higher pH would enhance the electrostatic
interaction between EVC-2 and MB, which remarkably increased the adsorption capacity.
The electrostatic repulsion between positively-charged EVC-2 and MB resulted in a low
adsorption capacity of MB at a solution pH of less than 6.

The effect of initial EVC-2 dosage on MB adsorption at 30 ◦C was studied and is
presented in Figure 5c. The experiment was conducted after 72 h of equilibrium under
continuous shaking in the dark. The initial MB concentration was 5 mg L−1. It can be
seen from Figure 5c that the removal efficiency of MB increased when the dosage of EVC-2
was raised, which is related to the increased active sites of the adsorbent [38]. As the
EVC-2 dosage increased from 0.1 g L−1 to 1.2 g L−1, the adsorption capacity of MB was
extremely abated from 8.77 mg g−1 to 2.77 mg g−1. The reason for this result is mainly
that the initial MB concentration remained unchanged in the solution. With the increase of
EVC-2 dosage, the adsorption active sites on EVC-2 were redundant and could not be fully
utilized [39]. The effect of temperature on MB adsorption capacity at 10, 20, 30, and 40 ◦C
is illustrated in Figure 5d. The adsorption capacity was enhanced when the temperature
rose from 10 to 30 ◦C, implying it was an endothermic process resulting from the π–π
interaction between EVC-2 and MB [25]. MB had relative weak molecular thermal motion
at low temperature, resulting in fewer molecules being diffused to the EVC-2 surface.
The adsorption capacity was consequently less at lower temperatures. With the increase
of temperature, MB absorbed the heat and accelerated molecular thermal motion, thus
exhibitinga higher adsorption capacity [40,41]. The adsorption capacity decreased at 40 ◦C.
This might be caused by the desorption effect due to the higher velocity of the molecular
thermal motion at 40 ◦C.

The adsorption kinetics curves of MB on CN, EVC-2, and EVC-5 are displayed in
Figure 6a. The adsorption equilibrium of MB on CN, EVC-2, and EVC-5 was reached
in 60 min. The adsorbed amount of MB was 1.09, 6.75, and 2.27 mg g−1, respectively.
The adsorption capability was enhanced after the formation of EVCs. The pseudo first-
order, pseudo second-order, and intraparticle diffusion kinetics model were adopted to
fit the experimental data for the elaboration of the kinetics mechanism of the adsorption
process [42]. As can be clearly seen in Figure 6b–d, the adsorption data well met the pseudo
second-order kinetics model. The corresponding R2 and RMSE values are listed in Table S3.
Therefore, the MB adsorption on CN, EVC-2, and EVC-5 all followed the pseudo second-
order kinetics model. This demonstrates that the adsorption rate of MB on the as-prepared
adsorbents was controlled by the chemical adsorption, which was the rate-determining
step of the adsorption process [43]. The electron transfer or electron sharing between the
adsorbent and MB was the primary driving force of the adsorption.

The MB adsorption kinetic parameters from the fitted pseudo second-order equation
are displayed in Table S4. The calculated adsorption capacity values were consistent with the
experimental values obtained in Figure 6a. EVC-2 possessed the highest adsorption capacity,
which was 6.2 times that of CN. This reveals that the formation of EVCs could significantly
enhance the adsorption capability. The enhancement of the adsorption capability of EVC-2
and EVC-5 might originate from thermal etching in the reheating process, which would
increase the specific surface areas through reducing the thickness of the CN nanosheets and
the formation of loose-stacked porous architecture. The SEM and BET results confirmed
the significant increase of the pore of EVCs in the whole range of 1–50 nm. The increased
specific surface areas could generate more surface reaction sites. As a result, the adsorption
and photocatalytic degradation performance would be extremely enhanced.
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An adsorption isotherm can be employed to provide information regarding the equi-
librium adsorptions. The adsorption capacity increased with the equilibrium concentration
of MB (Figure 7a). The experimental equilibrium adsorption data of MB on CN, EVC-2,
and EVC-5 were measured and fitted by the Freundlich, Temkin, and Langmuir isotherm
models [25,35]. The corresponding R2 and RMSE values are listed in Table S5. As presented
in Figure 7b–d, the equilibrium adsorption data conformed to the Langmuir isotherm
model according to the correlation coefficients (R2 and RMSE) revealed in Table S5. This
result indicates that the adsorption of MB on the surface of CN, EVC-2, and EVC-5 was
monolayer adsorption [2]. The adsorption isotherm parameters of MB on CN, EVC-2, and
EVC-5 are presented in Table S6. The qm calculated from the Langmuir isotherm model
were 2.24, 20.0, and 4.76 mg g−1 for CN, EVC-2, and EVC-5, respectively. This is very
similar to the experimental equilibrium adsorption values obtained from Figure 7a. The
Langmuir constant (KL) was also calculated and is listed in Table S6; it suggests that EVC-2
had a highest affinity for the adsorption of MB on its surface binding sites.
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2.3. Adsorption and Photocatalytic Degradation of MB

The adsorption–photocatalysis synergistic process of MB on the as-prepared catalysts
under visible light irradiation was investigated and is illustrated in Figure 8a. As revealed
in this figure, the formation of EVCs remarkably improved the removal efficiency of MB.
The optimal removal efficiency of MB over EVC-2 ultimately reached 100% after 30 min of
degradation. It was 22.7 times higher than that of mere photolysis of MB. All EVC samples
presented better MB removal performance than CN, suggesting the higher separation
efficiency of photoinduced charge carriers in EVCs. The removal of MB in this degradation
process could be considered as the synergistic effect of adsorption and photocatalysis.
There was approximately 22–50% of MB eliminated by the adsorption process before light
irradiation over EVCs. By comparison, only 8.7% of MB was removed over CN in 60 min
of the adsorption process. This confirms that EVCs possess much stronger MB adsorption
ability than CN. The same results were also observed in the previous work [25] and are
clarified in Figures 6 and 7. As shown in Figure 8b, the adsorption–desorption equilibrium
was obtained within 60 min. The removal efficiency of MB reached 49.5% after 60 min
of the adsorption process on EVC-2 (Figure 8b), which was 5.7 times that of CN. The
photocatalysis process over the as-prepared catalysts was investigated and is exhibited in
Figure 8c. Before photocatalytic degradation, the adsorption–desorption equilibrium was
achieved first, and thus the influence of the adsorption on the photocatalytic process was
ignored. There was approximately 50.5% of MB removed in the photocatalytic degradation
process on EVC-2. This was 2.2 times that of CN. These results demonstrate that EVC-2
had optimum adsorption and photocatalytic performance.
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The practical application of the catalysts for the removal of contaminants requires
the as-prepared sample presented to have stable degradation properties. Therefore, the
stability of EVC-2 was implemented by four cycles of the adsorption and photocatalysis
experiments. EVC-2 was separated by centrifugation, desorbed in deionized water, and
dried at 60 ◦C after each cyclic experiment. The stability experimental results are displayed
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in Figure 8d. Only 5% of adsorption and 3% of photocatalysis capability was lost after
four cycles of degradation experiments. TEM, FTIR, and XRD (Figures S5 and S6) were
measured to investigate the variations of the morphology and the crystal structure between
the fresh and used EVC-2. No obvious changes were found between the fresh and used
EVC-2. This proves that EVC-2 was highly stable for practical utilization. In addition,
TOC analysis was employed to clarify the mineralization efficiency of MB on EVC-2
under visible light irradiation. As shown in Figure S7, the TOC decreased to 42.4% after
30 min of the adsorption and photocatalysis process, corresponding to a mineralization
efficiency of 57.6%. In contrast, with 100% photocatalytic degradation efficiency, the lower
mineralization efficiency indicated that the mineralization of MB was slower than the
decolorization process. It was the degradation intermediates that caused the relatively
higher TOC value [44,45]. The mineralization of MB to completely generate CO2 and H2O
needed to react for much longer than 2 h under visible light illumination.

2.4. Photocatalytic Kinetics of MB

The photocatalytic degradation of MB on EVC-2 under visible light irradiation is de-
picted in Figure 9. It obviously manifested two types of kinetics characteristics in the different
degradation times. The photocatalytic degradation data obeyed the zero-order kinetics
equation in the range of 0–10 min (Figure 9, left). In this stage, the photocatalytic degradation
reaction rate was almost extraneous to MB concentration. This might originate from the
excessive MB in the initial degradation solution. In the meantime, the photocatalytic degra-
dation reaction rate only related to the amount of surface active sites of the photocatalyst [24].
The zero-order degradation reaction rate constant (k0) was 0.035 mg L−1 min−1. With the
gradual decrease of MB concentration after 10 min of degradation, the MB diffusion rate
from the solution to the surface of the photocatalyst was reduced. The influence of the MB
concentration could not be disregarded at this stage. The photocatalytic degradation data
consequently followed the first-order kinetics equation for 10–30 min (Figure 9, right). The
first-order degradation reaction rate constant (k1) was 0.150 min−1. As shown in Figure 8a,
the adsorption and photocatalytic performances of MB on CN, EVC-5, EVC-10, and EVC-20
were relatively low. All photocatalytic degradation data seemed to comply with the zero-
order kinetics equation during the whole degradation period (Figure 8c). This might be
caused by the comparatively low photocatalytic degradation reaction rate of MB on these
samples, resulting in the excessive MB concentration over 30 min. The k0 values of MB on CN,
EVC-5, EVC-10, and EVC-20 were 0.007, 0.013, 0.013, and 0.012 mg L−1 min−1, respectively
(Figure S8). The k0 of EVC-2 was five times that of CN.
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2.5. Active Oxidation Species and Possible Mechanism

Radical scavenger experiments were conducted to identify the major reactive species in
the MB photocatalytic degradation on EVC-2 (Figure 10a). NaNO3, AO, IPA, and PBQ were
adopted as the scavengers to trap e−, h+, •OH, and •O2

−, respectively [46]. The degradation
efficiencies of MB on EVC-2 were obviously decreased with the presence of NaNO3, AO,
IPA, and PBQ, indicating that e−, h+, •OH, and •O2

− were all involved in the photocatalytic
degradation process. In particular, when PBQ was added to the degradation solution, the
degradation efficiency was enormously reduced, indicating that •O2

− was absolutely the
major active oxidation species in MB degradation. As can be seen in the radical scavenger
experimental results shown in Figure 10a, the influence of the reactive species followed
the order of •O2

−> e−> h+> •OH, and the degradation efficiencies of MB on EVC-2 were
decreased to 45%, 77%, 85%, and 91%, respectively. The degradation efficiency declined
slightly in the presence of NaNO3, AO, and IPA, suggesting that e−, h+, and •OH played
only a relatively minor role in the MB degradation process. The ESR spectra of DMPO-•OH
and DMPO-•O2

− were employed to further confirm the generation of active species •OH
and •O2

− radicals in the MB photocatalytic degradation process on EVC-2 and EVC-5
(Figure 10b,c). The ESR signals of DMPO-•OH and DMPO-•O2

− adducts could be clearly
detected after 15 min of visible light irradiation, but were not detectable in the dark. This
signifies that the •OH and •O2

− radicals were only produced in the photocatalytic degrada-
tion process. In addition, The DMPO-•OH and DMPO-•O2

− signal intensities of EVC-2
were much stronger than that of EVC-5, revealing that EVC-2 had higher •O2

− generation
capability than EVC-5. This is consistent with the photodegradation results presented in
Figure 8c, which indicate that EVC-2 possessed higher carrier separation efficiency. Based
on the above-mentioned experimental results, the possible removal mechanism of MB on
EVC-2 can be deduced. MB molecules were first adsorbed on the surface of EVC-2. There
followed the visible light absorption and the photoinduced electron and hole generation.
Then, the photoinduced electron and hole separated and transferred to the surface of EVC-2
and produced •OH and •O2

−. Next, MB was ultimately degraded into small molecules by
the complex reaction with •O2

−, e−, h+, and •OH. The formation of ultrathin nanosheet
structures and EVC heterojunctions could provide the driving force for the separation and
transfer of photoinduced electron-hole pairs.
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Figure 10. (a) the effect of radical scavengers on MB photocatalytic degradation on EVC-2 under
40 W LED irradiation: the ESR spectra of (b) DMPO-•OH in water; (c) DMPO-•O2

− in methanol
with EVC-2 and EVC-5 after 15 min of visible light irradiation; (d) TPC spectra; (e) EIS Nyquist plots
of CN, EVC-2, and EVC-5.

Transient photocurrent response (TPC) and electrochemical impedance spectroscopy
(EIS) was further conducted to confirm the photoinduced charge separation efficiency of
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CN, EVC-2, and EVC-5. As shown in Figure 10d, EVC-2 and EVC-5 had higher photocurrent
density than CN, indicating that the formation of EVCs promoted charge separation and
transfer efficiency. EIS Nyquist plots of EVC-2 and EVC-5 possessed a smaller arc radius
than CN, confirming the same conclusion as the TPC result (Figure 10e). In addition, EVC-2
exhibited a higher photocurrent density and a smaller arc radius than EVC-5, clarifying that
EVC-2 had higher charge separation efficiency and superior photocatalytic degradation
efficiency than EVC-5. This is consistent with the photocatalytic degradation result of MB
over as-prepared catalysts.

In this study, the superior photocatalytic degradation activity of EVC-2 was primarily
attributed to the formation of an ultrathin EVCs heterojunction structure and the synergistic
effect of adsorption and photocatalysis. We firstly manufactured CN nanosheets with an
ultrathin structure by thermal etching and ultrasonic techniques. This thus increased
its specific surface area and reaction active sites and shortened the diffusion distance of
photoinduced charge carriers. Further, EV nanoparticles were loaded onto CN nanosheets
to form an EVCs heterojunction. This consequently accelerated the separation of charge
carriers and reduced its recombination. These factors boosted the generation of e−, h+,
•OH, and •O2

−, which remarkably ameliorated the visible light-driven photocatalytic
degradation efficiency. Based on these advantages, EVC-2 emerged with a much higher
adsorption capacity and photocatalytic activity than that of pristine CN.

3. Materials and Methods
3.1. Synthesis of EVCs

Bulk g-C3N4 was synthesized by the polycondensation of dicyandiamine and NH4Cl,
with a 1:1 mass ratio at 550 ◦C for 4 h according to the previous literature, with certain
modifications [47]. The light-yellow powder was collected and ground. An amount of
100 mg of g-C3N4 was mixed with the 100 mL deionized water and underwent ultrasonic
treatment for 4 h [48]. The mixture was centrifuged at 4000 rpm for 20 min. The g-C3N4
nanosheets in the supernatant were separated by vacuum freeze-drying.

An amount of 200 mg of g-C3N4 nanosheets and a certain amount of Eu(NO3), and
NH4VO3 were mixed in 100 mL of deionized water for 2 h. The water was then evaporated
and the obtained solid product was ground. EVCs powder was produced after heating the
powder for 2 h at 550 ◦C. The as-prepared samples were named as EVC-2, EVC-5, EVC-10,
and EVC-20, respectively, while 2, 5, 10, and 20 wt% of EV was contained in the EVCs. EV was
generated under the same reaction conditions except for the absence of g-C3N4 nanosheets.

3.2. Catalyst Characterization

Transmission electron microscopy (TEM, JEOL, Tokyo, Japan) and high-resolution
TEM (HRTEM) images were taken on a JEOL-2100F transmission electron microscope. Scan-
ning electron microscopy (SEM, JEOL, Tokyo, Japan) images, energy dispersion spectrum
(EDS), and elemental mapping images of the samples were taken on a JSM-4800F scanning
electron microscope. Atomic force microscopy (AFM, Bruker, Billerica, MA, USA) images
were measured on a Bruker Multimode 8 AFM system. X-ray diffraction (XRD, Rigaku
Corporation, Tokyo, Japan) patterns of g-C3N4, EF, and as-prepared EFC heterojunctions
were taken on a Rigaku Smartlab diffractometer. Fourier-transform infrared spectra (FTIR,
ThermoFisher, Waltham Mass, MA, USA) were recorded on a Nicolet NEXUS 470 spec-
trometer in the range of 4000–400 cm−1. XPS spectra (ThermoFisher, Waltham, MA, USA)
were detected on a Thermo ESCALAB 250XI X-ray photoelectron spectroscopy spectrom-
eter equipped with anAlKαX-ray source. The N2 adsorption desorption isotherms and
BET specific surface area was measured on a Micromeritics ASAP 2460 analyzer at 77 K
(Micrometrics, Londonderry, NH, USA).

3.3. Adsorption of MB

The adsorption experiment of MB was carried in the dark. Briefly, a 50 mg catalyst
was mixed with 100 mL of different concentrations of MB. The pH value of the MB solution
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was adjusted to 7 using 0.1 M HCl or NaOH. The mixture solution was agitated in the dark
at 150 rpm. An amount of 5 mL adsorption solution was added at certain intervals and
removed the catalyst through 0.22 µm PTFE filter membrane. The MB concentration was
determined on a UV-vis spectrophotometer at the absorption wavelength of 664 nm. The
adsorption capacity (qt) at a given adsorption time was calculated. The impact of pH on
MB adsorption over the catalyst was studied from 2 to 11 using 0.1 M HCl or NaOH to
adjust the pH value. The effect of temperature on MB adsorption over the catalyst was
investigated at 20, 30, and 40 ◦C, respectively. The adsorption kinetic data were fitted by a
pseudo first-order and pseudo second-order adsorption kinetics model and intraparticle
diffusion (Weber–Morris) model. Langmuir, Freundlich, and Tempkin models were selected
to fit the adsorption isotherm data.

3.4. Photocatalytic Degradation of MB

The visible light driven photocatalytic degradation of MB was conducted under the
irradiation of a 40 W LED. Typically, a 100 mg catalyst was mixed with 200 mL 5 mg L−1

MB solution. The mixture was stirred in the dark for 1 h for the adsorption–desorption equi-
librium of MB over the catalysts. An amount of 5 mL degradation suspension was taken
out at certain intervals and removed the catalyst through 0.22 µm PTFE filter membrane.
The MB concentration was determined on a UV-vis spectrophotometer by absorption at
664 nm. The photocatalytic degradation kinetics curve was obtained by plotting degrada-
tion efficiency against degradation time. The photocatalytic stability of the catalyst was
performed by four cycles of degradation experiments. After each cycle, the catalyst was
separated by centrifugation and washed thoroughly with ethanol and deionized water to
eliminate the MB absorbed on the catalyst. The catalyst was then freeze-dried and collected
for the next cycle of degradation experiments. To confirm the active species, NaNO3, AO
(ammonium oxalate), IPA (isopropyl alcohol), and PBQ (p-benzoquinone) were adopted as
the scavengers to trap e−, h+, •OH, and •O2

−, respectively.

4. Conclusions

In summary, ultrathin CN nanosheets with a thickness of 4–5 nm were first manufac-
tured by thermal etching and ultrasonic techniques. EV nanoparticles were then loaded
onto the CN nanosheets to form EVCs. The as-prepared EVC-2 possessed the optimal ad-
sorption and photocatalytic removal performance. The superior photocatalytic degradation
activity of EVC-2 was primarily attributed to the formation of the ultrathin EVCs het-
erostructure and the synergistic effect of adsorption and photocatalysis. The MB adsorption
capability of EVC-2 was 6.2 times that of CN, and the zero-order degradation reaction rate
constant (k0) was 5 times that of CN. The MB adsorption on EVC-2 followed the pseudo
second-order kinetics model, and the adsorption isotherm data complied with the Lang-
muir isotherm model. The photocatalytic degradation data of MB on EVC-2 obeyed the
zero-order kinetics equation in the range of 0–10 min and abided by the first-order kinetics
equation for 10–30 min. By comparison, the photocatalytic degradation data observed the
zero-order kinetics equation during the whole degradation period. The radical scavenger
experiments demonstrated that •O2

−, e−, h+, and •OH were involved in the photocatalytic
degradation process.
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Abstract: Brackets are metallic dental devices that are very often associated with acidic soft drinks
such as cola and energy drinks. Acid erosion may affect the bonding between brackets and the
enamel surface. The purpose of this study was to investigate the characteristics of brackets’ adhesion,
in the presence of two different commercially available drinks. Sixty human teeth were divided into
six groups and bonded with either resin-modified glass ionomer (RMGIC) or resin composite (CR). A
shared bond test (SBS) was evaluated by comparing two control groups with four other categories,
in which teeth were immersed in either Coca-ColaTM or Red BullTM energy drink. The debonding
between the bracket and enamel was evaluated by SEM. The morphological aspect correlated with
SBS results showed the best results for the samples exposed to artificial saliva. The best adhesion
resistance to the acid erosion environment was observed in the group of teeth immersed in Red
BullTM and with brackets bonded with RMGIC. The debonded structures were also exposed to
Coca-ColaTM and Red BullTM to assess, by atomic force microscopy investigation (AFM), the erosive
effect on the enamel surface after debonding and after polishing restoration. The results showed a
significant increase in surface roughness due to acid erosion. Polishing restoration of the enamel
surface significantly reduced the surface roughness that resulted after debonding, and inhibited acid
erosion. The roughness values obtained from polished samples after exposure to Coca-ColaTM and
Red BullTM were significantly lower in that case than for the debonded structures. Statistical results
evaluating roughness showed that Red BullTM has a more erosive effect than Coca-Cola™. This result
is supported by the large contact surface that resulted after debonding. In conclusion, the prolonged
exposure of the brackets to acidic drinks affected the bonding strength due to erosion propagation
into both the enamel–adhesive interface and the bonding layer. The best resistance to acid erosion
was obtained by RMGIC.

Keywords: dental brackets; enamel surface; acid environment; shared bond test; surface roughness

1. Introduction

Various factors can affect the bonding of brackets during orthodontic treatment, such
as enamel structure, bracket surface properties, poor operator technique, the patient’s
behavior, and masticator forces [1]. The failure of bonding results in a longer period
of time for treatment, which is why the cooperation of patients is necessary [2]. One
essential factor is the patient’s oral hygiene, which can determine the accumulation of
dental plaque, whether white spot lesions will occur, and whether the orthodontic therapy
will be compromised [2].
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The ideal cement used for bracket bonding should have good retention to the surface
of the tooth, enough strength to resist and transmit the orthodontic forces during the course
of therapy, and should be able to be removed without resulting in iatrogenic damage
to the enamel [3]. A bonding strength of 5.9–7.8 MPa is recommended for orthodontic
treatment [1].

Composite resins are frequently used for bonding brackets due to their good aesthetic
and bond strength [4]. However, to bond with composite resins we need a completely
dry surface, and the patient’s compliance is essential [5]. Due to the fixed appliance, and
depending on the behavior of the patient regarding oral hygiene, the prevalence of plaque
accumulation tends to increase during orthodontic treatment [6]. This is why the risk
of decalcification is larger during the therapy and tends to occur around the bracket, in
particular in the gingival area, which is more difficult to clean [7].

Demineralization can occur as early as one month after the beginning of treatment [6]
and can result in white spot lesions or enamel cavities in severe cases. Enamel deminer-
alization after orthodontic treatment can appear in up to 50% of patients [2]. It has been
demonstrated that there is a possibility for the initial damage to be repaired with the use of
fluoride, which has the capacity to re-mineralize teeth, resulting in an anti-caries effect [7].

In other words, when the brackets are bonded with cement resins it can result in white
spot lesions and the risk of enamel damage after bracket removal, which can reduce the
success of the treatment [4]. As a result, the use of other materials, such as glass ionomers,
has been suggested. The advantages of glass ionomers are that they can be used for bonding
in cases with moisture contamination, such as when we cannot realize the proper isolation
of the teeth [2], and the fact that they are fluoride-releasing, with the potential to decrease
the demineralization of the surface of the enamel around the bracket [6].

However, glass ionomers have a lower bond strength (2.37–5.5 MPa), which will
frequently result in bond failure [8], and therefore limits their clinic use.

Hybrid glass ionomer cements were developed to combine the adequate bond strength of
cement resins with the fluoride-releasing properties of glass ionomers [6]. Ghubaryi, et al. [9]
demonstrated that the bond strength is initially lower, but will increase after 24 h to
5.39–18.9 MPa; such hybrid cements have been successfully used in orthodontic therapy.

Enamel demineralization is a severe complication of orthodontic treatment and is the
result of a decrease in salivary pH [5]. If its pH is lower than 5, saliva is sub-saturated
in fluoroapatite and hydroxyapatite, and this creates a medium for demineralization.
Behavioral factors, such as the pH of drinks consumed, and buffering of saliva can result in
enamel demineralization and dental erosion [5];in such cases, the bond between bracket
and enamel will be affected and the success of the treatment will be compromised.

More people, especially children, and teenagers, are frequently consuming soft drinks [10].
This kind of beverage includes all drinks except alcohol, mineral water, fruit juices, tea,
coffee, or milk-based drinks, and may or may not be carbonated [5]. The carbonated
beverages are more aggressive, because of their carbonic acid content [11].

Soft drinks have a negative impact on the structure of enamel because of their content
of sugar and citric acid, which are very erosive and will degrade the surface of the tooth
around the brackets [1]. The consumption of soft drinks results in a pH lower than 5.5,
which can then lead to dental erosion. Dental erosion is a defect on the surface of enamel
resulting from exposure to acids and will compromise the bond between the bracket and
the tooth, because healthy enamel is essential for the retention of the bracket.

Coca-Cola is the most popular soft drink, and one of the three best-known bever-
ages [12]. Red Bull is the most frequently consumed energy drink. One of the best-known
slogans in the United States is “Red Bull gives you wings”, because of the effects of the
drink on mental and athletic performance due to its caffeine content. They also might
influence the dental material color [13] and behavior due to the acid action at the body
temperature [14]. The dental plaque proliferation on the bonding layer also might be
influenced by acid components of mentioned soft drinks [15].
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The purpose of this study is the determination of these two soft drinks’ effects on
the shear bond strength and microstructural aspects regarding orthodontic metal brackets
bonded with two different materials: cement resin (Transbond Color Change) and RMGIC
(Fuji Ortho LC).

2. Results
2.1. Shear Bond Strength

The adhesion was evaluated by recording the shear strength according to the standard
procedures [16,17], which is generally used to evaluate adhesive systems in the laboratory.
Generally, the comparison between materials or bracket application methods is justified,
but the extrapolation of these results in the clinical situation is not easy. The results obtained
by us for CR and RMGIC are presented in Table 1. The highest value for SBS was recorded
for the RMGIC sample exposed to Saliva (7.65 MPa), followed by the CR control sample,
exposed only to artificial saliva (5.20 MPa), and the lowest value for bond strength was
recorded for the CR sample exposed to Cola (2.70 MPa). The other sample groups all
registered SBS of approximately 3 MPa.

Table 1. Shear bond test results.

Mechanical
Properties

Saliva Coca-ColaTM Red BullTM

Mean SD Mean SD Mean SD

CR

Bond Strength, MPa 5.20774 1.96879 2.72076 0.77658 2.90572 1.49381
Maximum Load, N 67.5786 23.91672 32.96726 22.66505 35.92676 18.51022
Breaking Load, N 60.34059 31.61737 30.044 18.14057 31.888897 15.86262

RMGIC

Bond Strength, MPa 7.65976 2.3793 3.53586 1.10649 3.62436 2.38791
Maximum Load, N 86.92681 24.5682 41.42943 14.38154 53.40967 36.83688
Breaking Load, N 82.48911 26.11797 31.19834 10.23796 50.90918 38.59967

Statistical Analysis: The results of the bracket adhesion test for all six investigated teeth
groups showed different statistical significance, with a p-value = 2.77933 × 10−4. Following
the Tukey test, it was evident that different statistical significances are only between RMGIC
immersed in artificial saliva and the other groups tested (RMGIC in COLA, CR in COLA,
CR in HELL, CR in artificial saliva).

The Anova test obtained a value of p = 0.00906, regarding the breaking strength of the
bracket with little different statistics between groups: RMGIC immersed in artificial saliva
and CR in COLA; RMGIC in artificial saliva and RMGIC in COLA. The same differences
between groups are also obtained in the case of the maximum strength accepted, with a
p = 0.01026.

2.2. Scanning Electron Microscopy SEM

SEM images were taken on low magnification to observe all morphological details
regarding the shearing of the adhesion layer between brackets and enamel. Its failure under
shearing stress generated important morphological details that are necessary to explain
the variation related to the data in Table 1. The images resulting from CR samples are
presented in Figure 1 and the ones for RMGIC samples are presented in Figure 2.

CR control sample exposed to the artificial saliva reveals a complex morphology
adhesive layer shearing. The bracket base, Figure 1(Aa), is almost covered with an adhesive
having a relatively uniform surface (from a macroscopic point of view). It covers about 60%
of the bracket base. The shearing stress during failure caused adhesive layer fragmentation
with complete detachment from the other 40% of the bracket base which is clearly observed
in the direction of the yellow arrow in Figure 1(Aa). On the opposite, the enamel surface
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after debonding is macroscopically smooth for about 60%, and the other 40% presents
adhesive fragments as indicated with the arrow in Figure 1(Ab). The polishing effect
removes the adhesive debris and small unevenness which conducts to a plain surface of
good macroscopic quality, Figure 1(Ac). There appear some small microscopic irregularities
and scratches which need a detailed microscopic investigation using the atomic force
microscope (AFM).
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Figure 1. SEM images of CR samples: (a) bracket after debonding, (b) enamel after debonding, and
(c) debonded enamel after polishing; stored in Saliva (A), exposed to Cola (B) and exposed to Red
BullTM (C).

Figure 1(Ba) presents the bracket base of the CR sample exposed to Coca-ColaTM.
Adhesive failure after debonding leads to a complex microstructure formed by: a large part
of the surface covered with an adhesive of about 70% being relatively uniform and 30%
of the surface being irregular due to the adhesive fragmentation. It occurs in two steps: a
thinner rest of adhesive is observed on about 15% of the surface due to its internal failure
under debonding and about 15% of the free bracket base, see the arrow in Figure 1(Bb).
The polishing treatment removes the adhesive debris from the enamel surface in a good
manner but some residual adhesive traces are still present, Figure 1(Bc).

Red BullTM exposure of the CR sample certainly influences the bracket debonding
features, Figure 1C. The bracket failure occurred at the enamel-adhesive interface, most of
the adhesive being attached to the bracket base on 85% of the surface, the rest being frag-
mented and completely detached from the debonded parts; see the arrow in Figure 1(Ca).
The enamel surface is completely free of adhesive at the macroscopical view, and some
microscopic traces may occur. A significant crack in the enamel is observed and indicated
with the arrow in Figure 1(Cb). The polishing procedure conducts to a smoother surface
free of cracks and only very small traces of adhesive areobserved, Figure 1(Cc).
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Red BullTM (C).

The morphology of the RMGIC sample kept in the artificial saliva after debonding is
presented in Figure 2A. Bracket failure during debonding occurred at the enamel adhesive
interface. Therefore, the base of the bracket is almost completely covered by the adhesive
of about 88% of the surface only 12% of the bracket base being visible on the side indicated
with the yellow arrow, Figure 2(Aa). The enamel surface after debonding, Figure 2(Aa),
reveals a macroscopic uniform surface which is covered with adhesive only on about 12%
of its surface as indicated with an arrow in Figure 2(Ab). Some footprints from the bracket
base are visible, imprinted in the adhesive on the observed area. The polishing procedure
is required to remove this debonding debris on the enamel surface. It was an improvement
during the restoration attempt as observed in Figure 2(Ac). Some irregularities on the
enamel surface are observed, due to the adhesive that was not polished enough.

Coca-ColaTM exposure to the RMGIC sample influences the debonding parts mor-
phological aspect as observed in Figure 2B. The adhesive failure occurs mainly on the
enamel interface assuring proper preservation of the parts. Most of the adhesive layer
remains attached to the bracket, Figure 2(Ba), covering about 83% of its base. The other
17% corresponds to the free view of the bracket base as shown with the yellow arrow. The
adhesive in this area was broken during debonding and fell away. The enamel surface,
Figure 2(Bb), presents a uniform surface after debonding, only small areas with adhesive
traces were observed, Figure 2(Bb). The debonding structures and erosion marks were very
well removed by the polishing treatment, only few scratches being visible in Figure 2(Bc).

RMGIC samples exposed to Red BullTM after debonding presents a very interesting
morphology. Almost 50% of the bracket base surface is covered with an adhesive having
internal fissures and the other part is visible, Figure 2(Ca). This internal fragmentation of
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also influences the morphology of the enamel surface, Figure 2(Cb). There are significant
adhesive deposits on 15% of the surface and several small traces as indicated with arrows.
A polishing procedure is absolutely necessary. Figure 2(Cc) evidenced on the left side of
the observation field a very well-restored area of the enamel (about 55% of the surface)
and on the right side appears several remaining defects such as traces of adhesive and
erosion features.

2.3. Atomic Force Microscopy AFM

The fine microstructure of debonded CR sample exposed to saliva is presented in
Figure 3(Aa). The surface topography evidenced several HAP nanostructural units pulled
out during the debonding process forming some depressions with irregular margins and
the diameter ranging from 300 to 1000 nm. There are also some adhesive debris traces
situated on the highest zones of the observation field. The Coca-ColaTM exposure causes a
pronounced decaying of the enamel fine microstructure due to the progressive enlarging
of the depressions and significant weight loss associated with HAP nanoparticles loss,
Figure 3(Ba). It causes a significant increase in surface roughness, Figure 4a,b. The exposure
to Red BullTM energy booster juice leads to an advanced decaying of the enamel surface
by pronounced enlarging of the depressions, their aspects becoming similar to the desert
dunes, Figure 3(Ca). These fine microstructural aspects are in good agreement with SEM
observation in Figure 1(Ab,Ac). The surface roughness value increases significantly because
of the observed decayed features.

The polishing treatment leads to a proper CR enamel surface smoothness which is
considerably improved, Figure 3(Ab). The adhesive debris traces from the enamel surface
were completely removed by polishing and the topographic depressions (caused by HAP
units pulling out during debonding) are considerably attenuated. Therefore, the roughness
value significantly decreases in Figure 4.

The enamel surface compactness resulting after the polishing treatment determines a
better resistance to acid erosion due to the removal of the depressions which act as decaying
promoters. Thus, Coca-Cola and Red BullTM found a compact surface without faults to be
penetrated and enlarged. It means that the erosive elements within the mentioned juices
must generate the erosion faults prior to being enlarged. Therefore, the roughness values
after exposure are lower than the ones observed for the unpolished samples, Figure 4. The
Coca-ColaTM exposure generates a surface topography having a washout aspect but with
low penetration in-depth, Figure 3(Bb). The surface topography is more rugged after Red
BullTM exposure as observed in Figure 3(Cb). Thus, the second aspect of the null hypothesis
is rejected because the roughness resulting after Red Bull is significantly greater than the
one caused by Cola, Figure 4.

The nanostructure of the CR enamel sample resulting after debonding is presented in
Figure 3(Ac). The observed topography is quite rugged because of the depressions formed
by HAP nanostructural units pulling out during debonding. In addition tothese certainly
affected areas, there are remarked compact portions of healthy enamel featuring nanostruc-
tural units of about 40 nm diameter well bonded one to another by the protein binder. The
exposure to Coca-ColaTM causes a widening of the above-mentioned depressions along
with an advanced erosion of the areas initially unaffected, Figure 3(Bb). Therefore, the
diameter of the HAP nano-structural units increases in the range of 60–90 nm, Figure 4c.
The exposure to Red BullTM leads to a more advanced decaying of the nanostructure,
Figure 1(Cc). We remark on the increase in the depression’s depth along with advanced
demineralization signs such as washout surfaces and increased diameter of the nanostruc-
tural units around 100 nm. The roughness values are significantly increased as observed in
Figure 4a,b.

The nanostructure resulting from the CR enamel after the polishing procedure presents
quite a uniform topography, Figure 3(Ad), which corresponds to a compact surface with
HAP nanostructural units very well attached one to another. Their diameter is situated at
about 40 nm in good agreement with the values for the healthy enamel [18,19]. The surface
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roughness significantly decreases as observed in Figure 4a,b, also being in good agreement
with the data in the literature for healthy enamel [18,19].
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Coca-ColaTM exposure causes an advanced erosion of the HAP nanostructural units
from the CR enamel surface but without generating the decaying depressions, Figure 3(Bd).
The fact determines the severe increase in the nanostructural unit diameter from 40 nm to
over 120 nm. The exposure to Red Bull on the CR enamel surface leads to more advanced
decay as observed in Figure 3(Cd).We observe an undulated topography associated with
HAP crystallites with deep erosion marks and traces of weight loss. This fact leads to in-
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creased values of roughness compared to the Cola exposure. Therefore, the null hypothesis
was rejected as a nanostructural point of view.
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Bracket debonding from RMGIC adhesion on the enamel stored in the artificial saliva
leads to a very rugged surface. It presents a mixed characteristic resulting from the
topographic combination of the submicron adhesive traces and depressions formed by
HAP nanostructural units pulling out during debonding, Figure 5(Aa). These topographic
features have the nature to generate a relatively high surface roughness as observed in
Figure 6a,b.

Advanced acid erosion on the RMGIC debonded sample exposed to Coca-ColaTM, is
remarked in Figure 5(Ba). The adhesive traces present a better resistance to the erosive
effect of the phosphoric acid, meanwhile, HAP nanostructural units are deeply eroded with
evidence of significant weight loss. The roughness values proved to be greater than the
ones observed for the control sample. Red BullTM proves to be more aggressive than Cola
by the significant deepening of the acid erosion depressions, Figure 5(Ca). Such an erosive
effect leads to the greater roughness values reached in the present research, Figure 6a,b.

RMGIC enamel sample polishing is an absolutely necessary step for the adhesive
submicron traces removal as well as for the depressions (formed by HAP nanostructures
unit pulling out during debonding) attenuation. The topography of the sample stored in
artificial saliva after polishing treatment is smoother and more compact as observed in
Figure 5(Ab). The complete removal of submicron adhesive traces is observed along with a
very compact disposal of the Hap nanostructural units similar to the typical structures in the
healthy enamel according to the data in the literature [19,20]. The mentioned depressions
are well attenuated and their marks are almost unobservable. A direct consequence of these
facts is the significant decrease in roughness, as observed in Figure 6a,b.

The exposure to Coca-ColaTM of RMGIC polished enamel presents a significant ten-
dency of the acid etching of the HAP pulling out depressions to form acid erosion de-
pressions, Figure 1(Bb). It is a matter of the topography disturbance that increases the
roughness value. The exposure to Red BullTM causes slightly enhanced erosion features
than those observed for Cola, Figure 1(Cb) and to the formation of several deep valleys
such as the one observed in the upper right side of the topographical image in Figure 1(Cb).
These additional features lead to an additional increase in roughness, Figure 6.

Considering the AFM evidence, we remark that the polishing treatment on the RMGIC
enamel samples is beneficial to prevent the propagation of the acid erosion features into
the profoundness of the samples and consequently to prevent the excessive increase in
roughness. The resistance of RMGIC adhesive traces to the acid erosion especially to the
Red Bull is observed.
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The RMGIC enamel sample nanostructure after debonding and storage in artificial
saliva presents some small areas of pulled-out nano HAP units but also some submicron
adhesive traces which remain from the adhesion interface, Figure 1(Ac). Therefore, the
HAP nanostructural unit diameter is about 40 nm, Figure 6c. The exposure of this surface
to Coca-ColaTM leads to the enlarging of the depressions by the acid erosion of exposed
enamel and due to the tendency to penetrate depth. The nano HAP units present on
the surface are significantly affected by the acid causing their diameter to increase to
about 55 nm as observed in Figure 5(Bc). Thus, significant roughness increasing occurs.
The exposure to Red BullTM generates a more affected nanostructure by the of rugged
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topography with an aspect of eroded sand dunes, Figure 5(Cc). The nano HAP unit
diameter is situated in the range of 60–90 nm; it indicates that they are close to their
material disintegration which is able to cause weight loss. It has a strong influence on
the roughness increasing. Therefore, the null hypothesis is totally rejected by the RMGIC
enamel samples nanostructure after debonding.
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The RMGIC polished enamel stored in artificial saliva nanostructure is considerably
improved, Figure 5(Ad). The surface topography is more uniform than before treatment
due to the adhesive trace removal and attenuation of the nano HAP pulling out depressions.
The enamel morphology revealed a nano Hap unit with a diameter of about 40 nm, in good
agreement with the data in the literature for healthy enamel [20,21], which are well welded
one to another. In fact, this sample is so good that presets the lowest roughness among
all samples in the current study, Figure 6a,b. The Coca-ColaTM and Red BullTM exposure
of the polished RMGIC samples leads to very interesting topographies, Figure 5(Bd,Cd).
The microstructure general aspect is well preserved with a nano HAP unit of about 40 nm
and compactly organized. Only a small erosion of their boundaries is observed which is
significantly pronounced for Red Bull compared to Cola. A small roughness increase was
observed. In consequence, the null hypothesis is also rejected completely for the RMGIC
enamel polished samples.

Roughness statistical analysis for the investigated samples is centralized in Tables 2 and 3.

Table 2. Surface roughness statistical analysis for the samples after debonding.

CR + Saliva CR + Cola CR + Red Bull RMGIC + Saliva RMGIC + Cola RMGIC + Red Bull

Enamel fine microstructure

Ra, nm 66.90 117.66 115.56 86.90 116.83 133.30
P1 0.08 0.08 0.46 0.46
Rq, nm 87.63 151.66 150 105.50 145.66 170.30
P2 0.06 0.06 0.36 0.36

Enamel nanostructure

Ra, nm 39.43 46.6 55.7 25.56 35.26 51.26
P1 0.24 0.24 0.21 0.21
Rg, nm 48.63 57.83 69 36 42.53 63.83
P2 0.24 0.24 0.25 0.25

The AFM statistical results of the enamel fine microstructure after debonding, but
before polishing, present no significant statistical differences after the exposure to Cola
or Red Bull in both cases, when the brackets were bonded with composite resin or glass
ionomer modified with resins. For the enamel fine nanostructure, statistical differences do
not exist between the values after exposure to Cola or Red BullTM before polishing when
was used composite resin or glass ionomer modified for bonding.
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In this case as well, the AFM statistical results of the enamel fine microstructure and
nanostructure after debonding and polishing present no significant statistical differences
after exposure to Cola or Red BullTM, for composite resin and glass ionomer modified.

Table 3. Surface roughness statistical analysis for the samples after polishing.

CR + Saliva CR + Cola CR + Red Bull RMGIC + Saliva RMGIC + Cola RMGIC + Red Bull

Enamel fine microstructure

Ra, nm 66 90.03 105.13 69.53 75.2 133.43
P1 0.40 0.40 0.24 0.24
Rq, nm 77.56 117.63 131.33 86.43 94.7 164.66
P2 0.41 0.41 0.20 0.20

Enamel nanostructure

Ra, nm 10.4 15.16 16.70 14.26 18.23 21.23
P1 0.22 0.22 0.29 0.29
Rg, nm 13.28 19.10 21.23 18.03 23.10 26.26
P2 0.22 0.22 0.28 0.28

There are no significant statistical differences when comparing the enamel fine mi-
crostructure both before and after polishing for Ra and Rq in all three sample groups (the
control samples immersed in artificial saliva, the samples exposed to Cola, and those ex-
posed to Red BullTM), as all p values are higher than 0.05. Ra for: control sample—p = 0.33,
Cola exposure—p = 0.40; Red BullTM exposure p = 0.78; Rq for control sample—p = 0.24,
and Cola exposure—p = 0.40; Red BullTM exposure p = 0.68.

There are significant statistical differences when comparing the enamel nanostructure
both before and after polishing for UM Ra and Rq in all three sample groups (the control
samples immersed in artificial saliva, the samples exposed to Cola, and those exposed
to Red BullTM): Ra for control sample—p = 0.04, Cola exposure—p = 9.02897 × 10−4; Red
BullTM exposure—p = 7.23641 × 10−4; Rq for control sample—p = 0.04, Cola
exposure—p = 5.9025 × 10−4; Red BullTM exposure p = 0.00156.

3. Discussion

Oral hygiene, orthodontic bonding technique, and nutrition are the factors determining
the development of dental erosion during orthodontic treatment [11,22,23]. It is a matter of
complex interaction between the enamel surface and bracket towards the adhesive layer.
Poor oral hygiene causes food residue deposits around the brackets and bonds which
generate erosive compounds during the putrefaction process. Poor bonding technique will
generate weaker adhesion of the bracket to the enamel and may generate local erosion [24].
Nutrition is very often associated with acidic food and drink ingestion. The acid compounds
within the masticated and ingested aliments will decrease the retention of the brackets and
will affect the results of the therapy.

The percentage of teenagers who are consuming soft drinks has increased in the last
few years. This is the reason we chose to use Coca-ColaTM, the most famous of carbonated
drinks, and Red BullTM, the most well-known energy booster drink. Red BullTM contains
citric acid and Coca-ColaTM phosphoric acid, both of which are used in acid etching for
bonding orthodontic brackets [10]. These acids are also reported in the literature to be
the main cause of enamel surface demineralization [25,26]. It is demonstrated that even
short periods of consuming soft drinks diminish the enamel microhardness and increase
the roughness. It is crucial to limit exposure to this type of beverage to prevent erosive
lesions [1,26]. Acidic drinks reduce oral cavity pH lower than 5.5 which will favors the
dissolution of hydroxyapatite and fluor-apatite within the teeth enamel [5] and limits the
re-mineralizing effect of the saliva. The tooth enamel is a non-remodeling tissue, for this
reason, any changes that occur on its surface will be permanent [27].
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The aim of this study is to observe how much shear bond strength can be affected
by the consumption of soft drinks and for what type of material (composite resin or glass
ionomer modified) it can be obtained a better adhesion between bracket and enamel.

Composite resins are most frequently used to bond brackets during orthodontic
treatment. It is necessary to use phosphoric acid for etching, and to obtain the micropores
on the enamel for mechanical bonding with the cement adhesive to obtain a satisfactory
bond between the enamel and the tooth [19]. These cements have micro-mechanical
mechanisms for adhesion [3], but they have enamel demineralization as a side effect. For
this reason, fluoride-releasing cements were developed to inhibit the loss of minerals.

The glass ionomers can release fluoride and prevent the demineralization of the
enamel, but they have lower bond strength. RMGIC were developed to improve the
adhesion between brackets and the teeth and presents the advantage of a higher SBS
than composite resins and fluoride-releasing due to the presence of the glass ionomers. A
polyacrilic acid of 10% is used with RMGIC, because phosphoric acid is too aggressive and
demineralization will be deeper. After mixing powder with liquid, the curing-mechanism
is chemical, with an acid-base reaction. When light-curing begins, polymerization is
initiated [28]. Previous research demonstrated that the bond strength of RMGIC is higher
after 24 h, but not immediately. One of the advantages of using RMGIC for bonding
brackets is that the surface of enamel is almost intact after debonding [2].

Considering all materials involved in the orthodontic devices treatment in current
research, resulting in three possible ways to promote erosion [29,30]:

- the first is within the bonding structure, in our case CR and RMGIC adhesive;
- the second is on the enamel-adhesive interface;
- and the third is on the bracket-adhesive interface.

SEM microscopy evidences that the bracket-adhesive interface is very cohesive due to
the bracket base equipped with adhesion pillars. The adhesive after debonding is found
predominantly on the bracket base with a surface coverage between 70–85%. On the
opposite, the enamel-adhesive interface after debonding has less adhesive after debonding
with coverage ranging from 15 to 30%. Our SEM evidence shows that the adhesive layer
presents some internal fractures during debonding, especially for CR samples exposed
to Coca-ColaTM and Red BullTM. The RMGIC adhesive layer proves to be more cohesive
without significant internal fracture after debonding. This observation shows that RMGIC
is more resistant to acid erosion attempts than CR, a fact in good agreement with the data
in the literature [31,32].

Debonding the orthodontic brackets from the enamel of premolars causes damage
to their surfaces. The force used to mechanically debond the metallic bracket must be
great enough to exceed the bond strength of the adhesive compound. Consequently, the
bonding interface is sheared from the enamel, leading to the violent extraction of structural
components from the enamel surface, as well as areas where the adhesive remains attached.
These aspects must be investigated by a detailed microstructural investigation.

Tooth enamel is a complex and hierarchic structure based on the hydroxyapatite (HAP)
nanoparticles stuck together with a protein binder. HAP nanoparticles are organized in
nanostructural units with rounded shapes and diameters of 40 nm which forms the enamel
nanostructure. The nanostructural units are further bonded together into the HAP prisms
having a diameter of about 5 µm which represents the fine microstructure of the enamel.

SEM evidence agrees that the results of SBS testing and proves that the enamel-
adhesive interface is the most affected by the shearing failure. CR adhesive presents
evidence of internal fracturing under shearing forces. Both aspects are influenced by acid
erosion. RMGIC prove to be more resistant than the others samples. The best situation
observed by SEM and SBS is resulted from control samples stored in artificial saliva. The
best results after acid environment exposure is obtained for RMGC exposed to Red Bull
and the worst results were obtained for CR samples exposed to Coca-Cola. These aspects
require a more detailed microscopic and topographic investigation with the AFM.
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It is expected that cola is more erosive against RMGIC bonding layer than Red Bull
because of the pH difference between them. However, data in the literature shows that the
polymer coating over mineral particles assures good insulation against acid erosion [33].
SEM images prove that our RMGIC sample has very good insulation of the mineral filler
particle. The acid liquid has to penetrate the insulation within the bonding layer to cause
the weakening of the shear bond strength. Therefore, besides the pH value, the liquid
viscosity is very important because it directly influences the liquid absorption within
RMGIC bulk. Red BullTM is more viscous than the artificial saliva and Coca-ColaTM due
to a large number of dissolved vitamins [34,35], respectively it has a lower penetration
potential and in consequence, it is an explanation why it assures the best SBS value of the
RMGIC sample. The fact requires more investigation on the sample liquid absorption and
solubility which is the subject of a further article.

However, AFM studies in the literature have shown that citric acid is more erosive than
phosphoric acid [1,11]. Data in the literature also shows that Red BullTM is also hazardous
for aquatic life forms [36]. This is how it can be explained why SBS was higher for the
brackets bonded with RMGIC and immersed in Red BullTM, which contains citric acid,
and determine adverse effects in the structure of the teeth but the adhesion interface and
enamel area behind it is protected by the good insulation of mineral filler [37].Coca-Cola
contains phosphoric acid that can produce enamel surface modification, which appeared
as irregularities in enamel morphology and will determine the decrease in SBS with a
negative effect on bracket retention and on the success of orthodontic treatment. The
results of SBS determinations show significant differences and demonstrate that the two
acids had produced a very deep demineralization. Considering our AFM topographic and
morphologic observation, we can conclude that the erosive effect of Cola exposure is in
accordance with data in the literature [27] and is caused by phosphoric acid etching. The
Red BullTM energy drink contains a multitude of potentially erosive ingredients, which
translates into a greater aggressive upon exposure to sample surfaces when compared to
Cola-exposure. The more advanced enamel demineralization, in this case, is in accordance
with data in the literature [18].

Bond failure may occur within the bracket, at the bracket-adhesive interface, within
the adhesive, or in the tooth-adhesive interface [27]. The presence of micro-leakage at the
enamel-adhesive interface determines the appearance of white spot lesions, while micro-
leakage at the adhesive-bracket interface is responsible for bracket failure [1]. Bracket failure
should occur at the enamel-adhesive interface, which will make adhesive removal and
polishing much easier. Bracket debonding and mechanical adhesive removal can determine
iatrogenic effects including rough surface and enamel cracking or fracture. The low residual
adhesive on the surface of the enamel reduces the time for polishing, is less harmful to the
structural integrity of the tooth. AFM images show that the debonded samples stored in the
artificial saliva preserve the best enamel fine microstructure and nanostructure. Exposure to
Coca-Cola and Red Bull induces acid erosion by enlarging the unevenness that may occur
on the enamel surface forming erosion depressions and alteration that generated advanced
decaying with possibly weight loss. The most erosive agent for CR was Coca-ColaTM

and for RMGIC was Red BullTM as observed in the roughness variations presented in
Figures 4 and 6.

The enamel was polished after the brackets debonded, aiming for the removal of the
remained adhesive and to obtain a smoother and less eroded surface. Data in the literature
shows that a rough surface will determine the retention of bio-film and decrease light
reflection [38]. RMGIC removal can be accomplished easily, as compared to composite
resin [18]. AFM results show that the lowest roughness in each group was obtained after
the polishing treatment.

The polished surface exposure to the acid environment is affected by this fact is
sustained by the lower values of the roughness of these samples compared to the unpolished
ones exposed to the acid environment. Even after the polishing, the AFM results shows that
Coca-ColaTM is more erosive for CR samples and Red Bull is most erosive for RMGIC, fact
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in good agreement with the data in the literature [11,14,28]. Overall, we can conclude that
polishing the enamel causes a delay in acid etching compared to the unpolished samples.
The correlation of all obtained results rejects both aspects of the null hypothesis.

4. Materials and Methods
4.1. Samples Preparation

Sixty premolars extracted for orthodontic reasons were used for this study. They had
no caries, no surface cracks, or chemical treatment before the extraction. The teeth were
cleaned with a low-speed rotary instrument and a prophylactic brush and a fluoride-free
paste (Cleanic, Kerr, Kloten, Switzerland).

Roth brackets of 0.022-inch stainless steel were used. They were bonded in the third
middle of the buccal surface of each tooth with the long axis parallel to the axis of the tooth.
The specimens were randomly divided into two groups. Brackets in each of these groups
were bonded according to the standard procedures required by the adhesives manufacturer
detailed below:

Group 1: Normal metallic brackets were bonded with Transbond Plus Color Change
(3M Unitek, St. Paul, MN, USA) on the vestibular surface of thirty teeth:

(1) 37% phosphoric acid was applied for 30 s, the acid was rinsed off and the enamel
was dried.

(2) The primer with the adhesive was applied with a sponge for 20 s, dry easily and
light-cured for 20 s.

(3) The cement resin was applied on the base of the bracket and the bracket was placed
and pressed on the vestibular surface of the teeth. Removing the excess around
the bracket could be difficult due to the fact that the color of tooth enamel and the
cement are alike. That is why a colored orthodontic cements system has been created,
which changes the color during polymerization as observed by Turkkahraman et al.,
2010 [13]. After the excess was removed, it was light cured for 20 s, with 5 s light
incidence over each marginal side of it.

Group 2: The brackets were bonded with Fuji Ortho LC (GC Company, Tokyo, Japan)
capsules on the surface of thirty teeth. Bracket bonding takes about 1–2 min (depending
on the environment temperature) after the RMGIC was mixed, or the adhesive will be
rough [14].

(1) Thirty teeth were etched using a 10% acid polyacrilic enamel conditioner. The condi-
tioner was applied for 20 s and the teeth were rinsed and dried. We did not use phos-
phoric acid with RMGIC, because this type of acid will demineralize too profoundly.

(2) The capsules containing the RMGIC (Fuji Ortho LC) were activated and triturated
at 4000 rpm for 8 s. Capsules were placed in the GC Capsule Applier to place the
adhesive on the base of the bracket

(3) RMGIC was applied and the bracket was placed on buccal enamel and pressed firmly
into place. The excess of adhesive material may increase the retention of dental plaque
and will determine the increase in the incidence of gingivitis and caries according to
Naranjo et al., 2006 [15]. The excess was removed with a sharp scaler and the bracket
was light-cured for 20 s.

The acid exposure protocol was identical for all tested samples as follows. All samples
were kept in artificial saliva at 37 Celsius for 24 h to allow the complete polymerization.
We used their own prepared artificial saliva produced at the Department of Polymer
Composites, Institute of Chemistry “Raluca Ripan”, Babes-Bolyai University. It contains
Na2HPO4, NaHCO3, CaCl2, and HCl in an aqueous solution with pH = 7. Each group was
divided into three other groups, with ten teeth in every group.

Group A: was kept in artificial saliva, pH = 7.
Group B: was immersed in Coca-ColaTM (pH = 2.5) for 15 min, three times a day, with

equal intervals. This procedure was repeated for 20 days.
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Group C: the teeth were immersed in Red BullTM (pH = 3.3), three times a day for
15 min over 20 days. Teeth were kept in artificial saliva for the rest of the time. Artificial
saliva was refreshed daily. After 20 days, all teeth were mounted vertically in acrylic blocks
up to the clinical crown level, so the force could be applied to the bracket-tooth interface
parallel to the buccal tooth surface in an occlusion apical direction. Duracryl Plus, from
Spofa Dental (Kerr, Kloten, Switzerland), was used.

4.2. Shear Bond Strength Test

The shear bond strength (SBS) test was effectuated with the ASTM D638 test method
according to the data in the literature [16,17] using the Lloyd LR5k Plus dual-column
mechanical testing machine (Ametek/Lloyd Instruments, Germany), force capacity 5 kN.
The universal materials testing machine features an electronic system to test and measure
compression. The used load used was 0.5 N with a crosshead speed of 1 mm/min in
the occluso-gingival direction. The data collected were processed using NEXYGEN Plus
3.0 software.

The value of SBS for each group is the mean of 10 mechanical tests (n = 10). Further
ANOVA and Tukey testing was run on the datasets for post hoc comparison between the
groups, and the significance level was set at α = 0.05, using the Origin2019b Graphing and
Analysis software, Microcal Co., Northampton, MA, USA.

4.3. Scanning Electron Microscopy SEM

Tooth enamel was studied using scanning electron microscopy (SEM Inspect™ S,
FEI, Hillsboro, OR, USA) after the shear bond test, bracket debonding, and polishing, the
surface morphology of the. This electron microscope generates the image of a sample
surface scanning with a focused electron beam. The electrons interact with the enamel
atoms and thus produce various signals that provide information regarding the surface
topography and chemical composition of the tooth. The specimens were removed from
the artificial saliva they were stored in, patted dry with filter paper and analyzed in a low
vacuum, 4.5 spot and 25.00 kV, 100×magnifications.

4.4. Atomic Force Microscopy AFM

This study analyzes the tooth enamel surface at the precise place where orthodontic
brackets had been previously attached. The samples are divided into two groups: “CR-
Enamel” and “RMGIC-Enamel”. The specimens were sectioned parallel to the enamel
surface to ensure optimal positioning for the AFM investigation. We prepared several sets
of specimens to accommodate the required testing. As such, the enamel samples include
debonded surface sections, prior to polishing, and uniform surface sections, after polishing.

A specimen of both before and after polishing samples were kept as control samples,
while the rest were divided into two groups that were exposed to an acid etching medium:
one group was exposed to a Coca-ColaTM beverage (acidifier-phosphoric acid) and another
group was exposed to the Red BullTM energy drink (acidifier-citric acid) and a vitamin
mixture. The acid exposure for each group follows the protocol described in Section 4.1.

All samples were then cleansed in bi-distilled water and stored in the artificial saliva in
individual containers at room temperature. Each sample was extracted from their container,
cleansed with bi-distilled water, dried with filter paper, and mounted onto the required
AFM support. After the AFM investigation, each sample was reinserted into itsartificial
saliva container.

We aim to observe the evolution of the morphology and topography of the sample
surfaces in response to the applied treatments. During the first stage, we evaluate if there
are any improvements in the surface quality of the enamel samples after polishing. During
the second stage, we evaluate the effect of acid etching on the samples, before and after any
polishing is applied.
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The null hypothesis of this study has two conjectures: the first is that the effect of
acid etching does not depend on the polishing treatment, and the second is that there is no
difference between the degree of degradation caused by Coca-ColaTM and Red BullTM.

The atomic force microscopy (AFM) analysis was effectuated using a JEOL microscope
(JEOL JSPM 4210, JEOL, Tokyo, Japan). All samples were evaluated in tapping mode
using NSC 15 cantilevers produced by MikroMasch, Bulgaria Headquarters, Sofia. The
cantilever resonant frequency was 330 kHz, and the spring constant was 48 N/m. In
accordance with data in the literature [20,39–42], the topographic images scanned and
recorded were as follows: a 5 µm × 5 µm area for the fine microstructure of enamel and a
1 µm × 1 µm area for the enamel nanostructure. Three separate macroscopic areas were
scanned for each sample. The images were processed using the WinSPM 2.0 JEOL software
(WinSPM 2.0 JEOL, Tokyo, Japan) in accordance with standard procedures, presenting 2D
topographic images, 3D images and the Ra and Rq surface roughness parameters were
measured. Ra represents the arithmetic average of the profile height and is described by
Equation (1) and Rq root mean square of the profile height and is described by Equation (2):

Ra =
1
lr

∫ lr

0
|z(x)|dx, (1)

and,

Rq =

√
1
lr

∫ lr

0
|z(x)2|dx. (2)

where: l is the profile length and z is the height at x point. Both Ra and Rq are important for
various research applications.

The 3D images are also called 3D profiles; they are a graphic representation of the depth
profile of the enamel surface, closely related to the measured values of surface roughness.

For each test group, the Ra and Rq values represent the mean for three measurement
areas (n = 3). The data were then run through the ANOVA One-Way test to compare
the effect of acid etching both before and after polishing, and the significance level was
set at α = 0.05, using the Origin 2019b Graphing and Analysis software, Microcal Co.,
Northampton, MA, USA.

5. Conclusions

The acid environment influences the shear bond strength of the adhesion layer of
CR and RMGIC samples because of the pH values associated with the micro-structural
aspects (e.g., pores and fissures) allowing the erosive liquid penetration into the bonding
material. The proper polymeric insulation of the mineral filler particle assures the proper
resistance to the erosive agent penetration on the inside of the bonding layer and preserves
the bracket retention. RMGIC samples prove to be more resistant in certain conditions than
CR. The enamel surface after CR debonding is more affected by Coca-ColaTM due to the
phosphoric acid content and the enamel after RMGIC debonding was more affected by Red
BullTM due to the citric acid content. Polishing treatment of the debonded enamel areas
further assures a good resistance against the acid erosive effect of both Coca-ColaTM and
Red BullTM.
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Enamel Fluorination Enhancement by Photodynamic Laser Treatment. Polymers 2022, 14, 2969. [CrossRef]

40. Voina, C.; Delean, A.; Muresan, A.; Valeanu, M.; Mazilu Moldovan, A.; Popescu, V.; Petean, I.; Ene, R.; Moldovan, M.; Pandrea, S.
Antimicrobial activity and the effect of green tea experimental gels on teeth surfaces. Coatings 2020, 10, 537. [CrossRef]

41. Chisnoiu, A.M.; Moldovan, M.; Sarosi, C.; Chisnoiu, R.M.; Rotaru, D.I.; Delean, A.G.; Pastrav, O.; Muntean, A.; Petean, I.; Tudoran,
L.B.; et al. Marginal adaptation assessment for two composite layering techniques using dye penetration, AFM, SEM and FTIR:
An In-Vitro comparative study. Appl. Sci. 2021, 11, 5657.

42. Chisnoiu, R.M.; Moldovan, M.; Prodan, D.; Chisnoiu, A.M.; Hrab, D.; Delean, A.G.; Muntean, A.; Rotaru, D.I.; Pastrav, O.; Pastrav,
M. In-Vitro comparative adhesion evaluation of bioceramic and dual-cure resin endodontic sealers using SEM, AFM, Push-Out
and FTIR. Appl. Sci. 2021, 11, 4454. [CrossRef]

360



MDPI
St. Alban-Anlage 66

4052 Basel
Switzerland

Tel. +41 61 683 77 34
Fax +41 61 302 89 18

www.mdpi.com

International Journal of Molecular Sciences Editorial Office
E-mail: ijms@mdpi.com

www.mdpi.com/journal/ijms





MDPI  
St. Alban-Anlage 66 
4052 Basel 
Switzerland

Tel: +41 61 683 77 34 
Fax: +41 61 302 89 18

www.mdpi.com ISBN 978-3-0365-6356-5 


	Cover-front.pdf
	Book.pdf
	Cover-back.pdf

