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Preface to ”Current Trends and Perspectives in the
Application of Polymeric Materials for Wastewater
Treatment”

Water is indispensable to the functioning of most known life forms, and good water quality

is essential to human health, social and economic development, and ecosystem functioning.

Nonetheless, population growth has been leading to the degradation and depletion of fresh water

resources around the world. Under these circumstances, ensuring sufficient and safe water supplies

for everyone is one of the Sustainable Development Goals (SDGs) set by the United Nations General

Assembly in 2015 for the year 2030. For this goal to be achieved, the development and implementation

of appropriate and efficient wastewater treatments that allow us to reduce water pollution is a major

challenge.

The application of polymers and polymeric materials in wastewater treatment is a research

field that has largely developed. Conventional and novel approaches have been carried out by

researchers from different areas, who have demonstrated that polymers and polymeric materials may

have an important role in the removal of pollutants of different origin and nature from wastewater,

in the disposal of sludge, in the recycling of materials, in the improved efficiency and economy of

wastewater, etc.

In view of the relevant contribution that polymers and polymeric materials may have in the

conservation of the aquatic environment, namely by their application in wastewater treatment,

original research and review papers on “Current trends and perspectives in the application of

polymeric materials for wastewater treatment” were here brought together. Authors of the here

included works are deeply acknowledged for their outstanding contributions, which we hope may

be helpful and inspiring for readers interested in this topic.

Marta Otero, Ricardo N. Coimbra

Editors
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Water with the necessary quality is indispensable to the functioning of most of the
known life forms, being essential to human health, social and economic development,
and ecosystems functioning. However, only 2.5% of all water on Earth is freshwater, and
less than 1% is accessible, its availability being actually affected by climate change and
direct human impacts. Furthermore, population growth and industry expansion have been
leading to the continuous degradation of freshwater quality around the world. Under
these circumstances, ensuring sufficient and safe water supplies for everyone is one of the
Sustainable Development Goals (SDGs) set by the United Nations General Assembly in
2015 for the year 2030. For this goal to be achieved, the development and implementation
of appropriate and efficient wastewater treatments is a major challenge.

The application of polymers and polymeric materials in wastewater treatment is a
research field that has greatly developed from the end of the last century. The very nature,
structure, and versatility of polymers make them useful for many applications, including
wastewater treatment processes. Conventional and novel approaches have been elaborated
or refined by researchers from different areas, who have demonstrated that polymers and
polymeric materials may have an important role not only in the removal of pollutants of
different origin and nature from wastewater but also in the recycling of materials and the
improvement of wastewater efficiency and economy.

In view of the relevant contribution of polymers and polymeric materials to the con-
servation of the aquatic environment, namely by their application in wastewater treatment,
this Special Issue (SI) was launched for the publication of original research or review papers
within this topic. The aim was to bring forth the challenges and discuss current trends and
perspectives in the utilization of polymers and polymeric materials—either synthetic or
natural—for the treatment or purification of wastewater.

Eleven research works [1–11] by distinguished international authors were published
within this SI on “Current Trends and Perspectives in the Application of Polymeric Materi-
als for Wastewater Treatment”, which covered a wide range of issues related to this topic.

Abdulsalam et al. [1] developed hydrophilic hybrid polyvinylidene fluoride (PVDF)-
polyethylene glycol (PEG) ultrafiltration membranes loaded with Nano-MgO (NMO) by
using a phase inversion technique. These authors demonstrated that NMO incorporation
not only improved the membranes’ antifouling properties and permeation performance
but also allowed for an enhanced color separation from palm oil mill effluent, which
was related to the synergism between surface deprotonation and pore size screening.
For their part, Linhares et al. [6] loaded silver nanoparticles (AgNPs) in microfiltration
polymeric membranes (15 wt.% polyethersulfone and 7.5 wt.% polyvinylpyrrolidone in
N,N-dimethylacetamide) by the sputtering technique. They demonstrated the efficiency
of this technique to load AgNPs, which provided membranes with biocidal properties
resistant to biofouling and made them proficient for water disinfection treatments.
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Mia et al. [8] loaded iron on waste silk fibers previously grafted with polydopamine
by oxidative polymerization to produce wSF-DA/Fe, which was tested for the catalytic
removal of toxic dyes (Methylene Blue, Cationic Violet X-5BLN, and Reactive Orange GRN).
The authors postulated that the dye removal was due to the synergistic effect of free radicals
and reactive species, which resulted from a heterogeneous Fenton reaction and oxidized
the dyes into colorless nontoxic substances. The catalytic performance of wSF-DA/Fe was
affected by the H2O2 concentration, initial dye concentration, temperature, and presence of
electrolytes (NaCl, Na2SO4). Aiming at the catalytic removal of Rhodamine B (RB) dye,
Ansari et al. [2] synthesized Fe3O4 nanoparticles (NPs) and sodium dodecyl sulfate (SDS)
coated Fe3O4 NPs (SDS@Fe3O4) by the co-precipitation method. RB degradation was tested
in presence of H2O2, H2O2 and Fe3O4 NPs, and H2O2 and SDS@Fe3O4 NPs, the latter
providing an increased catalytic removal, as the SDS coating avoided the aggregation of
Fe3O4 and the associated efficiency reduction.

In the field of adsorptive treatments, Khan et al. [5] investigated RB adsorption by
a novel solvent impregnated resin (SIR). SIR, which was produced by modifying the
cationic polymeric resin Dowex 5WX8 with the solvent t-butyl phosphate, adsorbed RB
mainly by electrostatic interactions and π–π bonding. The authors optimized the opera-
tional conditions, viz. pH, SIR dosage, and contact time, for the adsorptive removal of
RB. The adsorptive removal of Cr(VI) from water was studied by Yang et al. [11], who
produced for this purpose activated carbon microspheres (SLACM), using sodium ligno-
sulfonate ((SL), a waste from the pulp and paper industry) as raw material. The synthesis
of SLACM, which was to be attained with no binder addition, consisted of (i) amination of
chloromethylstyrene-divinylbenzene-styrene copolymer (CMPS) with 1,3-diaminopropane;
(ii) Mannich reaction of SL and amino CMPS to produce the adsorbent resin microsphere;
(iii) impregnation with ZnCl2 and pyrolysis at 600 ◦C. The adsorption of Cr (VI) by the
produced SLACM was shown to be favored by decreasing pH (within pH 2 and 9) and
increasing temperature (within 20 and 40 ◦C). Hoshima et al. [4] aimed at the adsorp-
tion of the rare earths dysprosium (Dy) and neodymium (Nd) from water as a previous
necessary step for their subsequent recovery. With this objective, the authors produced
a new adsorbent by the radiation-induced graft polymerization of methacrylate with a
long alkyl chain on a PE/PP nonwoven fabric and the subsequent loading of 2-ethylhexyl
hydrogen-2-ethylhexylphosphonate by hydrophobic interaction and chain entanglement
between the alkyl chains. Four different methacrylate monomers were tested, namely butyl
methacrylate (BMA), hexyl methacrylate (HMA), dodecyl methacrylate (DMA), and oc-
tadecyl methacrylate (OMA). Only the OMA-adsorbent was stable under subsequent uses,
which was related to the suppression of EHEP losses due to the strong hydrophobic inter-
action and chain entanglement between the long alkyl chains. Moreover, OMA-adsorbent
was efficient in the adsorption of Dy (III) and Nd (III) from water, being a promissory
material for the recovery of rare-earth metals from NdFeB permanent magnet scraps.

Four papers in the SI dealt with the adsorptive removal of pharmaceuticals [3,7,9,10].
Mashile et al. [7] synthesized a magnetic mesoporous carbon/-cyclodextrin–chitosan
(MMPC/Cyc-Chit) nanocomposite for the adsorption of fluoroquinolones (FQs), viz.
danofloxacin, enrofloxacin, and levofloxacin, from different water samples, including
a synthetic mixture of the FQs, the influent and effluent from a wastewater treatment
plant, river water, and tap water. The authors found that incorporating biodegradable
polymers such as chitosan and cyclodextrin into magnetic mesoporous carbon brought
about a nanocomposite with large surface area and adsorption capacity. This was a very
complete study, which included the optimization of operational parameters (pH, mass
of MMPC/Cyc-Chit, and sonication power) by a response surface methodology, kinetic
and equilibrium modeling, assessment of regeneration and reusability, thermodynamic
parameters determination, and cost analysis for the synthesis of MMPC/Cyc-Chit. Mo-
hammadi et al. [9] synthesized a poly(styrene-block-acrylic acid) diblock copolymer/Fe3O4
magnetic nanocomposite (P(St-b-AAc)/Fe3O4)) and tested it for the adsorption of antibi-
otic ciprofloxacin from synthetic wastewater. This work included the optimization of
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operational parameters, namely antibiotic concentration, pH, nanocomposite mass, and
contact time, and showed that P(St-b-AAc)/Fe3O4 was efficient in the adsorptive removal
of ciprofloxacin. Aiming at the adsorption of selective serotonin reuptake inhibitor (SSRI)
antidepressants and their metabolites from water, Gornik et al. [3] optimized the synthesis
of molecularly imprinted polymer (MIP) adsorbents in which the SSRI sertraline was used
as template. Different MIPs were synthesized by varying the functional monomer, the
porogen, and/or the template form, which were shown to largely affect the adsorbent
performance of the resulting material, so the authors selected the most efficient. Even
when the selected MIPs had a relatively lower surface area than conventional activated
carbons, they displayed a larger adsorption capacity in real wastewater samples. Apart
from the MIPs optimization and characterization, this work included the assessment of
their reusability, occurrence of cross-reactivity, adsorption kinetics, matrix effects, upscale,
and leaching, with authors pointing out the necessity of carrying out future work at a
larger scale to confirm the advantages of the synthetized materials. In order to overcome
the drawbacks of MIPs, mainly the small number of recognition sites per unit of volume
and the low mass transfer, surface molecular imprinting on magnetic yeast (MY) was
carried out by Qiu et al. [10], who synthesized highly selective magnetic yeast-molecularly
imprinted polymers (MY@MIPs) for the adsorptive removal of antibiotic sulfamethoxazole
(SMX). For the production of MY@MIPs, these authors started by preparing nano-Fe3O4
by an in situ one-step procedure, which was loaded onto yeast cells to obtain MY. Then,
MY was used as core for the polymerization of MIPs using SMX as template to produce
MY@MIPs. The authors compared MY@MIPs with MY and non-imprinted MY@NIPs
(synthesized in the same way as MY@MIPs but in the absence of template) and evidenced
the superior SMX adsorption capacity of MY@MIPs. Furthermore, besides the selectivity
of MY@MIPs towards SMX in the presence of other pharmaceuticals and in real wastew-
ater, the reutilization capability of this material was also proved, pointing to its possible
application as an alternative adsorbent for SMX selective removal from wastewater.

Membrane filtration and catalytic applications together with the utilization of poly-
meric materials for the adsorptive removal of pollutants were discussed in this SI. Further-
more, it is worth highlighting the attention given to the adsorptive removal of pharmaceu-
ticals from wastewater. Since the 1990s, a growing scientific concern about pharmaceuticals
may be inferred from the number of related publications, and this SI was no exception.
Such a concern is mainly related to (i) the analytic development that has made possible
their detection at trace levels and the confirmation of their ubiquity in environment; and
(ii) the ecological risks related to their potential to cause physiological responses in non-
target individuals, including endocrine disruption and antibiotic resistance. An important
benefit of pharmaceuticals removal by adsorption is that such a treatment does not result
into the formation of by-products, which in some cases can be more hazardous than the
parent compounds.

Polymers have been used for long in conventional wastewater treatment for the floc-
culation/coagulation of solids, so that they may be easily separated from water. However,
the SI hereby presented makes evident that polymers and polymeric materials may have
many new and varied applications in wastewater treatment. Most published works take
advantage of polymers’ versatility and capacity to be combined or modified to produce ad-
vanced materials with relevant features for water treatment. In fact, polymer modification
is presently a hot topic, since it allows for the development of specific and even smart ma-
terials for target applications in different sectors, including wastewater treatment. Owing
to the efforts of polymer engineers and scientists, many alternative and advanced poly-
meric materials are continuously developed. In the specific case of wastewater treatment,
polymer applications have become very important due to the increased pollutant removal
efficiencies that they offer, so this is a research field in great expansion. The progress in the
last years and the successful applications of polymer and polymeric materials are reflected
by the high quality works published within this SI.
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Abstract: This study focused on developing a hydrophilic hybrid polyvinylidene fluoride
(PVDF)-polyethylene glycol (PEG) hollow membrane by incorporating Nano-magnesium oxide
(NMO) as a potent antifouling mediator. The Nano-hybrid hollow fibers with varied loading of NMO
(0 g; 0.25 g; 0.50 g; 0.75 g and 1.25 g) were spun through phase inversion technique. The resultants
Nano-hybrid fibers were characterized and compared based on SEM, EDX, contact angle, surface
zeta-potential, permeability flux, fouling resistance and color rejection from palm oil mill effluent
(POME). Noticeably, the permeability flux, fouling resistance and color rejection improved with
the increase in NMO loading. PVDF-PEG with 0.50 g-NMO loading displayed an outstanding
performance with 198.35 L/m2·h, 61.33 L/m2·h and 74.65% of water flux, POME flux and color rejection
from POME, respectively. More so, a remarkable fouling resistance were obtained such that the
flux recovery, reversible fouling percentage and irreversible fouling percentage remains relatively
steady at 90.98%, 61.39% and 7.68%, respectively, even after 3 cycles of continuous filtrations for a
total period of 9 h. However, at excess loading of 0.75 and 1.25 g-NMO, deterioration in the flux
and fouling resistance was observed. This was due to the agglomeration of nanoparticles within the
matrix structure at the excessive loading.

Keywords: nano-MgO; structural modification; permeability; antifouling; color rejection; POME

1. Introduction

Owing to the exceptional physical, mechanical and chemical stability of polyvinylidene difluoride
(PVDF) polymer, its applications for bio-system/tissue engineering [1], pervaporation [2,3] and
separation technology [4,5] have gained a considerable attentions. In term of solubility, PVDF
polymer can easily dissolve in most of the organic solvents such as N,N-dimethylformamide (DMF),
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N,N-dimethylacetatamide (DMAc), Triethylphosphate (TEP) and N-methyl-N-pyrolidinone (NMP) [6,7].
As a result of this flexibility, PVDF polymer is suitable for fabricating polymeric membrane [6]. It has
likewise been noted that PVDF membrane requires a relatively low pressure and minimal energy
demand during filtration. This feature is most desirable for the microfiltration and ultrafiltration
separation processes [8]. The aforementioned separation process using PVDF polymeric membrane
have been applied on several wastewater, such as palm oil mill effluent [9], dye wastewater generated
from textile industry [10], saline-water [11] and endocrine compounds [12]. Some drawbacks were
reported which include continuous diminishing in permeation, low rejection as well as fouling [13].
The reduction in the membrane flux and susceptibility to fouling was collectively attributed to the
hydrophobic nature of the polymer [14,15]. Thus, this justified the significant research conducted to
subdue the hydrophobicity by improving the water-liking property along with permeability flux of the
polymeric membrane using inorganic nanoparticles as an additive [16].

The commonly applied nanoparticles to modified polymeric membranes includes ZnO [17,18],
TiO2 [9], Ag2O3 [19,20], Al2O3 [21], graphene oxide [22,23], SiO2 and CuO [24]. Tan et al. [17] enhanced
the permeation and antifouling properties of a bared PVDF membrane by incorporating synthesized
Zn-Fe oxide (ZIO) into the matrix structure. The nanocomposite membrane with 0.5 wt % ZIO loading
demonstrated a significant increase in permeate flux to the magnitude of 25% increment compare to the
bared PVDF membrane. Also, Shen et al. [25] modified the matrix structure of polymeric membrane
using ZnO nano-additive. The result showed that the additive has sizeable influences on the pores
structure as well as the hydrophilicity of the membrane. Over 254% improvement in permeability flux
was reported at the loading of 0.3 g Nano-ZnO. Furthermore, the authors validated that the porosity of
the modified composite membrane increased with the presence of the nano-additive, which ultimately
justify the reported high flux. Nano-ZnO has large surface area that expedite the formation of hydroxyl
(–OH) functional group on the surface [26,27]. The presence of –OH enhanced hydrophilicity of the
PVDF polymeric membrane, thus mitigating fouling rate [26]. Analogously, TiO2 Ag2O3 and Al2O3

also exhibit similar features when incorporated into the matrix structure of polymeric membrane.
Subramanium et al. [9] synthesized titanate nanotubes using nano-TiO2 as a precursor to modify the
PVDF membrane. The results substantiated that under photo-catalytic condition, the involvement
of TiO2 in the dope formulation improved the permeation consistency (35.8 L/m2·h) of the resultant
nanocomposite membrane. Negligible fouling was observed at 0.5 wt % TNT loading throughout
the 4 h continuous filtration. Another report has shown strong agreement with this observation, and
the results affirmed that the antifouling performance of TiO2 was due to generated –OH under UV
spectrum and its aptitude to exhibit self-cleaning [28]. Also, attentions are long drifted to the use
of nano-Ag2O3 to modify polymeric membrane [19,20,29]. The nano-additive released Ag ions to
inhibit the metabolism of the microbial-foulants, thereby preventing the generation of the extracellular
polymeric substance (EPS). Thus, this ultimately curtailed the most serious type of fouling, which are
organic and bio-fouling [22]. Maximous et al. [30] investigated the antifouling impact of Al2O3 and the
results showed that at optimum 0.05 wt % loading, the modified composite polymeric membrane was
less prone to fouling. Besides, the presence of Al2O3 in the matrix structure of a polymeric membrane
not only reduces the fouling but also improves the flux consistency.

However, most of the widely used nanoparticles, particularly as mentioned above, are
photo-catalytic driven to effectively address the fouling issue [31,32]. This implies that the presence
of ultraviolent radiation is a prerequisite to precede the antifouling performance. More so, the issue
continues releasing antifouling radicals and superoxide could seriously jeopardize the stability of the
composite matrix structure. In line with this, Tan et al. [17] reported that the structural instability of
the modified nanocomposite PVDF-ZIO membrane was discernible after four filtration cycles due
to the collapse of the incorporated nanoparticles. This could significantly undermine the overall
antifouling performance and also re-exposing the modified membrane to inconsistencies in permeation
flux along with frequent fouling challenges. Moreover, the nano- ZnO, TiO2, Ag2O3, Al2O3 and CuO
are relatively expensive and the running cost could be unsustainable for industrial application [33,34].
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Meanwhile, nano-MgO has remained one of the antimicrobial and super hydrophilic nanomaterials yet
to be fully explored in improving filtration and antifouling performance of polymeric membrane [35].
The nano-MgO has the ability to release reactive oxygen species (ROS) which directly extract lipid
from the cells of the microbial-foulants. This ultimately disrupted the metabolic activities and
hindered biofilm formation [31,36]. More interestingly, the nano-MgO not only averts bio-fouling
formation but also capable of evincing self-cleaning mechanism [31,36]. The nano-MgO precursor
is readily available and comparably cheaper than other nanomaterials (such as TiO2, Ag2O3, Al2O3,
and ZnO) [31]. Therefore, MgO-nanoparticles intimate a promising additive capable of enhancing
antifouling properties and permeation performance of polymeric membranes for industrial filtration
purposes. Currently, application of a modified Nano-MgO (NMO) composite PVDF-PEG membrane
for separation of color pigment from POME has not been reported.

In view of these, the present study focuses on modifying the structure of an in-house fabricated
PVDF-PEG ultrafiltration membrane at various loadings of NMO. The impacts of the incorporated
NMO were examined based on the morphological changes, hydrophilicity, the permeability flux
and fouling resistance of the resultant membrane. Furthermore, the rejection and color separation
efficiency was studied, and also the used membranes were characterized using Fourier transform
infrared spectroscopy. The outcome of the study demonstrated that the involvement of the NMO in the
dope formulation significantly improved the antifouling properties and the permeation performance,
alongside with color separation from palm oil mill effluent (POME) via the synergy of surface
deprotonation and pore size screening mechanism.

2. Experimental Methods

2.1. Chemicals and Materials

Nano-MgO (NMO: particles size (BET) < 50 nm; MW = 40.30 g/Mol; purification ≥ 99.9%), Pellets
PVDF (Kynar 740) and polyethylene glycol (PEG: 12,000 g/mol) were procured from Sigma Aldrich
(M) Sdn Bhd, Selangor, Malaysia. The PVDF was applied as the major membrane matric polymer,
while the PEG as co-polymer to enhance pore formation. The N,N-dimethylformamide (DMF: ≥99.9%;
87.12 g/mol), ethanol (≥99.98%; 46.07 g/Mol) and glycerol (≥99%; 92.09 g/Mol) were also obtained from
Sigma Aldrich (M) Sdn Bhd, Selangor, Malaysia, and respectively used as doping and post-treatment
solvents without any further purification. LiCl2.H2O (MW 42.39 g/Mol; ≥99%) was purchased from
Acros Organic Industry, Chemicals and Reagents, Semenyih, Selangor, Malaysia and it was applied
to improve the hydrophilicity of the polymers (PVDF/PEG). Also, high strength POME with initial
color concentration of 8570 ADMI was collected from an Oil Palm Milling industry, Malaysia. Prior to
the usage, the POME sample was filtered to remove all the visible debris and then diluted using a
factor of 2 to give 4285 ADMI. This procedure was to represent the industrial final discharged color
concentration ranges [9].

2.2. Synthesis of Nano-Hybrid PVDF/PEG-NMO

2.2.1. Dope formulation

The dope formulation was preceded by adding NMO into DMF and then subjected to sonication
using digital ultrasonic water bath (VWR 142-0300) at 75 ◦C for a period of 20 min. Subsequently,
LiCl2·H2O was added into the mixture under steady agitation of 350 rpm and 75 ◦C for a period of 24 h.
Essentially, this procedure assists in dispersion of the NMO as well as ensuring good blending of the
mixtures. The mixture was followed by adding the dehydrated PVDF pellets and the co-polymer, PEG.
The combination was stirred continuously at 350 rpm and 100 ◦C for another 24 h using a hot-plate
stirrer (Monotaro; C-MAG HS7, Malaysia) to achieve a homogenous solution. The amount of the NMO
contained in the dope solutions were varied as contained in Table 1.
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Table 1. Chemical formulation of Neat PVDF-PEG and modified Nano-hybrid membranes.

Samples PVDF/PEG (g) DMF (g) LiCl.H2O (g) NMO (g) Mass of Dope (g)

Neat
PVDF/PEG

30/10 (3:1) 158 2.0 – 200.00

NMO-0.25 g 30/10 (3:1) 158 2.0 0.25 200.25
NMO-0.50 g 30/10 (3:1) 158 2.0 0.50 200.50
NMO-0.75 g 30/10 (3:1) 158 2.0 0.75 200.75
NMO-1.25 g 30/10 (3:1) 158 2.0 1.25 201.25

2.2.2. Spinning of Nano-Hybrid PVDF/PEG-NMO Hollow Membrane

It is important to note that same spinning parameters were applied for all of the samples. The dopes
were spun through dry-jet wet swirling technique employing an annular spinneret. The inner and
outside diameter of annular spinneret was 0.55 and 1.15 mm, respectively. During the fabrication of the
membrane, tap water and distilled water was used as the external and internal coagulant. In addition,
the pick speed control, collecting drum speed, extrusion rate, air gap, external coagulant temperature,
room temperature and room humidity remains constant at 7 rpm, 11 rpm, 5 mL/min, 10 cm, 25 ◦C,
29.5 ± 1 ◦C and 72.7%, respectively. The spun fibers were drench in a continues flow water-bath at least
for a period of 24 h to dislodged solvent remnants. In order to minimize shrinkage, post-treatments
were applied on the fibers by immersing in ethanol for 12 h, then followed by drenching in glycerol for
5 h, respectively. The post-treated fibers were air-dried for at least 24 h to ensure complete dehydration.

2.3. Characterization of Nano-Hybrid PVDF/PEG-NMO Fibre

2.3.1. Morphology Analysis

The cross section and surface morphology of the synthesized Nano-hybrid fiber were examined
using scanning-electron-microscope, (SEM: S-3400N). Erstwhile, the composite fibers were immersed
into liquid nitrogen for a period of 5 min. This procedure ensures sharp breaking of the fiber to reveal
the cross sectional structure. Then, the fractured samples were sputtered coated with gold thin layer,
and the voltage acceleration was maintained constant at 20 kV during the image capturing.

Also, SEM/EDX (scanning electron microscope/energy dispersive X-ray) was engaged for
examining the NMO particle distribution and the dimension, as well as elemental composition
in the Nano-hybrid fiber. The fractured membrane samples were place on the adhesive carbon tape
of a metal plate and examined at 20 kV accelerating voltage using SEM-Thermo Scientific (Hitachi &
S-3400N) for the analysis and imaging.

2.3.2. Hydrophilic and Porosity Analysis

The hydrophilicity of the synthesized membrane was analyzed based on static contact angle using
goniometer (GmbH OCA 15pro, Data-Physics). The goniometer uses RO water as the probing liquid,
such that the liquid droplets were captured with the equip camera after 30 s stand. The measured contact
angles were analyzed using SCA20 software. In order to minimize error, each of the measurement was
repeated ten times on different spots of the membrane and the average was determined as the contact
angle. Throughout the analysis, the measurements were conducted at ambient temperature.

The procedure employed for the determination of porosity is based on gravimetric method [9].
Ten pieces of the synthesized membrane of 20 cm of equal length were hermetically sealed at both
ends using glue-resin. The prepared samples were submersed in distilled water for 5 h under ambient
temperature and humidity. Afterwards, the superficial water drops on the surface of the samples were
eliminated using dry tissue paper, and then weighed as wet membrane (Mw). The wet membrane
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samples were air dried overnight at 70 ◦C and reweighed as dried membrane (Md). Hence, the porosity
(ε) for each sample was determined using Equation (1):

ε, (%) =
1
ρw
×

(Mw −Md

V

)

100 (1)

where ε Symbolises the membrane porosity in %, ρw is density of water, (Mw −Md) is the quantity of
pores water in gram and V is the volume of the membrane sample.

2.3.3. Surface Charge Analysis

The surface charge of the membranes was examined based on the potential of streaming analysis
conducted using Anton SurPass Analyser (Paar Inc. Ireland). The samples were placed on the
sample-holder by mean of a carbon-adhesive tape, and then the analyzer was pre-set to a maximum
pressure of 400 mbar. This procedure was to ensure laminar flow throughout the analysis [17]. Also,
a solution of 1 mM KCl was applied as contextual electrolyte and the pH varied between 2 and 10
was accomplished using aqueous 0.1 M HCl or NaOH. The Helmholts Smoluchowski procedure was
adopted for the calculation of the Zeta-Potential surface charge.

2.4. Membrane Performance

2.4.1. Permeability Analysis

The filtration performance was examined using a fabricated dead-end permeation system,
equipped with membrane module cell and a peristaltic pump to provide the required suction pressure.
Each of the modules comprises of 10 units of the membrane with equal length of 20 cm. initially, the
membrane was compacted at a pressure of 0.4 MPa for a period of 30 min to ensure steady flux, while
the subsequent filtration operations were performed at lower pressure of 0.3 MPa. The pure water (Jw)
and permeates flux (Jp) were determined using Equation (2):

J =
V

As∆t
(2)

where J denotes the flux in L/m2·h, V is the volume of permeate (L), As is membrane surface area (m2)
and ∆t is filtration time in h.

2.4.2. POME Decolorization

The membrane fibers were further subjected to filtration of diluted POME with 4285 ADMI
color concentration using same set-up as applied when pure water was used as feed. Initially, the
membranes fibers were engrossed in the POME solution for 90 min to initiate adhesion of thin layer
color pigments on the fibers. This procedure assists in achieving accurate color rejection performances
of the fibers [9]. The apparent color content of the feed POME and permeate were analyze in ADMI
using UV-spectrophotometric technique (DR4000U, HACH) at an absorbance wavelength of 400 nm.
The POME decolorization efficiency was determined using Equation (3):

% Cremoval =

(

1−
CPermeate

CFeed POME

)

× 100 (3)

where, Cremoval is percentage of color removal in %, Cpermeate is permeate color concentration in ADMI,
and CFeed POME is feed POME color concentration in ADMI.

2.4.3. Fouling Analysis

In order to mimic practical situation and to evaluate the reusability, the membranes were subjected
3 cycle of continues filtration for a total period of 9 h using a known color concentration (4285 ADMI)
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of a diluted POME as feed. In each of the completed cycle, the antifouling performances of the
membrane were evaluated after 180 min continues filtration without interruption. The indices used
for the antifouling analysis were as stated in Equations (4)–(6). At every completion of each filtration
cycle, the volume of POME permeates, flux and color rejected were determined. Then, the used
membranes were physically cleaned under running tap-water for a period of 15 min. The washed and
cleaned membranes were reapplied for the 2nd cycle of POME filtration for another 180 min, following
same procedure as highlighted above. In this study, the POME filtration cycle was repeated 3 times
to determine the antifouling performance of the membranes using percentage of flux recovery (FR),
reversible fouling (RF) and irreversible fouling (IF) as indices Equations (4)–(6):

Percentage o f f lux recovery, (%FR) =
Jw2

Jw
× 100 (4)

Percentage o f reversible f ouling, (%RF) = %FR−
JP

Jw
× 100 (5)

Percentage o f irreversible f ouling, (%IF) = (1−%FR) × 100 (6)

where, Jw2 is the water flux after the POME filtration, L/m2·h.

2.4.4. Characterization of used Membranes by FTIR Analysis

The surface chemical functional groups and transformation of the neat and modified membrane
(0.5 g-NMO) after used were characterized using Fourier transform infrared spectroscopy (FTIR-Perkin
Elmer spectrum 100 Series). The spectra analysis was taken over a wide range from 400 to 4000 cm−1.
Essentially, the analysis involves shining a beam of light rays with variable frequencies, and then
measures how much of that rays got absorbed by the specimen (i.e., the membrane samples). This
ensure high signal-to-noise ratio of the spectra; thus accurate analysis of fouling level based on
functional group is achievable [37].

3. Results

3.1. Effect of Nano-MgO on Membrane Characteristic

3.1.1. Morphological Studies

Figure 1 presents the scanning electron microscope (SEM) images of cross-sectional view of the
neat and modified hybrid Nano-MgO (NMO) PVDF-PEG membranes. It is obvious that the neat fiber
had 3 distinctive layers with thin layers both at inner and outer section of the membrane. The middle
layer constitutes majorly of sandwich-like morphology containing short finger-like pores at both
sides toward the ultra-thin layers. However, different scenarios were observed with the modified
Nanocomposite membranes. With the increasing NMO loading, the finger-like pores became longer
and the number of the micro-pores structure increased considerably Figure 1b–d [38]. In addition, some
spongy macrovoids were also noticed towards the inner ultra-thin layer at the higher NMO loading.
This observation is in agreement with previous studies reported [38–40]. Though at 1.25 g-NMO
loading, the pores structure was significantly suppressed and this may be due to the inhomogeneity
dispersion of the Nanoparticles [25]. The uneven dispersion of the NMO at higher dosage resulted
in the formation of agglomerated particles within the matrix structure [41]. Thus, the resultants
membrane comprised of dense structure with suppressed pore sizes as shown in Figure 1e. From
Figure 1b,c, homogenous dispersion of NMO can be observed, and this indicates a good compatibility
at the loadings within the matrix structure.
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Figure 1. SEM Micro-structure of cross-sectional view of the Spun Fiber: (a–e) with different
NMO loading.

In recap, NMO loading has demonstrated a notable effect on the shape and magnitude of the pores
formation. An increase in the dosage of NMO results in continuously suppression of the sandwich
structure and accompanied with the increase of spongy-finger like pores at the inner and outer walls
of the fiber, respectively, as indicated in Figure 1b–d. However, a contrary scenario was observed
in the Figure 1e, which presented dense structure even with higher NMO loading of 1.25 g. This is
indicating that a relatively uniformly distributed NMO within the polymeric matric structure were
achieved at a loading range of 0.25–0.75 g to give larger surface interaction with O–H in the coagulating
water bath [42]. This phenomenon often leads to formation of finger-like pore substructure and/or
combination with spongy voids, fine gravimetric, porosity and thin skin layers [43]. Conversely, the
tendency of non-uniformly distribution of the augmented nanoparticles (NMO) advances with increase
in the dosage (1.25 g), since the spinning parameters were maintained constant for all the samples [44].
Thus, the excessive NMO got agglomerated, thereby skewing the surface interaction with O–H during
crystallization. This effect in conjunction with the increase in the viscosity of the dope solution due to
the higher NMO dosage, jointly delayed the demixing process, and consequently, the formation of
denser-sandwich structure alongside with suppressed finger-like pore structure [25,41,43]. In addition,
high NMO content dopes are in meta-stable states that are extremely supersaturated with respect to
polymer crystallization [43], and as such there may exhibit a considerable amount of pre-nucleation
embryos along with several aggregated Nano-particles in the dope [25,43].

The results of the porosity analysis concurred with the morphological structure observed from the
SEM characterization. Figure 2 displayed the porosity analysis of the spun neat and modified hollow
fibers (a–e). The neat membrane (a) had the least porosity of 64.12%, while the modified membranes
recorded higher values of 67.38%, 78.96%, 81.51% and 70.17% for b, c, d and e fiber, respectively. Similar
remarks have been previously reported on the use of NMO to modify polymeric membranes [39,40,45].
The blended NMO accelerated the exchange speed between the non-solvent (water) and solvent (DMF)
through the gelation process, thus, the porosity was increased considerably. The positive effect of
the NMO on the porosity property could improve the membrane permeate flux significantly [45,46].
However, the diminished porosity percentage noticed with 1.25 g NMO loading might be due to
the retardation in the crystallization which resulted from the high viscosity of the dope solution and
presence of agglomerated particle at the excessive loading [47]. This effect resulted in the formation of
a denser structure with suppressed pores and several visible aggregated particles, Figure 1e. Therefore,
it can be deduced that the excessive NMO undermine the pores formation which could significantly
diminish the porosity along with permeability of the resultant membrane.
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Figure 2. Porosity properties of neat (a), and modified membrane with varied NMO loading (b–e).

3.1.2. Membrane Hydrophilicity

The hydrophilic properties of the neat and modified membranes were examined based on surface
contact angle analysis. Principally, surface with a lower contact angle is said to be more hydrophilic
and water-liking [48]. Results of the contact angle analysis along with the respective goniometric
images for the fabricated membranes are presented in Figure 3. Essentially, the goniometric image of
the dropped probing water on the horizontally-positioned membrane samples were captured after 30 s.
The membrane surface hydrophilicity increased with the increasing NMO loading. As can be seen from
the Figure, the neat membrane presents the highest contact angle to the magnitude of 87.34◦. However,
considerable reductions in the contact angle were noticed with 0.50 g-NMO and 0.75 g-NMO loading
to 60.01◦ and 57.19◦, respectively. Essentially, the decrease in the contact angles is an indication of
improvements in the hydrophilicity [24]. However, at higher NMO loading of 1.25 g, the contact angle
upsurges to 75◦ and probably this might be due to the inhomogeneity dispersion and aggregation of
the NMO particles which essentially reduced its overall effect. In a whole, the hydrophilicity of the
modified membrane has shown a correlation with the dosage of the NMO, which also influences the
pores morphology [40], formation of hydroxyl functional group [17,39] and surface charges [42].
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Figure 3. Hydrophilicity of neat PVDF-PEG (a), and modified Nano-hybrid membranes (b–e) with the
respective goniometric images after 30 second of contact.
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3.1.3. Elemental Analysis

EDX mapping was used to examine the presence of NMO within the matrix structure of the
spun hollow fibers. Figure 4a presents the EDX spectrum of the neat membrane, and it clearly shows
no trace of NMO in the composition. The major constituted elements are the C and F, which were
the primary elements of the polymeric materials (PVDF/PEG). However, Figure 4b–e has evidenced
the presence of the modified Nanocomposite membranes with various loadings of NMO particles.
As expected, Mg composition was observed in the spectrum of all the modified fibers at distinct
intensities with respect to the NMO dosage. The mapping of Mg in EDX spectra indicates successful
blending of the NMO into the matrix structure as well as on the surface of the membranes. Despite the
compatibility, only the 0.25 g-NMO and 0.5 g-NMO modified membranes present a free agglomeration
with the matrix as depicted in Figure 4b,c. However, at higher NMO loading (0.75 and 1.25 g), an
inhomogeneity dispersion and cluster of particles were observed (Figure 4d,e). Reports have shown
that presence agglomerated particles in dope solution increases the viscosity, and the this results to
irregular nucleation along with uneven crystallization process during the phase separation process [36].
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Figure 4. SEM/EDX spectra Mapping the Presence of NMO in (a–e) membrane.

3.1.4. Surface Charge of Nano-MgO Membrane

The surface charges of the neat and modified membrane were examined using surface zeta-potential
analyzer. The analysis of the surface zeta-potentials for the fabricated hollow fibers with respect to the
varied wide range of pH (2 to 10) are presented in Figure 5. The equilibrium isoelectric point of the neat
membrane was observed at the pH 3.6, which is in agreement with the previous study [49]. However,
the addition of NMO into the dope formulation significantly influenced the surface negativity of
the membranes due to the oxidation effect and the formation of the acidic oxides [17]. As shown in
Figure 5, the surface of the membranes became more negatively charged with the increasing amount of
NMO. This indicates that the NMO became hydrated when added into DMF solvent [17,47]. During
the spinning process, the NMO exposed to the membrane surface were hydrolyzed to form some
hydroxyl functional groups in the presence of water. The protonation of the NMO has resulted in
the deprotonation of membrane surface [42]. Thus, the membrane surface became more negatively
charged [17,25]. The fiber with 0.75 g NMO loading presented the highest negative zeta potential
within the pH range of 5.5 and 9 with value of −41.99 and −57.44, respectively (Figure 5). The lower
surface charges in the 1.25 g NMO loading might be due to excessive agglomeration which resulted
in the uneven dispersion and reduction in overall active-surface-area [42]. The membrane with 0.5 g
NMO loading recorded higher zeta potential than the fiber with 0.75 g loading, (Figure 5). From same
figure, it is obvious that the neat membrane had the least zeta potential at both extreme of the pH range
(5.5 and 9) with value of −18.43 and −38.17, respectively. Based on this result, it can be deduced that
to derive intensive surface negativity, NMO loading should be maintained between 0.5 and 0.75 g.
One of the important applications of negatively surface charged membrane is in the separation of
like-charged color pigments; such as the lignin and tannin substances in a typical oily wastewater that
contains POME [9].
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Figure 5. Surface zeta potential of neat PVDF-PEG, and modified Nano-hybrid membranes.
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More so, researchers have reported that the main effect of the deprotonation process of a
Nano-composite polymeric membrane is the resulted hydroxyl functional groups (OH–) formed on the
membrane interacting surface in aqueous media, and this accounted for the surface negatively charge
zeta potential [17,25]. More interestingly, the presences of this OH– on the membrane interacting
interface improves its water-liking properties (hydrophilicity), permeability as well as repulsion of
hydrophobic foulants, such as extracellular polymeric substance (EPS) [9,17]. This remark is strongly
in agreement with other studies [17,39,46].

3.2. Effect of Nano-MgO on Membrane Performance

3.2.1. Permeability

Permeability results of the spun fibers both in pure water and diluted POME (4285 ADMI
concentration) are shown in Figure 6. The modified fibers demonstrated higher permeate flux
performance in both pure water and the diluted-POME. The modified membrane with 0.5 g-NMO
and 0.75 g-NMO loading recorded almost equal water flux with 198.35 L/m2·h and 201.22 L/m2·h,
respectively. The 1.25 g-NMO and 0.25 g NMO modified membrane had 97.40 L/m2·h and 83.02 L/m2·h
water flux, respectively, whereas, the neat membrane presented the least flux of 80.72 L/m2·h. Based on
the flux pattern, it shows that the addition of NMO has a positive impact on the permeability, and this
may be due to its ability to enhance the hydrophilicity through the protonation process. However,
this effect seems otherwise at higher NMO loading of 1.25 g, Figure 6. This may be attributed to the
suppressed pores and dense structure which were the consequential effect of the excessive aggregated
particles present within the matrix structure.
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Figure 6. Flux of pure water and POME for neat PVDF-PEG (a), and modified Nano-hybrid fibers (b–e).

Similar trend was observed in the filtration of the diluted-POME. Both 0.5 g-NMO and 0.75 g-NMO
modified membranes presents higher flux of 61.33 L/m2·h and 57.97 L/m2·h, respectively. On the
contrary, the neat membrane had the least flux of 15.13 L/m2·h, while the 1.25 g-NMO modified
membrane recorded 48.59 L/m2·h. Collectively, the magnitudes of the fluxes in POME filtration
were noticeably lower compared to the pure water filtration. This could be due to the presence of
contaminants (such as suspended solids, color pigments, organic and inorganic substances) in the
POME, which apparently restrict the free flow of permeate through the membranes. Basically, the
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selectivity and rejection of the contaminants is based on size differences in the pores as well as the
surface zeta potential of the membrane [17]. In addition, the results of the pure water flux after POME
filtration indicated that membrane with 0.50 g NMO loading had an outstanding recovery with flux of
183.11 L/m2·h.

3.2.2. Rejection of Color Pigment from POME

Figure 7A presents the color removal efficiency for both neat and modified membranes. Noticeably,
the membrane with 0.50 g and 0.75 g NMO loading demonstrated outstanding color removal with
74.65% and 72.94%, respectively. It can be noticed that despite the high loading of 1.25 g-NMO, the
modified fiber “e” recorded a lower rejection of 47.18% compared to the membrane with 0.50 g-NMO
loading. The reason may not be devoid of the inhomogeneity dispersion of the NMO particles which
instigated diminution in the effective interacting surface area required to repel the color pigments [36].
Also, Figure 7B display the pictorial visual color differences in feed POME, permeate of the neat and
modified membrane as well as pure water. Principally, pore size is a key factor in the separation of color
pigment from the POME [17]. This shows that the membrane with pores sizes smaller than the size of
the contaminants is capable of giving higher rejection efficiency, though the permeability performance
may diminish [50,51]. Besides, the distinct upturn rejection efficiency obtained was not only influenced
by the pore sizes but majorly due to the strong negatively charge surface zeta potential. Basically,
the surface negativity of the membrane was developed as a result of NMO protonation effect in the
presence of water, as explained earlier. In this study, the fed POME has a pH of 8.45 and according
to the previous studies, the pH ranging from 8 to 9 was due to the contained color pigments (lignin
and tannin) [17,47]. The pigments became negatively charged when the pH of feed was adjusted to
acidic conditions (ranging from pH 5.5), this assist in the aggregation of the color pigments [17]. Thus,
under this condition of likes negatively charges of color pigments and membrane surface, repulsion of
the color pigment prevails during the filtration. This phenomenon considerably improved the color
removal efficiency, as observed in the modified fiber (c) and (d).

Figure 8 depicts a simple representation of the color rejection mechanism based on surface
negativity of the membrane. As mentioned earlier, the principle of the color rejection was based on the
protonation process of both the color pigments present in the diluted POME and NMO to form like
charges on the surfaces [47]. During filtration, the hydrated and negatively charged color pigments
in the POME migrated towards the surface of the membrane. The presence of water in the medium
preceded the protonation of the NMO contained on the surface within the matrix of the membrane,
thus resulted in the formation of negative charges. The surging negatively charged pigments were
repelled when they approached the membrane surface with like charges [45]. The repulsion of the
pigments prevented the deposition of hydrophobic substances (tannin and lignin) on the membrane
surface and pore walls. On this basis, the rejection of color pigments not only improves the separation
efficiency but also enhance fouling control. Though, some of the un-repelled color pigments with
smaller sizes were still able to navigates through the membrane pores along with permeate.
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Membranes with Varied NMO Loading

a b c d e

C
o

lo
u

r 
R

e
je

c
ti

o
n

, 
%

0

20

40

60

80

Neat PVDF

a-- Neat PVDF/PEG

b-- 0.25g-NMO

c-- 0.50g-NMO

d-- 0.75g-NMO

e-- 1.25g-NMO

Col 1 vs Col 3 

74.65

47.18

62.61

(A) 

 
(B) 

– –
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Figure 8. Schematic of color rejection and antifouling mechanism of modified Nanocomposite
NMO-PVDF/PEG membranes during filtration.
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3.2.3. Antifouling Performance and Membrane Reusability

Fouling involves deposition of foulants on the surface and pore walls of a polymeric membrane.
Several reports have shown that hydrophobic membrane are more prone to severe fouling due to
the strong adhesive attraction that exist between the interacting interface [41,52]. This implies that
suppressing the hydrophobic properties through the incorporation of hydrophilic Nanoparticles
(NMO) into the membrane matrix structure has the potential to curtail foulants deposition, hence
the improvement in antifouling properties. On this note, 3 cycles of POME filtration analysis were
conducted in accordance to Subramaniam et al. [9] procedure. Throughout, the filtration time and
color concentration of the feed were maintained at 180 min and 4285 ADMI for each of the cycles.
At the end of each filtration cycle, the membranes were only physically cleaned under running tap
water for 15 min. Essentially, this experiment gives the basis to examine the membrane reusability and
antifouling performance using FR, RF and IF as the indicators.

Figure 9 presents all the 3 filtration cycles’ antifouling performance of the spun membranes.
From the cycle 1, 0.5 g-NMO modified membrane recorded the highest FR of 92.32%, while the
neat membrane had 27.18%. The FR of 1.25 g, 0.75 g and 0.25 g NMO modified membranes were
69.32%, 86.45% and 61.05%, respectively. Furthermore, the fouling resistance performances of the
modified membranes were also superior to the neat membrane. The RF% and IF% of the 0.25 g-NMO,
0.5 g-NMO, 0.75 g-NMO and 1.25 g-NMO were (22.36, 38.95), (61.39, 7.68), (57.64, 13.55) and (19.44,
30.68), respectively, as against (8.44, 72.82) for that of the neat membrane. Even at the end of the third
filtration cycle 3, the membrane (c) with 0.50 g NMO loading recorded an FR over 90% with good
fouling resistance RF% and IF% at 60.64 and 8.77%, respectively. On the contrary, the flux recovery
and antifouling resistance of the neat membrane deteriorated significantly with FR%, RF% and IF% of
10.33%, 4.14% and 91.73%, respectively.
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Figure 9. Fouling characteristics (FR, RF and IF) of membrane fibers during three (3) consecutive
filtration cycles using POME as feed.

Overall, the better antifouling performance of the resultant modified membranes was due
to the NMO which essentially improved the hydrophilicity alongside with the negatively surface
zeta-potential [25]. Particularly, membrane with 0.50 g loading showed a remarkable improved
antifouling performance, and only loss of 1.43% FR with relatively steady RF and IF were observed
at the end of the third filtration cycles-3 using diluted-POME as feed. This excellent antifouling
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performance of the membrane at this loading may be due to the homogenous dispersion of the
Nanoparticles, thereby creating superior interacting surface for effective repellence of foulants [36].
More so, apart from the protonation purpose of the NMO in the presence of water to develop a negative
charges on the membrane surface, it is also capable of generating free reactive oxygen species (ROS) to
inhibit bio-fouling [36]. Thus, preventing the formation of bio-film and cake layer on the membrane
surface and pore walls. In addition, Hikku et al. [42] reported that the NMO antifouling activity has a
correlation with magnitude of surface area of the Nanoparticle contacting with the microbes (foulants).
This implies that evenly dispersed NMO within the membrane matrix presents larger interacting
surface area, thus advancing antifouling as well as flux recoverability [25].

3.2.4. FTIR Analysis of used Membranes

Figure 10 compares the FTIR spectra of the fouled neat membrane (red spectrum) and the modified
membrane (blue spectrum) after-used. The modified-membrane had a broad absorbance at 3440,
2926–2304 and 725 cm−1, and these can be attributed to the stretch disturbance of O–H, C–H and Mg–O,
respectively [40]. The first functional group (O–H) often indicate the degree of surface hydrophilicity and
antifouling properties [24,40,53], as accounted by the broad bands of O–H (blue spectrum). In addition,
the FTIR spectra suggest that Nano-MgO (NMO) was successfully incorporated into the PVDF-PEG
matrix structure using phase inversion technique. On the contrary, no similar band observed in the
neat membrane spectra (red spectrum). The noticeable bands in the neat membrane spectra appeared
at 1663, 1397, 1175, 1067 and 883 cm−1 which can be attributed to stretch vibrations of amide-I, methyl
bonds, CF2, polysaccharides and complex aromatic functional group, respectively [54,55]. It was noticed
that the stretch band at 1175 cm−1 was peculiar in both spectra which resulted due to intrinsic vibration
of asymmetric CF2 of the PVDF-PEG composition [56]. As suggested by the spectra (red spectrum) of
the neat membrane, among the most prevailing functional groups the protein (amide-I 1663 cm−1) and
polysaccharides (1067 cm−1) were both included. These are major source of EPS and SMP substance that
are usually responsible for the initiation and formation of biofilm which eventually degenerates into
cake layer [57]. Therefore, this shows that the neat membrane is highly prone to fouling. On the contrary,
the deprotonating process of the Nano-MgO (NMO) improves the intensity of the reactive O-H (blue
spectrum) in the modified membrane. Thus, generated O–H denaturize the deposited EPS/SMP as well
as improving the hydrophilicity of the polymeric membrane [40]. This phenomenon effectively averts
formation of the cake layer on the modified membrane, as observed in Figure 10.

 

 

Figure 10. FTIR spectra of used neat membrane (red spectrum), and the modified membrane (blue
spectrum).
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3.3. Performance Appraisal with Literatures

This section presents a concise comparison of this study with previous works that uses MgO
Nanoparticle (NMO) to modified polymeric membranes. In this study, NMO was successfully
incorporated into the PVDF-PEG matrix using phase inversion technique. This resulted in considerable
augmentation of the hydrophilicity and surface negativity of the spun hollow fibers. At 0.50 g NMO
loading, a remarkable water flux, and POME permeability flux along with the color rejection of
198.35 L/m2·h, 61.33 L/m2·h and 74.65% were obtained, respectively. Even after the 3 filtration cycle
of a total period of 9 h, the flux recovery percentage remains relatively steady at 92.32%. Previously,
Parvizian et al. [39] reported that at a varied loading of NMO blended into PVC matrix, the flux
improves and the highest flux was obtained at 0.5 wt % dosage. However, a comprehensive fouling
analysis and color rejection of the PVC membrane were not considered. Arumugham et al. [58] used
NMO to modify sulfonated polyphenyl sulfone (SPPSU) polymeric membrane and applied to treat
oily wastewater. The NMO loading was fixed at 25 wt % while the SPPSU and organic solvent were
varied. From the results, a good hydrophilic performance (99.00% of flux recovery) was achieved.
However, the improvement in the hydrophilicity may not be attributed to incorporated NMO since the
dosage was not varied [58]. Based on this appraisal, it can be deduced that this study not only bridge
the information gap, but also reported the significant role of the NMO at varied dosage in improving
performance of the hybrid PVDF-PEG membrane.

4. Conclusions

Hybrid PVDF-PEG hollow fibers blended with NMO at various loading of 0–1.25 g were fabricated
using phase inversion technique. The increasing NMO loading has demonstrated a significant effect
on the morphology, hydrophilicity, permeability and antifouling properties of the resultants composite
hollow fibers. The loading at 0.50 g-NMO presented the most auspicious performance with 198.35
and 61.33 L/m2·h of pure water and POME filtration flux, respectively. After a continues 3 filtration
cycles of diluted-POME for a total period of 9 h, the 0.50 g-NMO composite membrane recorded
the best flux recovery (FR), reversible fouling (RF) and least irreversible fouling (IF) percentages of
90.98%, 61.39% and 7.68%, respectively. The outstanding performance was due to the homogenous
distribution and compatibility of the membrane matrix with the NMO particles at 0.50 g loading.
Conversely, after the third filtration cycle-3, a significant deterioration in the FR and fouling resistance
(RF and IF) were noticed at higher loading of 1.25 g-NMO with a values of 55.98%, 11.44% and 40.38%,
respectively. This was due to the excessive NMO loading which resulted in the formation of numerous
aggregated particles within the matrix structure. The agglomerated particles skewed the nucleation
and protonation process during the phase separation and crystallization, as well as creating weak spots
in the resultant membranes. Therefore, it can be deduced that Nano-hybrid PVDF-PEG membrane
with 0.50 g-NMO loading presents the best performance. Overall, the modified fibers presented better
performances compared to the neat membrane.

5. Patents

Malaysian Patent No. PI 2019006570, 2019: A Hybrid System and Method for Treating Palm Oil
Mill Effluent.

Author Contributions: Conceptualization, M.A., and H.C.M.; methodology, M.A., H.C.M. and P.S.G.; software,
M.A.; validation, M.A., H.C.M., P.S.G., K.F.Y., and Z.Z.A.; formal analysis, M.A., H.C.M. and P.S.G.; investigation,
M.A.; resources, H.C.M., P.S.G., A.I.M.I. and A.F.I.; data curation, M.A.; writing—original draft preparation, M.A.;
writing—review and editing, M.A., H.C.M., P.S.G., K.F.Y., Z.Z.A. and A.I.M.I.; visualization, M.A., H.C.M., and
P.S.G.; supervision, H.C.M., K.F.Y., Z.Z.A. and A.I.M.I.; project administration, H.C.M., P.S.G. and A.F.I.; funding
acquisition, H.C.M. and M.A. All authors have read and agreed to the published version of the manuscript.

Funding: This work was supported by the Universiti Putra Malaysia (PUTRA Impak: 9530900), and Tertiary
Education Trust Fund (TETF/UNIV/ZARIA/ASTD/2017).

21



Polymers 2020, 12, 549

Conflicts of Interest: The authors declare no conflict of interest, and also the funders had no role in the design of
the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or in the decision
to publish the results.

References

1. Nunes-Pereira, J.; Ribeiro, S.; Ribeiro, C.; Gombek, C.J.; Gama, F.M.; Gomes, A.C.; Patterson, D.A.;
Lanceros-Méndez, S. Poly(vinylidene fluoride) and copolymers as porous membranes for tissue engineering
applications. Polym. Test. 2015, 44, 234–241. [CrossRef]

2. Marquez, J.A.D.; Ang, M.B.M.Y.; Doma, B.T.; Huang, S.H.; Tsai, H.A.; Lee, K.R.; Lai, J.Y. Application
of cosolvent-assisted interfacial polymerization technique to fabricate thin-film composite polyamide
pervaporation membranes with PVDF hollow fiber as support. J. Memb. Sci. 2018, 564, 722–731. [CrossRef]

3. Gao, L.; Alberto, M.; Gorgojo, P.; Szekely, G.; Budd, P.M. High-flux PIM-1/PVDF thin film composite
membranes for 1-butanol/water pervaporation. J. Memb. Sci. 2017, 529, 207–214. [CrossRef]

4. Subramaniam, M.N.; Goh, P.S.; Lau, W.J.; Ng, B.C.; Ismail, A.F. AT-POME colour removal through
photocatalytic submerged filtration using antifouling PVDF-TNT nanocomposite membrane. Sep. Purif.

Technol. 2018, 191, 266–275. [CrossRef]
5. Dharupaneedi, S.P.; Nataraj, S.K.; Nadagouda, M.; Reddy, K.R.; Shukla, S.S.; Aminabhavi, T.M.

Membrane-based separation of potential emerging pollutants. Sep. Purif. Technol. 2019, 210, 850–866.
[CrossRef]

6. Liu, T.; Ren, C.; Zhang, Y.; Wang, Y.; Lei, L.; Chen, F. Solvent effects on the morphology and performance of
the anode substrates for solid oxide fuel cells. J. Power Sources 2017, 363, 304–310. [CrossRef]

7. Arefi-Oskoui, S.; Khataee, A.; Vatanpour, V. Effect of solvent type on the physicochemical properties and
performance of NLDH/PVDF nanocomposite ultrafiltration membranes. Sep. Purif. Technol. 2017, 184,
97–118. [CrossRef]

8. Padaki, M.; Surya Murali, R.; Abdullah, M.S.; Misdan, N.; Moslehyani, A.; Kassim, M.A.; Hilal, N.; Ismail, A.F.
Membrane technology enhancement in oil-water separation. A review. Desalination 2015, 357, 197–207.
[CrossRef]

9. Subramaniam, M.N.; Goh, P.S.; Lau, W.J.; Tan, Y.H.; Ng, B.C.; Ismail, A.F. Hydrophilic hollow fiber PVDF
ultrafiltration membrane incorporated with titanate nanotubes for decolourization of aerobically-treated
palm oil mill effluent. Chem. Eng. J. 2017, 316, 101–110. [CrossRef]

10. Zeng, G.; Ye, Z.; He, Y.; Yang, X.; Ma, J.; Shi, H.; Feng, Z. Application of dopamine-modified halloysite
nanotubes/PVDF blend membranes for direct dyes removal from wastewater. Chem. Eng. J. 2017, 323,
572–583. [CrossRef]

11. Ngang, H.P.; Ahmad, A.L.; Low, S.C.; Ooi, B.S. Preparation of thermoresponsive PVDF/SiO 2 -PNIPAM
mixed matrix membrane for saline oil emulsion separation and its cleaning efficiency. Desalination 2017, 408,
1–12. [CrossRef]

12. Zhu, Y.; Wei, J.; Zhang, H.; Liu, K.; Kong, Z.; Dong, Y.; Jin, G.; Tian, J.; Qin, Z. Fabrication of composite
membrane with adsorption property and its application to the removal of endocrine disrupting compounds
during filtration process. Chem. Eng. J. 2018, 352, 53–63. [CrossRef]

13. Liao, Y.; Bokhary, A.; Maleki, E.; Liao, B. A review of membrane fouling and its control in algal-related
membrane processes. Bioresour. Technol. 2018, 264, 343–358. [CrossRef] [PubMed]

14. Guo, J.; Farid, M.U.; Lee, E.J.; Yan, D.Y.S.; Jeong, S.; Kyoungjin An, A. Fouling behavior of negatively charged
PVDF membrane in membrane distillation for removal of antibiotics from wastewater. J. Memb. Sci. 2018,
551, 12–19. [CrossRef]

15. Rabuni, M.F.; Nik Sulaiman, N.M.; Aroua, M.K.; Yern Chee, C.; Awanis Hashim, N. Impact of in situ physical
and chemical cleaning on PVDF membrane properties and performances. Chem. Eng. Sci. 2015, 122, 426–435.
[CrossRef]

16. Zin, G.; Wu, J.; Rezzadori, K.; Petrus, J.C.C.; Di Luccio, M.; Li, Q. Modification of hydrophobic commercial
PVDF microfiltration membranes into superhydrophilic membranes by the mussel-inspired method with
dopamine and polyethyleneimine. Sep. Purif. Technol. 2019, 212, 641–649. [CrossRef]

22



Polymers 2020, 12, 549

17. Tan, Y.H.; Goh, P.S.; Ismail, A.F.; Ng, B.C.; Lai, G.S. Decolourization of aerobically treated palm oil mill
effluent (AT-POME) using polyvinylidene fluoride (PVDF) ultrafiltration membrane incorporated with
coupled zinc-iron oxide nanoparticles. Chem. Eng. J. 2017, 308, 359–369. [CrossRef]

18. Zinadini, S.; Rostami, S.; Vatanpour, V.; Jalilian, E. Preparation of antibiofouling polyethersulfone mixed
matrix NF membrane using photocatalytic activity of ZnO/MWCNTs nanocomposite. J. Memb. Sci. 2017,
529, 133–141. [CrossRef]

19. Li, J.H.; Shao, X.S.; Zhou, Q.; Li, M.Z.; Zhang, Q.Q. The double effects of silver nanoparticles on the PVDF
membrane: Surface hydrophilicity and antifouling performance. Appl. Surf. Sci. 2013, 265, 663–670.
[CrossRef]

20. Mauter, M.S.; Okemgbo, K.C.; Osuji, C.O.; Elimelech, M.; Wang, Y.; Giannelis, E.P. Antifouling ultrafiltration
membranes via post-fabrication grafting of biocidal nanomaterials. ACS Appl. Mater. Interfaces 2011, 3,
2861–2868. [CrossRef]

21. Jhaveri, J.H.; Murthy, Z.V.P. A comprehensive review on anti-fouling nanocomposite membranes for pressure
driven membrane separation processes. Desalination 2016, 379, 137–154. [CrossRef]

22. Meng, F.; Zhang, S.; Oh, Y.; Zhou, Z.; Shin, H.S.; Chae, S.R. Fouling in membrane bioreactors: An updated
review. Water Res. 2017, 114, 151–180. [CrossRef]

23. Chae, H.R.; Lee, J.; Lee, C.H.; Kim, I.C.; Park, P.K. Graphene oxide-embedded thin-film composite reverse
osmosis membrane with high flux, anti-biofouling, and chlorine resistance. J. Memb. Sci. 2015, 483, 128–135.
[CrossRef]

24. Nasrollahi, N.; Vatanpour, V.; Aber, S.; Mahmoodi, N.M. Preparation and characterization of a novel
polyethersulfone (PES) ultrafiltration membrane modified with a CuO/ZnO nanocomposite to improve
permeability and antifouling properties. Sep. Purif. Technol. 2018, 192, 369–382. [CrossRef]

25. Shen, L.; Bian, X.; Lu, X.; Shi, L.; Liu, Z.; Chen, L.; Hou, Z.; Fan, K. Preparation and characterization of
ZnO/polyethersulfone (PES) hybrid membranes. Desalination 2012, 293, 21–29. [CrossRef]

26. Mao, C.; Xiang, Y.; Liu, X.; Cui, Z.; Yang, X.; Yeung, K.W.K.; Pan, H.; Wang, X.; Chu, P.K.; Wu, S. Photo-Inspired
Antibacterial Activity and Wound Healing Acceleration by Hydrogel Embedded with Ag/Ag@AgCl/ZnO
Nanostructures. ACS Nano 2017, 11, 9010–9021. [CrossRef]

27. Elango, M.; Deepa, M.; Subramanian, R.; Mohamed Musthafa, A. Synthesis, characterization of
polyindole/Ag[sbnd]ZnO nanocomposites and its antibacterial activity. J. Alloys Compd. 2017, 696, 391–401.
[CrossRef]

28. Wu, H.; Liu, Y.; Mao, L.; Jiang, C.; Ang, J.; Lu, X. Doping polysulfone ultrafiltration membrane with TiO2-PDA
nanohybrid for simultaneous self-cleaning and self-protection. J. Memb. Sci. 2017, 532, 20–29. [CrossRef]

29. Zodrow, K.; Brunet, L.; Mahendra, S.; Li, D.; Zhang, A.; Li, Q.; Alvarez, P.J.J. Polysulfone ultrafiltration
membranes impregnated with silver nanoparticles show improved biofouling resistance and virus removal.
Water Res. 2009, 43, 715–723. [CrossRef]

30. Maximous, N.; Nakhla, G.; Wong, K.; Wan, W. Optimization of Al2O3/PES membranes for wastewater
filtration. Sep. Purif. Technol. 2010, 73, 294–301. [CrossRef]

31. Yemmireddy, V.K.; Hung, Y.C. Using Photocatalyst Metal Oxides as Antimicrobial Surface Coatings to Ensure
Food Safety—Opportunities and Challenges. Compr. Rev. Food Sci. Food Saf. 2017, 16, 617–631. [CrossRef]

32. Ong, C.B.; Ng, L.Y.; Mohammad, A.W. A review of ZnO nanoparticles as solar photocatalysts: Synthesis,
mechanisms and applications. Renew. Sustain. Energy Rev. 2018, 81, 536–551. [CrossRef]

33. Raghunath, A.; Perumal, E. Metal oxide nanoparticles as antimicrobial agents: a promise for the future. Int.

J. Antimicrob. Agents 2017, 49, 137–152. [CrossRef]
34. Van Thuan, T.; Quynh, B.T.P.; Nguyen, T.D.; Ho, V.T.T.; Bach, L.G. Response surface methodology approach

for optimization of Cu2+, Ni2+ and Pb2+ adsorption using KOH-activated carbon from banana peel. Surf.

Interfaces 2017, 6, 209–217. [CrossRef]
35. Baruah, A.; Chaudhary, V.; Malik, R.; Tomer, V.K. Nanotechnology Based Solutions for Wastewater Treatment;

Elsevier Inc.: Amsterdam, The Netherlands, 2018; ISBN 9780128139028.
36. Hikku, G.S.; Jeyasubramanian, K.; Vignesh Kumar, S. Nanoporous MgO as self-cleaning and anti-bacterial

pigment for alkyd based coating. J. Ind. Eng. Chem. 2017, 52, 168–178. [CrossRef]

23



Polymers 2020, 12, 549

37. Fakayode, S.O.; Baker, G.A.; Bwambok, D.K.; Bhawawet, N.; Elzey, B.; Siraj, N.; Macchi, S.; Pollard, D.A.;
Perez, R.L.; Duncan, A.V.; et al. Molecular (Raman, NIR, and FTIR) spectroscopy and multivariate analysis
in consumable products analysis 1. Appl. Spectrosc. Rev. 2019, 1–77. [CrossRef]

38. Han, S.; Mao, L.; Wu, T.; Wang, H. Author’ s Accepted Manuscript inversion method. J. Memb. Sci. 2016, 516,
47–55. [CrossRef]

39. Parvizian, F.; Sadeghi, Z.; Hosseini, S.M. PVC Based Ion-Exchange Membrane Blended with Magnesium
Oxide Nanoparticles for Desalination: Fabrication, Characterization and Performance. J. Appl. Membr. Sci.

Technol. 2017, 21, 11–24. [CrossRef]
40. Dong, C.; He, G.; Li, H.; Zhao, R.; Han, Y.; Deng, Y. Antifouling enhancement of poly (vinylidene fluoride)

microfiltration membrane by adding Mg(OH)2 nanoparticles. J. Memb. Sci. 2012, 387–388, 40–47. [CrossRef]
41. Zhu, Z.; Jiang, J.; Wang, X.; Huo, X.; Xu, Y.; Li, Q.; Wang, L. Improving the hydrophilic and antifouling

properties of polyvinylidene fluoride membrane by incorporation of novel nanohybrid GO@SiO2 particles.
Chem. Eng. J. 2017, 314, 266–276. [CrossRef]

42. Mukherjee, A.; Mohammed Sadiq, I.; Prathna, T.C.; Chandrasekaran, N. Antimicrobial activity of aluminium
oxide nanoparticles for potential clinical applications. Sci. against Microb. Pathog. Commun. Curr. Res.

Technol. Adv. 2011, 1, 245–251.
43. Lin, D.J.; Chang, C.L.; Huang, F.M.; Cheng, L.P. Effect of salt additive on the formation of microporous

poly(vinylidene fluoride) membranes by phase inversion from LiC1o 4 /water/DMF/PVDF system. Polymer

(Guildf). 2002, 44, 413–422. [CrossRef]
44. Vani, C.V.; Karuppasamy, K.; Sridevi, N.A.; Balakumar, S.; Shajan, X.S. Effect of electron beam irradiation on the

mechanical and electrochemical properties of plasticized polymer electrolytes dispersed with nanoparticles.
Adv. Mater. Res. 2013, 678, 229–233. [CrossRef]

45. Younas, H.; Bai, H.; Shao, J.; Han, Q.; Ling, Y.; He, Y. Super-hydrophilic and fouling resistant PVDF
ultrafiltration membranes based on a facile prefabricated surface. J. Memb. Sci. 2017, 541, 529–540. [CrossRef]

46. Emadzadeh, D.; Ghanbari, M.; Lau, W.J.; Rahbari-Sisakht, M.; Rana, D.; Matsuura, T.; Kruczek, B.; Ismail, A.F.
Surface modification of thin film composite membrane by nanoporous titanate nanoparticles for improving
combined organic and inorganic antifouling properties. Mater. Sci. Eng. C 2017, 75, 463–470. [CrossRef]

47. Liu, C.; Lee, J.; Small, C.; Ma, J.; Elimelech, M. Comparison of organic fouling resistance of thin-film composite
membranes modified by hydrophilic silica nanoparticles and zwitterionic polymer brushes. J. Memb. Sci.

2017, 544, 135–142. [CrossRef]
48. Ho, K.C.; Teow, Y.H.; Ang, W.L.; Mohammad, A.W. Novel GO/OMWCNTs mixed-matrix membrane with

enhanced antifouling property for palm oil mill effluent treatment. Sep. Purif. Technol. 2017, 177, 337–349.
[CrossRef]

49. Shi, B.-L.; Su, X.; He, J.; Wang, L.-L. Surface hydrophilicity modification of PVDF membranes with an external
electric field in the phase inversion process. Membr. Water Treat. 2015, 6, 351–363. [CrossRef]

50. Wang, X.M.; Li, X.Y.; Shih, K. In situ embedment and growth of anhydrous and hydrated aluminum oxide
particles on polyvinylidene fluoride (PVDF) membranes. J. Memb. Sci. 2011, 368, 134–143. [CrossRef]

51. Lim, S.K.; Goh, K.; Bae, T.H.; Wang, R. Polymer-based membranes for solvent-resistant nanofiltration: A
review. Chinese J. Chem. Eng. 2017, 25, 1653–1675. [CrossRef]

52. Abed, M.M.R.; Kumbharkar, S.C.; Groth, A.M.; Li, K. Ultrafiltration PVDF hollow fibre membranes with
interconnected bicontinuous structures produced via a single-step phase inversion technique. J. Memb. Sci.

2012, 407–408, 145–154. [CrossRef]
53. Zuo, G.; Wang, R. Novel membrane surface modification to enhance anti-oil fouling property for membrane

distillation application. J. Memb. Sci. 2013, 447, 26–35. [CrossRef]
54. Ashfaq, M.Y.; Al-Ghouti, M.A.; Qiblawey, H.; Zouari, N. Evaluating the effect of antiscalants on membrane

biofouling using FTIR and multivariate analysis. Biofouling 2019, 35, 1–14. [CrossRef]
55. Rahman, M.M.; Al-Sulaimi, S.; Farooque, A.M. Characterization of new and fouled SWRO membranes by

ATR/FTIR spectroscopy. Appl. Water Sci. 2018, 8, 1–11. [CrossRef]
56. Wang, Z.; Wu, Z.; Yin, X.; Tian, L. Membrane fouling in a submerged membrane bioreactor (MBR) under

sub-critical flux operation: Membrane foulant and gel layer characterization. J. Memb. Sci. 2008, 325, 238–244.
[CrossRef]

24



Polymers 2020, 12, 549

57. Gao, D.; Fu, Y.; Ren, N. Tracing biofouling to the structure of the microbial community and its metabolic
products: A study of the three-stage MBR process. Water Res. 2013, 47, 6680–6690. [CrossRef]

58. Arumugham, T.; Kaleekkal, N.J.; Rana, D.; Doraiswamy, M. Separation of oil/water emulsions using nano
MgO anchored hybrid ultrafiltration membranes for environmental abatement. J. Appl. Polym. Sci. 2016, 133,
1–12. [CrossRef]

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

25





polymers

Article

Kinetic Studies on the Catalytic Degradation of
Rhodamine B by Hydrogen Peroxide: Effect of
Surfactant Coated and Non-Coated Iron (III)
Oxide Nanoparticles

Mohd Shaban Ansari 1 , Kashif Raees 1 , Moonis Ali Khan 2 , M.Z.A. Rafiquee 1,*

and Marta Otero 3,*

1 Department of Applied Chemistry, Zakir Hussain College of Engineering and Technology, Aligarh Muslim
University, Aligarh 202002, UP, India; shabanansari126@gmail.com (M.S.A.); raeeskashif@gmail.com (K.R.)

2 Chemistry Department, College of Science, King Saud University, Riyadh 11451, Saudi Arabia;
mokhan@ksu.edu.sa

3 CESAM—Centre for Environmental and Marine Studies, Department of Environment and Planning,
University of Aveiro, Campus de Santiago, 3810-193 Aveiro, Portugal

* Correspondence: drrafiquee@yahoo.com (M.Z.A.R.); marta.otero@ua.pt (M.O.)

Received: 3 September 2020; Accepted: 26 September 2020; Published: 29 September 2020 ����������
�������

Abstract: Iron (III) oxide (Fe3O4) and sodium dodecyl sulfate (SDS) coated iron (III) oxide (SDS@Fe3O4)
nanoparticles (NPs) were synthesized by the co-precipitation method for application in the catalytic
degradation of Rhodamine B (RB) dye. The synthesized NPs were characterized using X-ray
diffractometer (XRD), vibrating sample magnetometer (VSM), scanning electron microscopy (SEM),
transmission electron microscopy (TEM), and Fourier transform infra-red (FT-IR) spectroscopy
techniques and tested in the removal of RB. A kinetic study on RB degradation by hydrogen
peroxide (H2O2) was carried out and the influence of Fe3O4 and SDS@Fe3O4 magnetic NPs on the
degradation rate was assessed. The activity of magnetic NPs, viz. Fe3O4 and SDS@Fe3O4, in the
degradation of RB was spectrophotometrically studied and found effective in the removal of RB
dye from water. The rate of RB degradation was found linearly dependent upon H2O2 concentration
and within 5.0 × 10−2 to 4.0 × 10−1 M H2O2, the observed pseudo-first-order kinetic rates (kobs, s−1)
for the degradation of RB (10 mg L−1) at pH 3 and temperature 25 ± 2 ◦C were between 0.4 and
1.7 × 104 s−1, while in presence of 0.1% w/v Fe3O4 or SDS@Fe3O4 NPs, kobs were between 1.3 and
2.8 × 104 s−1 and between 2.6 and 4.8 × 104 s−1, respectively. Furthermore, in presence of Fe3O4 or
SDS@Fe3O4, kobs increased with NPs dosage and showed a peaked pH behavior with a maximum at
pH 3. The magnitude of thermodynamic parameters Ea and ∆H for RB degradation in presence of
SDS@Fe3O4 were 15.63 kJ mol−1 and 13.01 kJ mol−1, respectively, lowest among the used catalysts,
confirming its effectiveness during degradation. Furthermore, SDS in the presence of Fe3O4 NPs and
H2O2 remarkably enhanced the rate of RB degradation.

Keywords: magnetite; co-precipitation method; Rhodamine B; sodium dodecyl sulfate; wastewater
treatment

1. Introduction

Mushrooming industrialization and urbanization are primarily responsible for deteriorating
the surface and sub-surface water quality, causing hazardous effects on both aquatic organisms
and human health. Among water contaminants, dyes and pigments, which are widely discharged
from textile, pharmaceutical, paint, rubber, cosmetic, and confectionary industries effluents [1,2],

27



Polymers 2020, 12, 2246

produce unwanted color to water bodies, resulting in intoxication of ecosystems. Rhodamine B
(RB) is a synthetic cationic dye, containing a multi-ring aromatic xanthene core planar structure [3].
It is widely used for dyeing and printing applications [4]. The carcinogenic, mutagenic, and toxic
effects of RB have been well reported [5–7], evidencing the need of RB contaminated effluents
treatment prior to their discharge. Various treatment methodologies, such as reverse osmosis,
ion-exchange, precipitation, adsorption, ozone treatment, catalytic reduction, biodegradation, ultrasonic
decomposition, coagulation, electrocoagulation, chemical oxidation, and nano-filtration, have been
used for the removal of RB and other dyes from water [8–10]. However, high-cost, long process
duration, large energy consumption, regeneration difficulties, and pollutants transfer from one phase
to another are the major demerits of the aforementioned processes. Thus, advanced oxidation processes
(AOPs) are considered comparatively advantageous since they possess favorable decolorizing ability for
reactive dyes [11]. Fenton reaction, which is one of the most effective AOPs, has attracted widespread
attention. It is operated at acidic pH in the presence of hydrogen peroxide (H2O2) and ferrous ions
while yielding hydroxyl radical with powerful oxidation capacity leading to complete decomposition
of organic dyes, thus, converting them into non-toxic lower molecular weight products [12]. In this
sense, the Fe2+-H2O2 Fenton system has been widely used for the oxidative removal of RB from
water [11–13].

Recently, iron (III) oxide (Fe3O4) nanoparticles (NPs) have been used for removing various dyes
and heavy metals from water [14–16]. These NPs are inert, economical, possess unique magnetic
properties, and can be easily separated from reaction medium through an external magnetic field [17–19].
Additionally, Fe3O4 magnetic NPs exhibit a high surface area, depending on the particle size, and
show the ability for surface modification. Furthermore, the interaction of Fe3O4 NPs with H2O2

generates hydroxyl and peroxyl radicals, which are able to undergo the oxidative degradation of organic
pollutants [20–22]. However, bare Fe3O4 NPs suffer some shortcomings such as agglomeration, limited
adsorption ability, and limited working pH range. Coating of Fe3O4 NPs with surfactants, polymers,
silica, starch, polyelectrolytes, etc., render an enhancement in their surface properties and chemical
stability, making them suitable for industrial wastewater treatment and catalytic applications [23–29].
Among surfactants used for coating, the anionic sodium dodecyl sulfate (SDS) is known to enhance
the ability of NPs to remove pollutants from wastewater, which has been related with the binding and
chelating efficiency of its functional groups [30]. Although no studies were found on the specific case
of RB, Fe3O4 NPs modified with SDS have been successfully used for the adsorptive removal of several
dyes from water, including tolonium chloride [31], Basic Blue 41 [32], or Brilliant Green [33].

The present work was undertaken with the aim of developing an efficient, eco-friendly,
and economical treatment for the removal of cationic dyes from water. For this purpose, Fe3O4

NPs were synthesized, coated with SDS, and tested as catalyst for the degradation of RB under the
presence of H2O2. The synthesized Fe3O4 and SDS-coated Fe3O4 (SDS@Fe3O4) NPs were thoroughly
characterized through XRD, VSM, SEM, TEM, and FT-IR techniques. The main novelty of this work
was the comparative study of the dye degradation by H2O2 under three different situations, namely,
in absence of ferrous NPs, in the presence of Fe3O4 NPs, and in the presence of SDS@Fe3O4 NPs.
Kinetic experiments were carried out to explore the influence of these catalysts dosages, H2O2, SDS,
and solution pH on the RB degradation rate.

2. Materials and Methods

2.1. Chemicals and Reagents

Rhodamine B (RB: AR grade 80%; CDH, New Delhi, India), hydrochloric acid (HCl: AR grade
36%; Fisher Scientific, Mumbai, India), hydrogen peroxide (H2O2: 35% v/v, Merck, Mumbai, India),
sodium dodecyl sulphate (SDS: 99%; CDH, New Delhi, India), Ammonia solution (NH4OH: 25% with
purity index 99%, Thermo Fisher Scientific, Mumbai, India), ferrous chloride dihydrate (FeCl2. 2 H2O:
99%; CDH, New Delhi), ferric Chloride (FeCl3: 97.0%; CDH, New Delhi, India), and sodium hydroxide
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pellets (NaOH: 97%, Merck, Mumbai, India) were used as supplied. All the other reagents used during
the experimental work were of reagent grade. All the solutions were prepared in deionized (DI) water.
The stock solutions of NaOH (1.0 M) and SDS (1.0 × 10−2 M) were prepared in DI water. The stock
solution (500 mgL−1) of dye was prepared by dissolving 50 mg RB in 100 mL DI water. Likewise,
250 mL stock solution of H2O2 was prepared by dissolving 25 mL of H2O2 in DI water. The stock
solution of HCl (0.1 M) was prepared in 100 mL DI water.

2.2. Synthesis and Surfactant Coating of Fe3O4 Magnetic NPs

Magnetic nanoparticles were synthesized by adopting the co-precipitation method as described
in the literature [34]. Briefly, Fe3O4 NPs were synthesized by mixing 20.0 g of FeCl3 (0.4 M) and 10.0 g
of FeCl2.2H2O (0.2 M) into a 1.0 L conical flask. These iron salts were dissolved in 300 mL DI water.
The mixture was purged with N2 gas and stirred for about an hour. Then, liquor ammonia (25%) was
added drop-wise in the flask. The pH of the solution in flask was further increased to ~10 by adding
2.0 M of NaOH solution. The temperature of the solution was then raised to 70 ◦C with stirring and
purging of N2 gas for 5 h. Black precipitate was formed in the flask. It was filtered, washed with
acetone, and thereafter with DI water to a neutral pH value. The precipitate was then dried at 70 ◦C in
a vacuum oven. The synthesis of Fe3O4 NPs can be given by the following reaction:

Fe2+ + 2Fe3+ + 8OH− → Fe3O4 + 4H2O

To prepare the SDS-coated Fe3O4 NPs, FeCl3.6H2O (20 g, 0.40 M), FeCl2.4H2O (10 g, 0.20 M),
and SDS (8.64 g, 0.10 M) were taken into the conical flask of 1.0 L capacity containing 300 mL DI water.
The overhead stirrer was used to mix the reactants properly. The solution was stirred vigorously for
45 min under the N2 gas atmosphere. Then, 200 mL of 25% ammonium hydroxide solution was added
drop-wise into the above solution until the pH of the resulting solution reached 9–11. The pH of the
reaction medium was further raised to 14 by adding 2.0 M NaOH solution drop-wise. The mixture was
then stirred vigorously under N2 gas purging for 5 h. The black precipitate that formed was filtered
and washed with acetone and DI water until the pH came to a neutral value.

2.3. Characterization

The crystallinity and phase composition of Fe3O4 and SDS@Fe3O4 NPs were studied by X-ray
diffraction (XRD: MiniFlex II, Rigaku, Tokyo, Japan) analysis equipped with a Cu Kα radiation source
(with λ = 1.5406 nm). The surface functionalities present over Fe3O4 and SDS@Fe3O4 NPs surface
were determined by Fourier infra-red spectrometer (FT-IR: Nicolet iS50, Thermo Fisher Scientific,
Madison, WI, USA). The surface morphology and particle size were analyzed by scanning electron
microscopy (SEM: JSM-5600LV, JEOL, Tokyo, Japan) and transmission electron microscopy (TEM:
CM120, Philips, Amsterdam, The Netherlands). The magnetic properties of Fe3O4 and SDS@Fe3O4

NPs were determined using a vibrating sample magnetometer (VSM: 7307, Lakeshore, Westerville,
OH, USA).

2.4. Degradation Kinetic Experiments

A Genesys 10S UV–visible spectrophotometer (Thermo Fisher Scientific, Madison, WI, USA)
was used to monitor the change in the absorbance intensity of RB during its degradation under the
varying reaction conditions. The spectrophotometer was provided with multiple cell holders in which
a 3.0 mL quartz cuvette with a path length of 10 mm was used to measure absorbance. All the
kinetic experiments were performed at a constant temperature of 25.0 ± 0.2 ◦C by using a thermostatic
water-bath. A 0.1% w/v of magnetic Fe3O4 NPs was put together with RB solution with an initial
concentration of 10 mg L−1 into a three necked round bottom flask of 100 mL capacity. Solution pH
was adjusted by adding hydrochloric acid or sodium hydroxide solution and monitored by using
a pH meter. The reaction vessel containing RB solution and magnetic Fe3O4 NPs was kept in the
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water-bath to equilibrate with the required temperature. The reaction was started with the addition of
5.0 × 10−2 to 4.0 × 10−1 M H2O2 and zero time was taken when the half of the amount of H2O2 was
added. The concentration of RB was spectrophotometrically analyzed at its maximum absorbance
wavelength (λmax: 554 nm) at constant time intervals. All the kinetic experiments were carried out
under pseudo-first-order conditions in which H2O2 was kept in excess over RB. The progress of the
reaction gradually resulted in the decrease of RB concentration and the values of the pseudo-first-order
rate constants were obtained from the slopes of the plots of ln (absorbance) versus time. Each kinetic
run was carried out in triplicate to check their repeatability and the rate constant was observed to be
within the error limits of ~5%.

3. Results and Discussion

3.1. Characterization of Fe3O4 and SDS@Fe3O4 NPs

3.1.1. X-ray Diffraction (XRD)

Figure 1A shows the XRD patterns obtained for the synthesized Fe3O4 NPs and it confirms the
nanocrystal structure and phase purity of Fe3O4 NPs. The diffraction peaks appeared at 2θ = 30.26◦,
35.5◦, 43.12◦, 53.74◦, 57.10◦, and 62.92◦ corresponding to planes (220), (311), (400), (422), (511), and (440),
respectively [35], consistent with standard magnetite database (JCPDS-19-0629), indicating a highly
crystalline nature of Fe3O4 NPs. Figure 1B shows the XRD patterns for SDS@Fe3O4 NPs with reduced
peak intensity due to the SDS coating over Fe3O4 surface. This confirms crystalline-to-amorphous
transition of Fe3O4 NPs due to SDS coating during SDS@Fe3O4 NPs synthesis [36].

Figure 1. X-ray diffraction patterns for synthesized iron (III) oxide (Fe3O4) (A) and sodium dodecyl
sulfate (SDS) coated iron (III) oxide (SDS@Fe3O4) (B).

3.1.2. Fourier Transform Infrared Spectroscopy (FTIR)

The FT-IR spectra of Fe3O4 and SDS@Fe3O4 NPs are shown in Figure 2.
The two peaks at 585 and 435 cm−1, as shown in Figure 2A, correspond to the Fe-O bond vibrations

of Fe3O4 NPs [37]. From these observations, it is confirmed the spinel structure of Fe3O4 NPs and also
inferred the existence of the difference in the bond length in Fe-O. The peak at 3424 cm−1 in Figure 2A
was associated to the O-H stretching vibrations arising from the hydroxyl group due to the presence of
water molecules associated with Fe3O4 [38]. The H-O-H bending of water molecules in Figure 2A is
observed at 1631 cm−1 in Fe3O4 NPs [39]. The FTIR spectrum of SDS@Fe3O4 NPs is shown in Figure 2B,
which displayed a new absorption peak at 1252 cm−1 due to the stretching vibration of S=O groups of
SDS and the presence of peaks at 2929 cm−1 and 2842 cm−1, which were assigned to the stretching
mode for aliphatic C-H groups of SDS [40]. The peak at 1635 cm−1 in SDS@Fe3O4 (Figure 2B) was
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attributed to the H-O-H bending of water molecules and that at 3431 cm−1 was due to stretching
vibration of hydroxyl group on the surface of the NPs. The presence of two peaks at 547 cm−1 and at
474 cm−1 in Figure 2B is attributed to Fe-O bonds in SDS-modified Fe3O4 [41]. Thus, the FTIR results
confirmed successful synthesis of Fe3O4 NPs and their surface modifications through the adsorption of
SDS molecules.

Figure 2. FTIR spectra of Fe3O4 (A) and SDS@Fe3O4 (B).

3.1.3. Scanning Electron Microscopy (SEM)

The SEM micrograph of the synthesized magnetite (Fe3O4) NPs is shown in Figure 3A. It can be
observed that the NPs exhibit spherical surface morphology, having a particle size lower than 100 nm
scale with low polydispersity. The SEM image of the SDS@Fe3O4 NPs is shown in Figure 3D on the
scale of up to 5 µm. The image depicts successful functionalization of Fe3O4 by SDS and the larger
dispersion of SDS@Fe3O4 as compared with Fe3O4 NPs.

Figure 3. SEM image of Fe3O4 (A); TEM image of Fe3O4 (B); histogram images of Fe3O4 (C); SEM image
of SDS@Fe3O4 (D); TEM image of SDS@Fe3O4 (E); histogram images of SDS@Fe3O4 (F). Note that
scales of figures A and B are different.
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3.1.4. Transmission Electron Microscopy (TEM)

The TEM micrograph of pristine Fe3O4 NPs (Figure 3B) on the scale of up to 20 µm shows their
spherical shape with a narrow range particle size distribution centered at 9 ± 2 nm, as demonstrated
by the histogram in Figure 3C. The TEM image of the SDS@Fe3O4 NPs is illustrated in Figure 3E.
After coating with SDS, the size of SDS@Fe3O4 NPs appears to be smaller, as shown by the histogram
(Figure 3F). This might be due to the coating of Fe3O4 NPs with SDS, which hinders NPs agglomeration.

3.1.5. Vibrating Sample Magnetometer (VSM)

The magnetic behavior of Fe3O4 and SDS@Fe3O4 NPs was studied by using VSM. As it may
be seen in Figure 4, both Fe3O4 and SDS@Fe3O4 showed superparamagnetic behavior with different
magnetic saturations level. The specific magnetic saturation magnitudes for Fe3O4 and SDS@Fe3O4

NPs were 60.0 and 50.0 emug−1, respectively, as displayed in Figure 4. Comparatively lower magnetic
saturation of SDS@Fe3O4 NPs might be due to their coating with SDS [42]. In order to avoid aggregation
of Fe3O4 NPs, which may severely reduce their catalytic efficiency, coating with SDS was executed
in this work. In any case, as for the large magnetic saturation and superparamagnetic property of
SDS@Fe3O4 NPs (Figure 4), such a coating did not affect the high efficiency in magnetic separation
and recovery.

Figure 4. Magnetization curve for Fe3O4 and for SDS@Fe3O4 at room temperature.

3.2. Degradation of RB by H2O2

The repetitive scans of the reactant mixture containing RB (10 mg L−1) and H2O2 (2 × 10−1 M) were
recorded at constant time intervals of ten minutes in the visible region (460–600 nm). The temperature
and pH were kept constant at 25 ± 0.2 ◦C and 3, respectively. These spectra, which are shown in
Figure 5A, indicated that the absorbance intensities at λmax (554 nm) progressively decreased with
time. A decrease in the absorbance intensities was due to the degradation of RB by H2O2.

The degradation of RB can be represented by the following representative reaction and rate
Equation (1):

RB + H2O2 → Oxidized Products + H2O, Rate =
−d[RB]

dt
= kobs[RB], (1)

where kobs is the observed value of the rate constant and was calculated from the slope of the plot

of ln [RB]0
[RB]t

versus t. The terms [RB]0 and [RB]t are the concentrations of RB at time zero and at any
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time t, respectively. The observed rate constant depends upon the concentration of H2O2 as given by
Equation (2). The order of the reaction is assumed to be x with respect to the concentration of H2O2.

kobs = k [H2O2]
x (2)

where k is the specific rate constant with respect to H2O2 concentration. The values of k and x were
respectively obtained from the intercept and slope of the plot of log kobs versus log [H2O2].

Figure 5. UV–visible spectra of Rhodamine B (RB) at various degradation times. In absence of Fe3O4

(A); in presence of Fe3O4 (B); and in presence of SDS@Fe3O4 (C). (Reaction conditions: 10 mg L−1 RB,
2.0 × 10−1 M H2O2, 0.1% w/v Fe3O4 NPs, 0.1% w/v SDS@Fe3O4, pH 3, and temperature 25 ± 2 ◦C).

The rate of RB degradation was studied at varied concentrations of H2O2 in the range from
5.0 × 10−2 to 4.0 × 10−1 M while keeping a RB concentration of 10 mg L−1 at pH 3 and temperature
25 ± 0.2 ◦C. The values of rate constants were calculated and the plot of rate constant versus H2O2

concentration (Figure 6) shows a linear dependence of the rate constant values on H2O2 concentration.

Figure 6. Plots of kobs versus hydrogen peroxide (H2O2) concentration for the degradation of RB.
(Reaction conditions: 10 mg L−1 RB, 5.0 × 10−2 to 4.0 × 10−1 M H2O2, pH 3, and temperature 25 ± 2 ◦C).
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3.3. Degradation of RB in the Presence of Fe3O4 and SDS@Fe3O4 NPs

The addition of 0.1% w/v of Fe3O4 NPs to the solution containing RB and H2O2 increased the rate
of degradation of RB, as is evident from the decrease in the rate of absorbance intensities with time,
which is presented in Figure 5). The increase in the degradation rate of RB can be attributed to the
catalytic role of Fe3O4 NPs. The degradation rate was further increased in the presence of 0.1% w/v
SDS@Fe3O4 NPs as displayed in Figure 5C.

In order to assess the effect of pH, the degradation rate of RB was studied in the pH range 1–10 by
adjusting it with HCl/NaOH solutions. The observed results are presented in Figure 7. The plot of the
rate constant versus pH (Figure 7) demonstrates that the values of the rate constant increase with pH
until pH 3. Thereafter, on further increasing the pH beyond 3, the values of the rate constant decreased.
Thus, a peaked behavior plot was obtained with the maximum degradation rate at pH 3.

Figure 7. Effect of pH on the Rhodamine B (RB) degradation process. In presence of Fe3O4 (A); and in
presence of SDS@Fe3O4 (B). (Reaction conditions: 10 mg L−1 RB, 2.0 × 10−1 M H2O2, 0.1% w/v Fe3O4,
0.1% w/v SDS@Fe3O4, and temperature 25 ± 2 ◦C).

The influence of the magnetic Fe3O4 NPs dosage on the RB degradation rate was studied in the
range between 0.02% and 0.2% w/v Fe3O4. The respective concentrations of H2O2 and RB were set at
2.0 × 10−1 M and 10 mg L−1, while the pH and temperature of the solution were 3 and 25 ± 0.2 ◦C,
respectively. The increase in the amount of Fe3O4 increased the RB degradation rate, as shown by
data graphically presented in Figure 8A. Furthermore, as it may be seen in Figure 8B, the influence of
SDS@Fe3O4 concentration on the RB degradation rate showed the same pattern observed for Fe3O4,
but with higher values of the rate constant.

Figure 8. Plots of kobs versus varying concentration of magnetic nanoparticles (NPs) for the degradation
of the RB in presence of Fe3O4 (A), and in presence of SDS@Fe3O4 (B). (Reaction conditions: 10 mg L−1

RB, 2.0 × 10−1 M H2O2, 0.1% w/v Fe3O4, 0.1% w/v SDS@Fe3O4, pH 3, and temperature 25 ± 2 ◦C).
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The observed enhancement in the rate of the RB degradation in presence of Fe3O4 can be described
through the production of highly reactive hydroxyl radicals due to the interaction between the NPs
and H2O2 [43,44], followed by the formation of peroxyl radicals and the subsequent oxidation of RB by
these radicals, as described by the following reactions:

(i) Fe2+ + H2O2 → Fe3+ + HO∗ + OH− The possible reactions of free radicals are:
(ii) Fe2+ + HO∗ → Fe3+ + OH− ,
(iii) H2O2 + HO∗ → H2O+ HO2

*,
(iv) HO2

. + HO∗ → H2O + O2,
(v) HO∗ + HO∗ → H2O2,
(vi) HO∗ + RB → Products,
(vii) HO∗2 + RB → Products.

Thus, the oxidation of RB by HO*and HO2
∗ radicals leads to a decrease in its concentration. As for

the RB degradation in the presence and absence of Fe3O4 and SDS@Fe3O4, results shown in Figure 5 to
8 allow to state that RB degradation was enlarged under the presence of Fe3O4 and SDS@Fe3O4 NPs.
As for the degradation rate of RB, it was linearly dependent on the initial concentration of H2O2 in the
absence of NPs. The RB degradation was comparatively higher in presence of SDS@Fe3O4 than Fe3O4

and increased with the increase in the dosage of either Fe3O4 or SDS@Fe3O4 NPs. The variations in pH
displayed a similar influence on the RB degradation rate in the presence of Fe3O4 and SDS@Fe3O4

NPs, the rate showing a peaked behavior. From these observations, it was confirmed that the
reaction proceeded through the formation of highly reactive free radicals in the presence of Fe3O4

and SDS@Fe3O4 NPs due to the interaction between Fe2+ and H2O2, as described by reactions (i) to
(vii). The increase in the amount of the NPs increases the production of HO∗radicals (step (i)) and,
therefore, an enhancement in the RB degradation rate was observed with the increase in the NPs
dosage, which is coincident with previous observations [45]. As shown in Figure 6, the RB degradation
rate increased from 0.4 to 1.7 × 104 s−1 with increasing H2O2 concentration in the absence of NPs.
In Figure 9, under the presence of NPs, larger degradation rates are represented, varying between 1.3
and 2.8 × 104 s−1 in the case of Fe3O4 and between 2.6 and 4.8 × 104 s−1 in the case of SDS@Fe3O4,
which compare rather well with published rate constants for the catalytic degradation of RB (Table S1
in the Supplementary Materials). However, as it may be seen in Figure 9, in the presence of Fe3O4 and
SDS@Fe3O4 NPs, the rate constant value increased with the concentration of H2O2 until it was
2.5 × 10−1 M H2O2, and thereafter decreased with H2O2 concentration. After the maximum,
this decreasing effect in the rate constant with the increase in the H2O2 concentration was due
to the other free radical reactions taking place in steps (ii) to (v). Thus, at higher concentrations of
H2O2, the side reactions scavenged the HO∗ radicals and decreased the concentration of free radicals
available to oxidize the dye and, therefore, the rate of the reaction decreased [46].

The rate of degradation of RB was highly pH-dependent and, as it is shown in Figure 7,
the maximum rate of degradation was observed at pH 3 in the presence and the absence of NPs. At high
concentrations of H+ ions (pH< 3), peroxide gets solvated to form stable oxonium ions, which enhanced
the activity of H2O2 and restricted the generation of hydroxyl radicals [47–49]. Moreover, the excess
of H+ ions acts as hydroxyl radical scavenger and, with the increase in H+ ions, the concentration of
HO∗ radicals decreases, thus, decreasing the rate of reaction [48]. Furthermore, the strong electrostatic
interaction between the anionic surfactant head groups and cationic dye molecules at lower pH also
decreases the rate of RB degradation. The observed lower rate of reaction at higher pH may be related
to the formation of the Fe3+-complexes, which decreases the dissolved Fe2+ ions that were available to
generate free radicals [49].
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Figure 9. Effect of H2O2 concentration on RB degradation. In presence of Fe3O4 (A); and in presence of
SDS@Fe3O4 (B). (Reaction conditions: 10 mg L−1 RB, 5.0 × 10−2 to 4.0 × 10−1 M H2O2, 0.1% w/v Fe3O4,
0.1% w/v SDS@Fe3O4, pH 3, and temperature 25 ± 2 ◦C).

The higher degradation rate of RB in the presence of SDS@Fe3O4 NPs in comparison with bare
Fe3O4 NPs that is observed in Figure 8, might be due to the larger capture of RB by SDS@Fe3O4 than
by Fe3O4. Thus, the generated free radicals at the NPs surface can readily attack the attached RB and
thus leading to the increase in RB degradation rate. Binding of RB to the SDS@Fe3O4 surface can be
explained by the electrostatic interaction between the anionic surfactant and protonated cationic dye at
pH 3 [50].

3.4. Effect of SDS Concentration and Fe3O4 NPs Dosage on RB Degradation

The addition of SDS at varied concentrations (5.0 × 10-4 to 5.0 × 10−2 M) to a solution containing
RB (10 mgL−1), H2O2 (2.0 × 10−1 M), and Fe3O4 (0.1% w/v) NPs at pH 3 resulted in an increase in the
rate of the degradation reaction, as shown in Figure 10. On the other hand, an increase in the amount
of Fe3O4 NPs from 0.02% to 0.2% w/v at a fixed concentration of SDS (2.0 × 10−2 M) also increased the
rate of RB degradation, as shown in Figure 11.

Figure 10. Effect of sodium dodecyl sulfate (SDS) concentration on RB degradation. (Reaction
conditions: 10 mg L−1 RB, 2.0 × 10−1 M H2O2, 0.1% w/v Fe3O4, pH 3, and temperature 25 ± 2 ◦C).

The respective degradation rates of RB in presence of SDS and Fe3O4 can be represented by
Equations (3) and (4).

RB + Dn
Ks
⇔ RBmic

H2O2
→ Products, (3)

Fe3O4 + RBmic
Ke
⇔ RBmic − Fe3O4

H2O2
→ Products. (4)
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The presence of SDS micelles (Dn) partitions RB into micellar (RBmic) and aqueous pseudo-phases
resulting into the retardation of RB oxidation with H2O2 in the presence of SDS, which may be related
to the electrostatic repulsion and, therefore, separation between the species involved in the reaction.
However, in the presence of Fe3O4, micellised RB (RBmic) is incorporated to the NPs surface to form
RBmic−Fe3O4 where H2O2 interacts to form reactive HO∗radicals readily available to oxidize RB at
the same site. Therefore, RB degradation is catalyzed and the rate of the reaction increases with
increasing SDS concentration in the presence of Fe3O4 NPs (Figure 10) and also with increasing the
amount of Fe3O4 NPs in the presence of SDS (Figure 11). In Figure 10, a two steps increase of the
degradation may be observed, which may be related to the formation of premicellar aggregates below
the critical micelle concentration (cmc) of SDS and micelles above cmc [8,10,51,52], then increasing
micelles formation with SDS concentration. Regarding Figure 11, at a SDS concentration above cmc,
an increasing degradation rate occurred under increasing Fe3O4 concentration, as previously observed
in Figure 8 and explained by reactions (i) to (vii). These results are in agreement with previous studies
on RB photocatalytic degradation [53,54].

Figure 11. Effect of Fe3O4 concentration on RB degradation. (Reaction conditions: 10 mg L−1 RB, 0.02%
to 0.2% w/v Fe3O4, 2.0 × 10−2 M SDS, pH 3, and temperature 25 ± 2 ◦C).

3.5. Effect of Temperature on RB Degradation

The effect of temperature on RB degradation (10 mg L−1) in aqueous solutions in the presence of
H2O2 (2.5 × 10−1 M) and at pH 3 was studied at varied temperatures ranging from 25 to 60 ◦C (because
above 60 ◦C, due to thermal disintegration of H2O2 and free radicals, the rate of RB degradation slowed
down) in the absence or in the presence of Fe3O4 NPs (0.1% w/v), Fe3O4 NPs (0.1% w/v) together with
SDS (2.0 × 10−2 M) or SDS@Fe3O4 (0.1% w/v).

The energy of activation was calculated using the Arrhenius equation Equation (5), which gave a
straight line plot for log k versus 1/T.

log kobs = −
Ea

2.303 RT
+ log Ao (5)

where Ea is the activation energy (kJ mol−1), R (8.314 J mol−1K−1) is the universal gas constant, T is the
temperature in Kelvin (K), Ao is the frequency factor, and kobs is the measured first-order rate constant.
The Ea was determined from the slope and values are given in Table 1.

The value of ∆H (enthalpy of activation) and ∆S (entropy of activation) were calculated using the
Erying equation Equation (6).

ln
(kobs

T

)

= −
∆H
R
×

1
T
+ ln

kB

h
+

∆S
R

, (6)
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where kB is the Bolzmann’s constant and h is the Plank’s constant. A plot of ln (kobs/T) versus 1/T
produces a straight line and the values of ∆H and ∆S may be obtained from the slope and the intercept,
respectively. The so determined ∆H and ∆S values are given in Table 1.

As it may be seen in Table 1, good fittings (R2 > 0.94) to the Erying equation were obtained within
the temperature range here considered. The largest Ea and ∆H determined for RB degradation were
those in the absence of NPs. These values progressively decreased in the presence of Fe3O4 NPs,
Fe3O4 NPs together with SDS and SDS@Fe3O4, which provided the lowest Ea and ∆H. Regarding
the ∆S, although the effect was not so remarkable as for Ea and ∆H, slightly lower values were also
determined under the presence of NPs. These results point to the energetically favorable effect of
Fe3O4 and SDS@Fe3O4 NPs, which confirms that these are efficient catalysts.

Table 1. Activation parameters determined for RB degradation by H2O2 in the absence and presence of
Fe3O4 and SDS and SDS@Fe3O4.

Reaction Media Ea (kJ mol−1) ∆H (kJ mol−1) ∆S (J mol−1K−1) R2

H2O2 69.47 66.85 –132.66 0.949
H2O2 + Fe3O4 28.47 25.86 –188.18 0.953

H2O2 + Fe3O4 + SDS 32.47 29.86 –194.42 0.945
H2O2 + SDS@Fe3O4 15.63 13.01 –149.00 0.953

Reaction conditions: 10 mg L−1 RB, 2.0 × 10−1 M H2O2, 0.1% w/v Fe3O4 (when present), 0.1% w/v SDS@Fe3O4 (when
present), 2.0 × 10−2 M SDS, pH 3, and varied temperatures (between 25 and 60 ± 2 ◦C).

4. Conclusions

In this work, Fe3O4 NPs were synthesized, coated with SDS to synthesize SDS@Fe3O4 NPs,
and both tested as catalysts for the oxidation of RB under H2O2. The main novelty was to compare
the dye degradation under three different situations, namely, in presence of just H2O2, of H2O2 and
Fe3O4 NPs, and H2O2 and SDS@Fe3O4 NPs. Observed pseudo-first-order kinetic rates (kobs, s−1)
for the degradation of RB (10 mg L−1) at pH 3 and temperature 25 ± 2 ◦C were between 0.4 and
1.7 × 104 s−1, linearly dependent upon H2O2 concentrations within 5.0 × 10−2 to 4.0 × 10−1 M.
Under identical experimental conditions, except for the presence of 0.1% w/v NPs, the observed
rates increased to values between 1.3 and 2.8 × 104 s−1 in the case of Fe3O4 and between 2.6 and
4.8 × 104 s−1 in the case of SDS@Fe3O4. Fe3O4 NPs with H2O2 gave readily the highly reactive hydroxyl
radicals, which enhanced the rate of RB degradation. Furthermore, an increased catalytic effect was
observed for SDS@Fe3O4 because the SDS coating avoided Fe3O4 aggregation and the consequent
efficiency depletion. However, under the presence of Fe3O4 and SDS@Fe3O4 NPs, kobs did not increase
linearly with H2O2 concentration but just until 2.5 × 10−1 M H2O2, then decreased with increasing
H2O2 concentration, which was associated to free radical competitive reactions. On the other hand,
it was verified that the addition of SDS molecules to the dye solution containing Fe3O4 also increased
the rate of reaction, which was related to the incorporation of micellized RB ions onto the Fe3O4 NPs
surface. Overall, this work demonstrated that the application of Fe3O4 and SDS@Fe3O4 along with
H2O2 can be an efficient method for the rapid removal of cationic dyes from wastewater in line with
the green chemistry principles.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4360/12/10/2246/s1,
Table S1: Published results on the rate constant (kobs, s−1) for the catalytic degradation of RB using different catalysts.
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Abstract: Selective serotonin reuptake inhibitors (SSRIs) are a class of antidepressants regularly
detected in the environment. This indicates that the existing wastewater treatment techniques are
not successfully removing them beforehand. This study investigated the potential of molecularly
imprinted polymers (MIPs) to serve as sorbents for removal of SSRIs in water treatment. Sertraline
was chosen as the template for imprinting. We optimized the composition of MIPs in order to
obtain materials with highest capacity, affinity, and selectivity for sertraline. We report the maximum
capacity of MIP for sertraline in water at 72.6 mg g−1, and the maximum imprinting factor at 3.7.
The MIPs were cross-reactive towards other SSRIs and the metabolite norsertraline. They showed a
stable performance in wastewater-relevant pH range between 6 and 8, and were reusable after a short
washing cycle. Despite having a smaller surface area between 27.4 and 193.8 m2

·g−1, as compared to
that of the activated carbon at 1400 m2

·g−1, their sorption capabilities in wastewaters were generally
superior. The MIPs with higher surface area and pore volume that formed more non-specific
interactions with the targets considerably contributed to the overall removal efficiency, which made
them better suited for use in wastewater treatment.

Keywords: molecular imprinting; polymer; wastewater treatment; sertraline; cross-reactivity; SSRI;
template; sorbent

1. Introduction

The fast population growth, advances in industry, and increased agricultural activ-
ity have greatly influenced the environment. In order to continue with the current pace,
we need solutions in environmental management, especially wastewater (WW) reuse.
The development in the area of sample preparation and instrumentation has put the re-
moval of trace-level emerging contaminants in the forefront of environmental research [1,2].
Among them, pharmaceuticals are a very problematic group, since they are particularly
designed to have a pharmacological effect on humans or animals, thus potentially yielding
adverse effects in living organisms [3] after they have entered the aquatic environment.

The selective serotonin reuptake inhibitors (SSRIs) are members of the most prescribed
class of antidepressants in the USA and Europe [4–6]. They have been repeatedly detected
in WW, surface waters, sediments, and aquatic organisms [7–12], and are thus part of
different monitoring programs [13]. In aquatic organisms, SSRIs cause changes in biochem-
ical processes, feeding behavior, survivorship behavior, growth, and potential changes in
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their genetic material [7,14–17]. Hence, it is crucial to improve their removal from WW
before they are introduced into the environment. Among the existing WW treatment
techniques, advanced oxidation processes and biological treatment are most successful in
removing SSRIs from WW [18,19]. While during the former, the leading process of removal
is degradation, sorption to activated sludge seems to be responsible for the removal of
the majority of SSRIs during biological treatment [19]. Hence, other adsorption-based
treatment techniques have been considered. Among them, activated carbon (AC) is by far
the most researched material for SSRI removal [20,21]. AC as a treatment technique is tech-
nologically simple, has relatively fast kinetics, and removes a high variety of contaminants.
Its main disadvantages are a high initial investment, the non-selectivity of the process,
and the need for frequent regeneration due to fouling, which is expensive, time-consuming,
and results in the loss of material in each regeneration cycle [22,23]. Greener alternatives,
such as using products of pyrolysis of primary and secondary paper mill sludge, spent cof-
fee grounds, and pine bark have been reported [24,25]. However, there is a lack of literature
investigating modified synthetic composite materials, such as carbon-based nanomaterials,
different types of membranes, and other forms of modified polymers, which, however,
present promising alternatives to achieve superior SSRI removal from WWs [19,26–29].
On the basis of this knowledge gap, we investigated molecularly imprinted polymers
(MIPs) as an alternative sorption material to AC [23,30,31].

MIPs are polymers that have been imprinted by a chosen template during the polymer-
ization step in order to create selective recognition sites and are therefore often referred to
as artificial antibodies or synthetic receptors [32]. After the template is removed from the
MIP, the same or similar molecule can be rebound. They have already been commercially
used for solid-phase extraction (SPE) [33,34] and researched for several other applications,
such as catalysis, chromatography, and drug delivery [35,36]. In the last few years, the num-
ber of studies considering MIPs for water treatment has increased. Thus far, they have
been utilized to remove non-steroidal anti-inflammatory drugs, antibiotics, antimicrobials,
endocrine-disrupting compounds, herbicides, phenols, and beta-blockers from contaminated
WW [30,35,37–41]. The advantages of using MIPs for water treatment are their high selec-
tivity and affinity for their targets. Hence, we expect to be able to regenerate the material
after longer intervals compared to AC, since slower fouling rates are expected. Literature
reports MIPs as mechanically and chemically stable, and thus they should withstand several
regeneration cycles unchanged, making the treatment more cost-effective [35,38]. The main
disadvantage of MIPs is, however, the initial investment into the production of the polymers.
Among multiple polymerization procedures available today, we chose bulk polymerization
as one of the simplest and cheapest one for MIP production [2].

The aim of this work was to develop a MIP that could be used for removal of not
only our targeted template, but for the whole class of SSRIs. We evaluated the affinity,
capacity, and selectivity of the synthetized MIPs for sertraline (SER) and chose the best
performing materials. Further characterization included cross-reactivity towards other
antidepressants fluoxetine (FLU), paroxetine (PXT), escitalopram (ESC), bupropion (BUP),
two SER metabolites—norsertraline (NS) and sertraline ketone (SEK) [9,10,42], and struc-
turally related compound bupivacaine (BUC) (Figure 1). Potential parameters influencing
the removal were considered and the performance of the MIPs in WW was tested in order
to evaluate their applicability for WW treatment. The composition of the polymers was
confirmed using Fourier transform infrared spectroscopy (FTIR) and elemental analysis.
Surface properties and pore volume were calculated on the basis of the obtained Brunauer–
Emmett–Teller (BET) isotherms, and scanning electron microscopy images of materials
were taken for morphological characterization.
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Figure 1. Chemical structures of the tested compounds.

2. Materials and Methods

The list of chemicals, materials, and the description of standard solution preparation
and pre-preparation of the polymerization ingredients are reported in the Supplementary
Material (SM) Section 1.

2.1. The Synthesis of MIP

The polymers were prepared via bulk radical polymerization with the ingredients in
ratios specified in Table 1.

Table 1. Polymer compositions (molar ratio) and ingredients used for the synthesis of molecularly imprinted polymers (MIPs).

Material Template MAA mMA HEMA EGDMA
Initiator

(V-65)
Porogen

MIP1 SER×HCl (1) 4 / / 20 1
w

t%
based

on
totalm

onom
ers

CHCl3
MIP2 SER×HCl (1) 4 8 / 12 CHCl3
MIP3 SER×HCl (1) 4 / 8 12 CHCl3
MIP4 SER (1) 4 / / 20 MeOH
MIP5 SER (1) 4 / / 20 CHCl3
MIP6 SER (1) 4 / / 20 ACN
MIP7 SER (1) 4 / / 20 toluen
MIP8 SER (1) 4 8 / 12 CHCl3
MIP9 SER (1) 4 8 / 12 ACN

MIP10 SER (1) 4 8 / 12 toluen
MIP11 SER (1) 4 / 8 12 CHCl3
MIP12 SER (1) 4 / 8 12 ACN
MIP13 SER (1) 4 / 8 12 toluen

The mini-MIP library was synthesized by varying functional monomer, porogen, and the
form of the template, as illustrated in the Table 1. The molar ratio between the template, func-
tional monomer, and cross-linker was 1/4/20. In the case of mini-MIPs, 34.1 mg (0.1 mmol)
of sertraline in HCl salt form (SER HCl) or 30.8 mg (0.1 mmol) free base sertraline (SER),
34 µL (0.4 mmol) methacrylic acid (MAA), and 380 µL (2 mmol) ethylene glycol dimethacry-
late (EGDMA) was used. A total of 560 µL of porogen (either CHCl3, methanol—MeOH,
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or acetonitrile—ACN) was added, with the exception of anhydrous toluene, where 580 µL
was needed due to solubility issues. For polymers prepared using two functional monomers,
we changed the ratio to 1/4/8/12 for the template (30.8 mg SER, 0.1 mmol), functional
monomer (34 µL MAA, 0.4 mmol), co-monomer (860 µL of methyl methacrylate (mMA)
or 970 µL of 2-hydroxyethyl methacrylate (HEMA), 0.8 mmol), and 227 µL of the EGDMA
cross-linker (1.2 mmol). We used 1 wt % of the initiator 2,2’-azobis(2,4-dimethyl valeronitrile)
(V-65) for synthesis of polymers on the basis of total monomers.

The synthetic procedure was identical for all MIPs. The monomers and the template
were first mixed and dissolved in the porogen solvent. Then cross-linker EGDMA was
added and the solution was mixed again. Finally, the initiator V-65 was added. The solution
was mixed, purged with N2 for 10 min, and polymerized at 50 ◦C for 24 h in an oven.
After 24 h, the polymerization was carried out for another 2 hours at 70 ◦C. The correspond-
ing non-imprinted polymers (NIPs) were prepared following the identical procedures in
the absence of the template.

Best-performing MIPs and their corresponding NIPs were later prepared in a 10 times
larger quantity, maintaining the same polymer compositions and ingredients. The polymers
were then crushed and sieved into 25–50 µm particle size. Both MIPs and NIPs underwent
Soxhlet extraction in 10% of acetic acid in methanol for 96 h until no SER was detected by a
high-performance liquid chromatograph coupled with a diode array detector (HPLC-DAD).
The polymers were further washed with water and MeOH to remove the acetic acid, before
drying them in the oven at 50 ◦C for 24 h. The dried polymers were used for further
physical and analytical characterization.

2.2. Selection of the Material: Batch Rebinding

Batch rebinding tests were performed in both water and acetonitrile (ACN). A total of
5 mg of each MIP and the corresponding NIP was weighed and placed in 1.5 mL Eppendorf
tubes containing 500 µL of the SER solution with increasing concentrations: 0.1, 0.4, 1.0,
2.0, 3.0, and 4.0 mM. We used SER × HCl for rebinding in water, and SER in the free base
form for the rebinding in ACN. All the experiments were performed after the equilibrium
had been reached, i.e., after 20 h (see Section 2.5). The suspension was centrifuged at
10,000 rpm for 15 min. The supernatant was diluted 10 times with the mixture of 50% ACN
and 50% 20 mM phosphate buffer at pH 3.70 (mobile phase) and subsequently quantified
by HPLC-DAD analysis. The levels of bound compounds to the MIP/NIP for each solvent
mixture were estimated from plotted calibration curves. We plotted the data in the form of
rebinding isotherms using the bi-Langmuir isotherm as the best fit (R2 > 0.90). The capacity,
affinity, and selectivity were calculated for each polymer. Capacity was reported as the
mass of bound compound per gram of polymer. Affinity was determined as the distribution
ratio (D), the ratio between the amount of SER bound to the polymer (B), and the remaining
SER in the supernatant (F). The selectivity was calculated as the imprinting factor (IF),
comparing the D of MIP to the D of its corresponding NIP. All the parameters were
calculated at equilibrium at the highest added concentration of 4.0 mM. On the basis of the
results in both ACN and water, we chose three best performing MIPs for further testing.

2.3. Reusability Experiments

Reusability of the chosen MIPs and NIPs was tested by repeating 4 times the batch
rebinding of 0.1 mM SER in ultrapure water (UW) on the same material, while following
any changes in the performance. Between the cycles, the polymers were washed with 1 mL
1% trifluoroacetic acid (TFA) in MeOH (30 min) and 1 mL of MeOH (15 min) in order to
remove SER from polymers. Solvent-free polymers were obtained by drying in the oven
for 1 h at 60 ◦C. The experiment was performed in 5 parallels.

2.4. Cross-Reactivity Experiments

The cross-reactivity of the 3 materials selected as described in Section 2.2 was evaluated
by binding experiments for antidepressants and their structurally related compounds: NS,
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SEK, FLU, ESC, PXT, BUP, and BUC. The cross-reactivity was assessed through selectivity
factor (α), the capacity, and the difference in binding between MIP and NIP for each compound.
A was calculated as the ratio between the D of SER and D of the tested compound.

The cross-reactivity experiments were performed separately for each compound in UW,
applying the same conditions as for SER rebinding tests (see Section 2.2.). The experiments
were performed at the concentration of 1 mM, which was selected on the basis of the maximal
solubility of NS in UW. SEK binding was evaluated in ACN due to solubility limitation.
The concentrations in the supernatant were again determined with the HPLC-DAD.

2.5. Time to Reach Equilibrium

The time to reach the equilibrium state was estimated in batch experiments in UW.
A total of 5 mg of each chosen polymer and AC were shaken for 15 min, 30 min, 1 h, 4 h, 8 h
and 20 h. The 0.5 mL solutions contained a mixture of SER and the compounds included in
Section 2.4 (test mixture), each added at the final concentration of 0.1 mM. The removal
percentage was determined by HPLC-DAD.

2.6. Binding in WW Matrix: Influence of pH, Salts, and Chemical Oxygen Demand

The behavior of the chosen polymers and AC was observed in WW matrix spiked with
the test mixture, again at the final concentration of 0.1 mM. The binding experiments were
performed in 3 different matrices: UW, artificial wastewater (WW1) [43], and actual wastew-
ater (WW2) obtained from a Slovenian wastewater treatment plant (WWTP). The WW was
filtered (see SM, Section 1.1) before spiking in order to remove particulates and microor-
ganisms that could have influenced the removal. The pH of the WWs was measured using
the pH electrode by Wissenschaftlich-Technische Werkstätten GmbH (Weilheim, Germany)
and the chemical oxygen demand (COD) was determined on a spectrophotometer using
Hach reagents for water analysis, LCK 314 and 514.

We researched the influence of 2 parameters most often reported to influence the
binding: pH and the presence of salt ions [44–46]. Since the reported pH of WW is between
6 and 8, the performance of the polymers was tested by batch tests in 50 mM phosphate
buffer solutions with pH adjusted to 6.0, 7.0, or 8.0 with either a 2 mM HCl or 1 mM NaOH
solution. The influence of salt ions was observed by comparing the binding in UW and in
NaCl solutions at the concentrations of 0.1 M and 1.0 M.

2.7. Upscale Experiment

In order to observe the performance of the materials on a larger scale and at lower
concentration of substrate, we packed the material into SPE cartridges by separately
weighing 50 mg of MIP, NIP, or AC. MIPs and NIPs were sedimented beforehand in a
mixture of MeOH and water (v/v = 80/20) four-times for 1.5 h to avoid the loss of material
through the frit. For the same reason, AC mesh size 100–400 was used.

The materials were first washed with 5 mL of MeOH and 5 mL of UW water. Then,
the cartridges were stacked on top of Oasis HLB cartridges in order to bind the remainder
of the unbound compounds. The method used for Oasis HLB conditioning, equilibration,
loading, and elution was adapted from our article on photodegradation of SER [9].

A total of 50 mL of WW2 spiked with the mixture of compounds at concentrations of
0.4 µM was loaded at the flow rate of 2 mL min−1 on to each material. The solution then
flowed directly onto the Oasis HLB cartridge. After loading, the Oasis HLB cartridges were
dried for 30 min and then eluted with 3 × 0.6 mL of triethylamine in MeOH. The elution
solvent was evaporated, and the extracts were redissolved in 0.5 mL the HPLC mobile
phase and filtered through 0.45 µm syringe filters before the HPLC measurements.

2.8. Leaching Evaluation

To examine the applicability of developed MIPs as SPE extraction materials, we checked
the potential leaching of the template from the MIP. As reported under the upscale experi-
ment (Section 2.7), 50 mg of each MIP was packed in the SPE column, conditioned, loaded,
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and eluted with 5 mL 1% TFA in MeOH. The extract was dried under nitrogen at 40 ◦C
and the amount of leaching was quantified with a Nexera X2 ultra high performance liquid
chromatograph (UHPLC, Schimadzu, Kyoto, Japan) coupled to the hybrid quadrupole-
linear ion trap mass spectrometry analyzer QTRAP 4500 (Sciex, Framingham, MA, USA)
following the method developed by Gornik et al., (2020a) [9].

2.9. Chemical and Morphological Characterization

Fourier transform infrared (FTIR) spectroscopy was performed on IRAffinity-1S
(Schimadzu, Kyoto, Japan).

Elemental analysis was performed on a 2400, Series II, CHNS/O Analyzer (Perkin-Elmer,
Waltham, MA, USA).

BET surface area analysis was performed with Porozimeter TriStar II (Micromeritics,
Norcross, GA, USA).

The morphological characteristics were observed using a scanning electron microscope
(SEM). The images were recorded with JSM-7600F (JEOL Ltd., Tokyo, Japan).

2.10. HPLC Measurements

For the determination of SER, NS, SEK, FLU, ESC, PXT, BUP, and BUC in the solutions,
we utilized an HPLC-DAD (1260 Infinity Agilent Technologies, Santa Clara, CA, USA).
For separation, we applied the column Zorbax Eclipse C-18 column (150 mm × 4.6 mm,
5 µm) (Agilent Technologies, Santa Clara, CA, USA). The injection volume was 10 µL or
20 µL, depending on the tested concentration range. The mobile phases were (A) ACN
and (B) 20 mM phosphate buffer at pH 3.70. The gradient started with 70% B for 2 min,
decreased to 61% in 13 min, then increased back to 70% B in 0.1 min and was kept as so
for 1.5 min. The flow rate was 1 mL·min−1. The retention times of the compounds were
3.27 min for BUP, 4.04 min for BUC, 6.20 min for ESC, 8.52 min for PXT, 11.95 min for NS,
12.65 min for FLU, and 13.04 min for SER. SEK was determined with a separate method at
flow 2 mL·min−1, isocratic elution at 70% A and 30% B. Other parameters coincided with
the previous method. SEK eluted at 3.80 min.

3. Results and Discussion

All experiments with the exception of the reusability experiments (n = 5) were per-
formed in duplicate. The inter-day repeatability reported as the relative standard deviation
(RSD) for experiments performed in UW was <5% and in WW < 6%.

3.1. MIP Synthesis, Selection, and Reusability

We optimized the polymer composition to tune recognition properties of the material.
The initiator (V-65) and cross-linker (EGDMA) were kept constant for all polymerization
experiments, while different porogens and co-monomers were added in order to obtain
water compatibility, increase capacity, and improve selectivity. The behavior of MIPs
compared to their corresponding NIPs was evaluated in batch rebinding experiments
performed in water and ACN at different concentrations to generate binding isotherms
and calculate the capacity, affinity, and IF. The data we obtained during ACN rebinding
experiments enabled us to quantify the binding on the basis only of specific interactions,
such as hydrogen bonding, with the minimal non-specific hydrophobic effect [47], while our
prime goal was recognition of the investigated compounds in water.

EGDMA in combination with MAA in different porogen solvents is one of the most
commonly reported compositions of MIPs to date [30,48,49], including those in MIPs
imprinted with SER [50,51]. Unlike in the literature [50,51], we observed no imprinting in
MIPs where SER was used in its salt form (MIPs 1–3 in Table 1). Adding the extracted free
base form of SER, on the other hand, resulted in successful imprinting. As shown in Figures
2 and 3, we observed higher capacities and affinities in water compared to those in ACN
for most tested MIPs, except for MIP11 and MIP12. However, compared to ACN, the Ifs in
water were lower in all the cases, indicating loss of selectivity in water. This can be justified

48



Polymers 2020, 13, 120

by the hydrophobic effect established in polar solvents such as water, and disrupting
the formation of hydrogen bonds. In order to improve the recognition abilities in water,
we tested the influence of adding co-monomers mMA or HEMA (see examples MIP8–
MIP13 in Table 1). Here, the ratios between monomers and cross-linker we applied were
based on the results from Dirion et al., (2003). HEMA was chosen on the basis of the
reports on improved Ifs in water [47,48], while the mMA was selected as its more non-polar
alternative. MIPs with the mMA added into the polymerization mixture (MIP8, MIP9,
and MIP10) had a similar IF in ACN, as compared to MIPs 5–7, which were prepared by
MAA only (Table 1). However, the Ifs in water were slightly higher for all three materials
(Figure 3). The capacities and affinities of MIP8, MIP9, and MIP10 in ACN were higher,
yet lower or comparable in water. Compared to MIPs 5–7, adding HEMA as a co-monomer
(MIP11, MIP12, and MIP13) did not improve the capacity or affinity of the MIPs in ACN.
Additionally, both parameters were noticeably lower in UW. The considerable improvement
was, however, observed in IF; the highest was that of MIP13. This high IF is in agreement
with the results of Dirion et al., (2013).

Figure 2. Rebinding isotherms for MIP (blue symbols) and non-imprinted polymer (NIP; red symbols) combinations 5–13
in ultrapure water (UW; full symbols) and acetonitrile (ACN; empty symbols).
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Figure 3. (a) The selectivity (imprinting factor, IF), (b) the affinity (L·g−1), and (c) the capacity (mg·g−1) of the MIPs in UW
in blue. (d) The selectivity (IF), (e) the affinity (L·g−1), and (f) the capacity (mg·g−1) of the MIPs in ACN in green.

As seen in Table 1 and Figure 3, the porogen severely influenced the selectivity,
capacity, and affinity of the MIPs. This happens as it affects the stability of the “pre-
polymerization complex” (i.e., interactions between functional monomers and the template
in the chosen porogen), which plays a crucial role in the imprinting effect. If the porogen
disrupts hydrogen bonds between the template and monomers, no specific binding is
observed, as can be seen in the case of MeOH (MIP4). On the contrary, using a more non-
polar aprotic porogen, the pre-polymerization complex is stabilized, resulting in higher
IF, which we showed in MIPs 7, 10, and 13 synthetized in toluene, as compared to those
synthetized in ACN (MIPs 6, 9, 12) or CHCl3 (MIPs 5, 8, 11) (Table 1, Figure 3a,d) [47].

Determining rebinding characteristics allowed us to select three most promising
materials for further testing. In terms of capacity and affinity in water, the material MIP5
was chosen. MIP13 was chosen for its highest IF. Lastly, MIP9 was chosen because it
combines satisfactory selectivity, capacity, and affinity in both water and ACN. The chosen
polymers were reusable, with the maximum observed decrease in the capacity for SER in
four consecutive rebinding experiments being only 2%.

3.2. Cross-Reactivity

We determined the cross-reactivity of three selected MIPs for the following antide-
pressants and structurally related compounds (Figure 1): BUC, BUP, ESC, PXT, NS, SEK,
and FLU. While SEK, the metabolite of SER, was also initially included, it however showed
very poor binding in ACN and no observed selectivity for any of the three MIPs. Its binding
will therefore be based on non-specific interactions only. As for its poor solubility in water,
it was thus excluded from further testing.

The results of cross-reactivity tests are selectivity factors (α) reported in Table 2.
In general, α for each compound were comparable between the three selected MIPs,
with the exception of BUP in MIP13. Here, the factor α 3.29, as compared to 9.60 and
9.76 for MIP5 and MIP9, respectively, indicated more cross-reactivity of MIP13 towards
BUP. As reported in Table 2, for NS the selectivity factor was below 1, indicating better
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binding as compared to SER, which is reasoned by the absence of the methyl group in
the chemical structure (Figure 1). Among the SSRI compounds, FLU and PXT had the
factors slightly above 1, meaning comparable binding, while the factor for ESC varied
between 2.7 and 2.9. The fact that ESC was the only SSRI with a tertiary amine in the
structure, together with the favorable α for NS, suggests the impact of steric hindrance
of the hydrogen bond-forming amino group on cross-reactivity. The size of the binding
site seemed to be of lesser importance, considering that PXT and FLU are larger molecules
as compared to SER and NS. BUC and BUP showed higher α in all three MIPs, which is
justified by them being less structurally related to the SSRI group. Additionally, their amino
groups are also sterically more hindered (tert-butyl group and tertiary amine).

Table 2. The capacity and selectivity factor of MIP5, MIP9, and MIP13 and the difference in binding of each compound
between MIP and the corresponding NIP at 1 mM concentration of each tested analyte.

MIP5 MIP9 MIP13

Compound
Capacity
(mg·g−1)

Selectivity
Factor (α)

% (MIP-
NIP)

Capacity
(mg·g−1)

Selectivity
Factor (α)

% (MIP-
NIP)

Capacity
(mg·g−1)

Selectivity
Factor (α)

% (MIP-
NIP)

SER 26.6 ± 0.6 1.0 8.4 24.4 ± 0.4 1.0 17.4 11.0 ± 0.3 1.0 25.6
NS 26.3 ± 0.3 0.8 7.2 23.1 ± 0.4 1.0 17.1 13.0 ± 0.1 0.7 33.5

FLU 25.3 ± 0.6 1.3 4.9 22.4 ± 0.4 1.2 16.2 10.3 ± 0.2 1.1 25.3
ESC 20.3 ± 0.5 2.9 4.7 18.8 ± 0.6 2.7 14.8 5.5 ± 0.2 2.8 10.8
PXT 27.3 ± 0.1 1.0 3.4 26.3 ± 0.4 1.0 16.8 11.3 ± 0.1 1.1 25.0
BUP 7.9 ± 0.1 9.6 2.2 6.5 ± 0.3 9.8 8.0 3.5 ± 0.3 3.3 12.3
BUC 10.3 ± 0.3 8.7 9.4 9.7 ± 0.3 7.0 9.4 2.2 ± 0.4 7.0 6.1

In general, the capacities of the three MIPs for SSRIs followed the same pattern as
in SER binding. The highest capacity was observed in MIP5, closely followed by MIP9,
and with more than half-lower capacities observed in MIP13 (Figure S1). Furthermore,
we compared the binding to the corresponding NIPs. The difference between MIP and NIP
was the largest in the case of MIP/NIP13 and the lowest in MIP/NIP5 (Table 2).

3.3. Time to Reach the Equilibrium

The time to reach equilibrium was tested for the chosen polymers and AC. A 0.1 mM
test mixture was added. Figure S2 illustrates that for AC, the equilibrium was reached
within 1 h; in cases of MIP5 and MIP9, the equilibrium was reached in 4 h; and for MIP13,
in 20 h. For the NIPs, similar times to reach the equilibrium were shown as for their
corresponding MIPs. As also depicted from Figure 4, AC non-selectively bound all the
available compounds until their concentrations in the solvent reached below the limit of
quantification (LOQ ≈ 0.001 mM).
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Figure 4. The impact of matrices (UW, artificial wastewater (WW1), and actual wastewater (WW2)) on the performance of
MIPs, NIPs, and AC in the batch rebinding test.

3.4. Effect of WW Matrix

With the underlying objective to remove pharmaceuticals from WWs, we tested the
capacity of MIPs to bind them. This way, we evaluated the ability of MIPs to be applied
as sorbents in WW treatment systems. Aiming to get closer to the conditions during
WW treatment, we employed the pH adjusted to 6–8 and simulated actual WW matrix
composition. By comparing the results between the binding of BUP, BUC, ESC, PXT, NS,
FLU and SER in UW, WW1, and WW2, we observed large differences in the removals of the
test compounds (Figure 4), whereas AC removed all the tested compounds in any matrix
to below LOQ concentrations (0.001 mM). In contrast with our expectations, as shown
in Figure 4, the removal efficiencies of MIPs were lowest in UW and highest in the most
complex matrix, WW2. In line with the trends shown in the capacity experiments, MIP5
and MIP9 showed best performance, closely followed by NIP5, NIP9, MIP13, and finally
NIP13. By investigating the reason for such behavior, we determined the pH and COD
of each inspected matrix. The pH values of UW, WW1, and WW2 were approximately 7,
7.2, and 8.2, respectively, whereas we measured COD at <15 mg·L−1 for WW1 (LOQ of
the test) and 379 mg·L−1 for WW2. On the contrary, the literature reports either no change
(up to 690 mg·L−1 COD) or a slight decrease in adsorption of their chosen templates to
their MIPs at high COD values (over 800 mg·L−1) [52–55]. The MIPs in these cases used
similar reagents to those in our synthesis, i.e., MAA and EGDMA, albeit in different ratios,
and employed DCM or ACN as porogens and 2,2′-azobisisobutyronitrile (AIBN) as the
initiator [52–55]. Hence, we did not expect the higher COD values to be the cause behind
the increased removal.

In order to deeper investigate the reasons behind the positive impact of matrix com-
plexity on the removal of pharmaceuticals, we performed the rebinding experiments at
different pH values and salt concentrations. Here, the imprinted and non-imprinted
polymers showed similar trends, with the most notable differences for MIP and NIP13,
as portrayed in Figure 5. The pH in the range of 6 to 8 had almost no influence on the bind-
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ing with differences below 1%. The only exception was NIP13, with differences between
pH 6 and pH 8 ranging up to 7.8%. On the other hand, the increasing salt concentration
improved the removal of pharmaceuticals. This finding was further supported by the
improved binding found during the pH tests, which were performed in phosphate buffer,
as compared to the binding in UW. Our results are consistent with the findings of Kempe
and Kempe (2010), where elevated concentrations of salts had a significant influence on
the removal of penicillin G from solution and followed the Hofmeister series. As seen
in Kempe and Kempe (2010), the higher removal was of non-specific nature, observed in
both MIP and NIP [46]. The kosmotropic ions seem to promote the formation of stable
interactions between the polymers and tested compounds. Since phosphate ions are more
kosmotropic than chloride ions, this would also explain the larger effect in the buffer
solutions, despite their lower concentrations [56].

Figure 5. The effect of pH and presence of salt ions in MIP13 and NIP13.

3.5. Upscale Experiment

The performance of the materials was evaluated as the difference between the initial
concentration and the remainder extracted by Oasis HLB SPE. This way, we avoided
underestimating the performance of AC, since completely eluting compounds off the AC
is a known difficulty [23]. The results on the performance of selected materials in the
upscale experiment are shown in Figure 6. The main difference from the batch (mini-MIP)
experiments is the less efficient binding to AC (Figure 6). The two main reasons behind this
may involve the shorter contact time between the material and WW, or lower capacity of
the material due to the non-specific binding of other matrix components. Since in the batch
experiment AC showed shortest time to reach equilibrium, the latter is more probable.
Furthermore, several reports showed AC performance deteriorating with an increase of
matrix complexity (e.g., COD, total dissolved solids) [23,55].
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Figure 6. The remainder of compounds detected in the Oasis HLB extracts in the upscale experiment.

In the Oasis HLB extracts from MIP5, NIP5, and MIP9, none of the investigated pharma-
ceuticals were detected. On the contrary, as expected, their highest remainder was determined
in the Oasis HLB extracts from NIP13, again implying its lowest binding capacity.

While non-specific rebinding is not desired in MIPs that are used, for example, in sam-
ple preparation or chromatography, we show here that this phenomenon is favorable in
WW treatment. As Le Noir et al., (2007) pointed out, it only becomes a problem if it causes
lower capacity and affinity of the selective binding [39]. MIP5 and MIP9 both showed
higher capacities compared to MIP13, and even NIP5 and NIP9 performed better under
tested conditions. This means that a larger amount of MIP13 would have to be used to
achieve the competitive removal efficiencies. However, specific interactions of MIPs will
likely play a more important role at higher volumes and more complex matrices. At the
same time, we show that the NIPs, which are based on non-specific binding only, are less
negatively affected by matrix, as compared to AC, and along with their easy recyclability
they could therefore pose a less expensive alternative for the removal of pharmaceuticals.

3.6. Leaching

As an alternative to sorption in WW treatment, we also considered the developed
MIPs for SPE extraction of environmental samples. As for our hypothesis, MIP could be
employed as an SPE sorbent in order to selectively extract targeted compounds, thus reduc-
ing the suppressing effect of matrix interferences in further liquid chromatography coupled
to mass spectrometry (LC–MS) analysis. Such sorbents may potentially be employed in a
highly sensitive analytical method for an ultra-trace level determination of contaminants
in WW [57]. MIPs have previously been used for SPE several times [58–61]. However,
given the fact that the template in polymerization (SER) is also the analyte in the LC–MS
method, the MIP sorbent would have to pass the “leaching test”, which means that it
would have to show a negligible leaching and thus avoid interfering with the assessment
of trace-level analytes in the subsequent LC–MS analysis. Leaching of SER from the ma-
terial was tested on UHPLC-QTRAP, applying the instrumental method developed by
Gornik et al., (2020a) [9]. By using 5 mL of 1% TFA in MeOH, we eluted up to 3.5 µg of
SER from the MIPs. Alternative methods for template removal, such as microwave or
ultrasound-assisted extraction, heating under pressure, or even the use of another acid dur-
ing Soxhlet extraction, could have lessened the leaching from the MIPs. On the other hand,
the more extreme conditions could also have damaged or distorted the imprinted cavities
and thus decreased the selectivity, affinity, and capacity of the MIPs [62,63]. Furthermore,
the synthesis of MIPs and the subsequent washing procedures triggered the formation
of SER transformation products (NS, SEK, hydroxyl-SER) [9], which in turn leached off
the materials, thus interfering the environmental analysis. Unfortunately, this makes the
material inappropriate for the determination of SER residues including its metabolites
and transformation products at trace levels. Finding an appropriate dummy template that
would substitute SER and produce a MIP cross-reactive towards SSRI could be a viable
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solution to such a problem [35]. Nonetheless, the synthetized material can still be applied
to SPE of the remaining tested pharmaceuticals (Figure 1).

3.7. Characterization

The FTIR spectra for the chosen MIP/NIP pairs 5, 9, and 13 can be found in Figure 7.
The broad band visible at approximately 3500 cm−1 corresponds with the stretching
vibration of the hydroxyl group from MAAs COOH group. The stretch bands around
2950 cm−1 in all the spectra are part of the C–H vibration present in MAA, mMA, HEMA,
and EGDMA. The band around 1720 cm−1 represents the vibration from the carboxylic
C=O group that can be associated with the C=O groups from MAA, mMA, and EGDMA.
The 1250 and 1140 cm−1 stretch bands contributed to the stretching of C–O also present
in all three compounds. The stretch bands corresponded with the polymerized material.
Since the composition of the synthetized materials did not vary strongly, the resulting FTIR
spectra were accordingly similar.

Figure 7. The FTIR spectra of MIPs and NIPs 5, 9, and 13.

55



Polymers 2020, 13, 120

The results of the elemental analysis of the MIP and NIP pairs 5, 9, and 13 are reported
in Table 3. The results are in accordance with the expected values of the synthetized
material. With this measurement, we confirmed that the added reagents reacted in the
expected ratio.

Table 3. Results of the elemental analysis for MIPs and NIPs 5, 9, and 13.

MIP 5 % C % H NIP 5 % C % H

Theoretical 60.21 7.11 Theoretical 60.21 7.11
Actual 59.56 7.81 Actual 59.68 8

Deviation 0.65 −0.7 Deviation 0.53 −0.89

MIP 9 % C % H NIP 9 % C % H

Theoretical 59.99 7.28 Theoretical 59.99 7.28
Actual 59.55 8.18 Actual 60.2 8.25

Deviation 0.44 −0.9 Deviation −0.21 −0.97

MIP 13 % C % H NIP 13 % C % H

Theoretical 59.27 7.23 Theoretical 59.27 7.23
Actual 57.00 7.60 Actual 58.03 8.17

Deviation 2.27 −0.37 Deviation 1.24 −0.94

The BET surface area, pore size, and pore volume of the MIPs and NIPs are reported
in Table 4. As expected, the larger the surface area and pore volume of the tested polymers,
the higher the reported capacity and affinity. All three parameters were comparable
between MIP and NIP pairs 5 and 9, with BET surface areas for MIP/NIP 5 in the 200 m2

·g−1

range and MIP/NIP 9 at the 100 m2
·g−1 range. However, NIP13 exhibited a more than

five times lower BET surface area and pore volume compared to its corresponding MIP
(Table 4). A similar difference was observed in MIP and NIP pairs using HEMA as the
copolymer in toluene in the research by Dirion et al., (2003). They reported that stronger
swelling was observed for the NIPs and similar elution times measured for void markers
(acetone or MeOH) in their chromatographic evaluations of the polymers. This indicated a
smaller difference between the MIP and NIP in their swollen state.

Table 4. Brunauer–Emmett–Teller (BET) surface area of MIPs and NIPs 5, 9, and 13.

Material BET Area (m2
·g−1) Pore Size (nm)

Pore Volume
(cm3

·g−1)

MIP5 193.8 7.7 0.374061
NIP5 262.1 7.2 0.470623

MIP9 136.0 10.3 0.349167
NIP9 125.7 9.6 0.300946

MIP13 27.4 7.6 0.051835
NIP13 5.5 6.6 0.009074

The SEM images of the surface of our polymers in Figure 8 support the surface area
and pore volume measurements. While the morphology of MIP5/NIP5 and MIP9/NIP9
were comparable, the surfaces of MIP13 and NIP13 were dissimilar. These differences in
the morphology between MIP and NIP 13 indicate that care should be taken when NIPs
are used for the evaluation of MIP selectivity. Comparing a material imprinted with a
completely different compound or the determination of α between the template and other
compounds can offer more information [35,48].
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Figure 8. SEM images of MIPs and NIPs 5, 9, and 13.

Compared to AC with a surface area of 1400 m2
·g−1 [64], the surface areas of MIPs

and NIPs were 5 to 253 times lower. Nevertheless, some of them showed superior binding
characteristics in WW.

4. Conclusions

This study investigated the ability of MIPs imprinted with the free base form of SER to
remove SSRIs and their metabolites. The functional monomers and porogens revealed a strong
impact on the capacity, affinity, and selectivity of the synthetized MIPs. The three selected
MIPs showed cross-reactivity towards the SSRIs and the metabolite norsertraline, whereas
they bound a lesser amount of the competitors BUP and BUC. Further, the loss of selectivity
towards the metabolite SEK was probably due to the loss of the amino group, which was thus
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found crucial for selective binding to the MIP. The performance of both the imprinted and
non-imprinted materials was strongly influenced by the presence of salt ions, which improved
their performance in WW. The performance of MIPs was stable throughout WW-relevant pH
range 6–8. Compared to AC, the synthetized polymers had at least five times lower surface
area and required a longer equilibration time. This slower mass transfer was particularly
evident when selective binding was the main driving force behind the removal, as observed
in MIP13. However, the capacity in WW for two out of the three tested MIPs surpassed that of
AC, and thus both the non-specific and specific interactions showed an important role for the
removal from WW. The surface area calculated from the BET isotherm for the MIPs correlated
with a higher removal and more non-specific interactions. The advantage of the MIPs is also
their reusability that, together with the lower number of regeneration cycles needed due to
slower fouling, will cut the costs of the treatment. Unfortunately, the MIPs were found
inappropriate for SPE of samples containing trace levels of SER due to continuous leaching
of the template and its degradation products. Future work should include a large-scale
experiment confirming the advantages of the synthetized material for the removal of SSRIs
from WW.
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Abstract: A nonwoven fabric adsorbent loaded with 2-ethylhexyl hydrogen-2-ethylhexylphosphonate
(EHEP) was developed for the separation and recovery of dysprosium (Dy) and neodymium (Nd)
from an aqueous solution. The adsorbent was prepared by the radiation-induced graft polymerization
of a methacrylate monomer with a long alkyl chain onto a nonwoven fabric and the subsequent
loading of EHEP by hydrophobic interaction and chain entanglement between the alkyl chains.
The adsorbent was evaluated by batch and column tests with a Dy (III) and Nd (III) aqueous solution.
In the batch tests, the adsorbent showed high Dy (III) adsorptivity close to 25.0 mg/g but low Nd (III)
adsorptivity below 1.0 mg/g, indicating that the adsorbent had high selective adsorption. In particular,
the octadecyl methacrylate (OMA)-adsorbent showed adsorption stability in repeated tests. In the
column tests, the OMA-adsorbent was also stable and showed high Dy (III) adsorptivity and high
selectivity in repeated adsorption–elution circle tests. This result suggested that the OMA-adsorbent
may be a promising adsorbent for the separation and recovery of Dy (III) and Nd (III) ions.

Keywords: selective adsorption; dysprosium; neodymium; fabric adsorbent; radiation; graft polymerization

1. Introduction

Rare earths including scandium, yttrium, and 15 lanthanoid elements, have recently become
indispensable materials for the high-tech industry. Due to the uneven distribution of rare-earth sources
in the world, almost all rare earths are supplied by limited countries [1]. Therefore, it is necessary to
recycle used rare earths to ensure a stable supply of these materials in many countries [2–7]. Among the
rare earths, dysprosium (Dy) and neodymium (Nd) are listed as “critical materials” by the United States
due to supply issues and their importance to electronics and electrical technology [8,9]. For example,
neodymium and dysprosium are key components of permanent magnets, such as NdFeB magnets.
The demand for the separation and recovery of dysprosium and neodymium from used permanent
magnets and scraps generated during manufacturing is increasing [10–20].

The technology for the separation and recovery of dysprosium and neodymium from used
permanent magnets has been extensively studied [21,22]. The most common method of recovering
dysprosium and neodymium from waste materials involves leaching them in an acid solution and
purifying the leached ions by solvent extraction [11–13,23]. Organophosphorus compounds such as
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2-ethylhexyl hydrogen-2-ethylhexylphosphonate and di(2-ethylhexyl)phosphoric acid, carboxylic acid
such as neodecanoic acid and naphthenic acid, and methyltrioctylamine chloride are usually used as
extractants for rare-earth ions due to their good separation and recovery performance [22–26]. However,
solvent extraction requires a large number of separation steps, a long processing time, and a large space
for all necessary equipment. On the other hand, other methods such as chemical precipitation and ionic
liquids extraction are also used for the separation and recovery of rare earths. Although the chemical
precipitation process is simple and low in cost, the purity and recovery ratio of the resulting product
are usually low, while the ionic liquid extraction cost is high for actual application [21]. Currently,
the effective separation and recovery of rare earths from an aqueous solution requires relatively simple
processes [27,28]. Adsorption techniques using adsorbents, such as inorganic particles, ion-exchange
resins, and polymer ligands, are attractive for the separation and recovery of rare-earth ions [29–36].
This is because the adsorption process does not require much energy and water and can be easily
operated anywhere by batch or column methods [37].

Inorganic particles, such as clay minerals, activated carbon, and magnetite nanoparticles, are highly
suitable for removing heavy metals from water and wastewater. In many cases, these inorganic materials
show high adsorption but low selectivity [37–39]. On the other hand, adsorbents with special ligands or
chelating functional groups can be designed to selectively separate and recover target metal ions in water.
These adsorbents, including ion-exchange resins and polymer ligands, can be prepared by introducing
functional groups onto polymer materials by the radiation-induced graft polymerization method.
This method can introduce new functional properties while maintaining the properties of the trunk
polymers [40–48]. Various vinyl monomers have been radiation-grafted onto trunk polymers, such as
polyethylene [41,42], polypropylene [43,44], fluoropolymers [45], and cellulose [46,47]. Furthermore,
graft polymerization can be applied to various types of materials, such as films [45], fabrics [30,45–47],
fibers [46], and particles [48]. Various adsorbents have been developed using this technology for the
recovery and removal of metal ions from environmental water and industrial wastewater [46–51].
In the design of these adsorbents, it is important to select the most suitable functional groups based on
the metal ion that needs to be adsorbed.

We noticed that 2-ethylhexyl hydrogen-2-ethylhexylphosphonate (EHEP), used as an extractant
in the solvent extraction process, has two alkyl chains on each molecule [10,24,52]. In this study,
we attempted to load EHEP onto polyethylene-coated polypropylene (PE/PP) nonwoven fabrics to
develop a novel adsorbent for rare-earth ions. For this purpose, we grafted a polymerized methacrylate
monomer with a long alkyl chain onto the fabrics. The EHEP was then loaded onto the grafted fabrics
by hydrophobic interaction and chain entanglement between the alkyl chains. Here, since the EHEP is
only physically bonded on the fabrics by hydrophobic interaction and chain entanglement, the loss of
EHEP is a concern in practical applications. Therefore, the stability of EHEP-loaded adsorbents needs
to be confirmed for practical use.

Four methacrylate monomers with different alkyl chain lengths—butyl methacrylate (BMA),
hexyl methacrylate (HMA), dodecyl methacrylate (DMA), octadecyl methacrylate (OMA)—were
radiation-grafted onto the PE/PP nonwoven fabrics in this study. The grafted fabrics were then loaded
with EHEP to prepare the adsorbents. The adsorbents were tested in batch and column modes using
Dy (III) and Nd (III) ion solutions [18]. The effects of the alkyl chain length of the monomers on the
stability and adsorption performance of the EHEP-loaded absorbents were studied and evaluated.

2. Experimental

2.1. Materials

The trunk material used for graft polymerization was a nonwoven fabric composed of
polyethylene-coated polypropylene (PE/PP) fibers, provided by Kurashiki Textile Manufacturing
Co., Ltd., Kurashiki, Japan. The PE on the fiber surface is easy to be radiation-grafted, and the PP core
makes the fiber mechanically stronger. Furthermore, the PE/PP nonwoven fabric is relatively cheap
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among artificial fabrics and has a large specific surface. The four methacrylate monomers—butyl
methacrylate (BMA), hexyl methacrylate (HMA), dodecyl methacrylate (DMA), and octadecyl
methacrylate (OMA)—are of chemical reagent grade and were purchased from Fujifilm Wako Pure
Chemical Corporation, Tokyo, Japan. 2-Ethylhexyl hydrogen-2-ethylhexylphosphonate (EHEP) was
provided by Daihachi Chemical Industry Co., Ltd., Tokyo, Japan. The other reagents, such as Tween
20 surfactant, methanol, ammonia water, HCl solution, Dy (III) (Dy2O3 in 5 wt.% HNO3) standard
solution, and Nd (III) (Nd2O3 in 5 wt.% HNO3) solution, were purchased from Kanto Chemical Co.,
Inc., Tokyo, Japan. All chemicals were used without further purification. In this study, the deionized
Mili-Q water with a high resistivity of 18 MΩ cm was used.

2.2. Graft Polymerization of Methacrylate Monomers

Figure 1 shows the process of preparing the fabric adsorbents. Graft polymerization was performed
using a preirradiation method. In this study, either PE nonwoven fabric or PP nonwoven fabric could
be used as trunk polymers. However, the mechanical strength of common PE nonwoven fabric is
significantly lower than that of PP nonwoven fabric, while the PP nonwoven fabric deteriorates faster
than PE nonwoven fabric. Therefore, we chose the PE-coated PP nonwoven fabric as the polymer
trunk for radiation grafting. The PE/PP nonwoven fabric with a size of 5 cm × 8 cm was placed in
a polyethylene bag, purged with nitrogen gas to create an oxygen-free environment, and electron
beam preirradiated at −80 ◦C (dry ice) with a beam energy of 2 MeV at a current of 3 mA to generate
radicals on the fabric. The preirradiated fabric was removed and filled into a glass ampoule, which was
evacuated and filled with a nitrogen-bubbled monomer solution to immerse the fabric completely.
The ampoule was placed in a temperature-controlled oven. Under these conditions, the radicals
initiated graft polymerization. The monomer structures and grafting conditions are shown in Table 1.
After graft polymerization, the fabric was washed with methanol to remove residual monomers and
homopolymers and dried in an oven at 60 ◦C for more than 24 h.

 

Ω

−

−

Figure 1. Preparation of the fabric adsorbents by graft polymerization of methacrylate monomers and
the subsequent 2-ethylhexyl hydrogen-2-ethylhexylphosphonate (EHEP) loading.

The degree of grafting and the density of alkyl chains of the grafted fabrics were calculated using
the following equations.

Degree of grafting (%) = (Wg −W0)/W0 × 100 (1)

Density of alkyl chains (mmol/g) = 1000 × (Wg −W0)/M/Wg (2)

where W0 and Wg are the dry weights (mg) of the fabrics before and after graft polymerization, and M
is the molecular weight of the monomers as shown in Table 1.
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Table 1. Methacrylate monomers and grafting conditions used in this study.

Grafting Conditions **

Name Molecular Structures M *
Dose ***

(kGy)
Temp.
(◦C)

Time
(min)

Butyl methacrylate (BMA) CH2=CCH3COOC4H9 142 10 40 15

Hexyl methacrylate (HMA) CH2=CCH3COOC6H13 170 10 60 30

Dodecyl methacrylate (DMA) CH2=CCH3COOC12H25 254 300 60 180

Octadecyl methacrylate (OMA) CH2=CCH3COOC18H37 338 100 60 120

* M is the molecular weight of the monomers; ** For the monomer solutions, monomer concentrations were fixed at
5.0 wt.% in water for BMA, HMA, and DMA, and in a water/methanol mixture solvent (1:1 in weight) for OMA;
0.5 wt.% of Tween 20 surfactant was added to the monomer solutions. *** Preirradiation was performed at −80 ◦C
(dry ice) in an oxygen-free environment.

2.3. Loading of EHEP onto the Grafted Fabrics

A 50 wt.% EHEP solution of ethanol was uniformly dropped onto the grafted fabric for EHEP
loading. The EHEP-loaded fabric was dried in a vacuum oven at 40 ◦C to remove the ethanol solvent.
EHEP loading of the resulting fabric adsorbent was calculated by the following equation.

EHEP loading (mmol/g) = 1000 × (Wa −Wg)/306/Wa (3)

where Wa is the dry weights (mg) of EHEP-loaded fabric, and 306 is the molecular weight of
EHEP. The prepared fabric adsorbents with different monomers were named BMA-, HMA-, DMA-,
and OMA-adsorbent, respectively.

2.4. Characterization

Fourier transform infrared (FTIR) spectroscopic analysis was performed with an FTIR spectrophotometer
in the attenuated total reflectance (ATR) mode (Spectrum One, PerkinElmer, Inc., Tokyo, Japan).
The scanning range and resolution were 500–2500 cm−1 and 1 cm−1, respectively.

The hydrophobicity of the grafted fabric was examined by measuring the contact angle with a
contact angle meter (CA-X, Kyowa Interface Science Co., Ltd., Tokyo, Japan).

2.5. Batch Adsorption Tests

The prepared fabric adsorbent was evaluated by batch adsorption tests. The test solution contained
100 ppm Dy (III) and 100 ppm Nd (III). The pH of the test solution was adjusted to 2.0 by ammonia
water. The fabric adsorbent with a size of 2 cm × 2 cm was immersed in 50 mL of test solution in
a glass bottle. The bottle was placed on a shaker and shaken at a rate of 150 rpm at 25 ◦C for 3.0 h.
After the adsorption test, the adsorbent was washed with deionized water to remove the unadsorbed
ions on them.

To elute the adsorbed ions, the fabric adsorbent was immersed in 50 mL of 1.0 M HCl solution in
a glass bottle, and the bottle was shaken at a rate of 150 rpm at 25 ◦C for 1.0 h. After elution, the fabric
adsorbent was washed with deionized water and adsorption was repeated under the same conditions
as the first adsorption test.

The ion concentrations in the adsorption and elution solutions were analyzed before and after
each test with an inductively coupled plasma optical emission spectrometer (ICP-OES, Optima 8300,
PerkinElmer, Inc., Tokyo, Japan). The adsorptivity (mg/g) of the fabric adsorbent was calculated
as follows.

Adsorptivity (mg/g) = 1000 × (C0 − Ci) × V/Wa (4)

where C0 (mg/mL) and Ci (mg/mL) are the metal ion concentrations in the solution before and after the
adsorption, respectively, and V (mL) is the volume of the solution.
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2.6. Column Adsorption Tests

For the column adsorption tests, the fabric adsorbent with a diameter of 7.0 mm was packed into a
column with an inner diameter of 7.0 mm. The volume of the adsorbent packed in the column was
0.2 mL. The test solution (100 ppm Dy (III) and 100 ppm Nd (III), pH 2) was passed through the column
at a space velocity (SV) of 100 h−1 at 25 ◦C. The SV is calculated by dividing the solution flow rate
(mL/h) by the volume of adsorbent in the column (fixed at 0.2 mL in this study). A fraction collector
was used to continuously collect the effluent from the column, and the ion concentrations were detected
by ICP-OES. By plotting the relationship between Ci and bed volume (BV), the ion concentration curve
of the effluent was obtained. Here, Ci is the ion concentration of the effluent at BV, and BV is calculated
by dividing the total effluent volume from the column by the adsorbent volume (0.2 mL).

The adsorptivity (mg/g) of the adsorbent packed in the column was calculated by the following equation

Adsorptivity (mg/g) = 1000 ×
∑

(C0 − Ci) ∆Vi/Wa (5)

where ∆Vi (mL) and Ci (mg/mL) are the volume and concentration of each collected effluent during
the adsorption, respectively.

After the adsorption test, the adsorbent was thoroughly washed by passing deionized water
through the column. Then, 1.0 M HCl solution of the eluent was passed through the column with a
space velocity of 100 h−1 at 25 ◦C until no metal ions were detected in the effluent. The eluted amount
(mg/g) and recovery ratio were calculated by the following equations.

Eluted amount (mg/g) = 1000 ×
∑

Ci ∆Vi/Wa (6)

Recovery ratio (%) = Eluted amount ⁄ Adsorptivity × 100 (7)

where ∆Vi (mL) and Ci (mg/mL) are the volume and concentration of each collected effluent during
the elution, respectively.

After the elution test, the adsorbent in the column was thoroughly washed with deionized water
and used for the adsorption test again to evaluate its stability.

3. Results and Discussion

3.1. Synthesis of EHEP-Loaded Adsorbent

The adsorbent was prepared by the radiation-induced graft polymerization of methacrylate with
a long alkyl chain onto PE/PP nonwoven fabric and the subsequent loading of EHEP by hydrophobic
interaction and chain entanglement between the alkyl chains. Here, the EHEP organophosphorus
compound has a special affinity for Dy (III) ions. The grafting results and the density of EHEP loading
are summarized in Table 2.

Table 2. Degree of grafting and alkyl group density of the grafted fabrics, and the EHEP loading of the
corresponding adsorbents.

Grafted Monomers Degree of Grafting (%)
Alkyl Group

Density * (mmol/g)
EHEP Loading **

(mmol/g)

Butyl methacrylate (BMA) 51 2.39 1.24

Hexyl methacrylate (HMA) 62 2.24 1.26

Dodecyl methacrylate (DMA) 102 1.99 1.24

Octadecyl methacrylate (OMA) 219 2.03 1.22

* Alkyl group density of the monomer-grafted fabric was calculated using Equation (2); ** EHEP loading was
calculated by the weight increase of the grafted fabric before and after EHEP loading using Equation (3).
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As shown in Table 2, four monomers with different alkyl chain lengths—BMA, HMA, DMA,
and OMA—were radiation-grafted onto the fabrics. For comparison, the alkyl chain density in the
grafted fabric was adjusted to be close to 2.0 mmol/g. For this reason, the degree of grafting was
significantly different for each monomer and increased in proportion to the molecular weight of the
grafted monomer. For example, to obtain a similar alkyl chain density of 2.0 mmol/g, the degree of
grafting for the BMA is 51%, while it is 219% for the OMA. The latter is approximately four times
higher than that of the former.

To obtain similar alkyl chain densities of the grafted fabrics, BMA grafting was carried out by
immersing the 10 kGy preirradiated fabric into a 5.0 wt.% BMA emulsion at 40 ◦C for 15 min, while for
HMA grafting, a higher temperature of 60 ◦C and longer grafting time of 30 min were needed. We also
carried out BMA grafting at 60 ◦C. However, the grafting rate was too fast to control the graft yielding.
For monomers with longer alkyl chains, preirradiation doses higher than 100 kGy were used to generate
more radicals in the fabrics. This is because the steric hindrance effects of the monomers inhibited
the graft polymerization from reaching a high degree of grafting. Furthermore, a mixture solvent of
methanol and water in the ratio of 1:1 was used for OMA grafting. Here, the addition of methanol to
the monomer solution increased the affinity between the fabric and the monomer, thereby enhancing
the radiation grafting [53].

The loading of EHEP onto the grafted fabric was achieved by dropping the EHEP solution of
ethanol onto the grafted fabric to reach a loading density of approximately 1.2 mmol/g. After removing
ethanol by evaporation, the adsorbent was obtained.

3.2. Materials Characterization

The FTIR results shown in Figure 2 confirmed that the BMA, HMA, DMA, and OMA monomers
were graft polymerized onto the PE/PP nonwoven fabrics and EHEP was loaded onto the OMA-grafted
fabric. The peaks of the PE/PP nonwoven fabric only appeared at 1472, 1462, 1375, 731, and 718 cm−1,
corresponding to the characteristic absorptions of PE [54], indicating that the PP fiber was completely
coated by PE. After grafting, new peaks at 1730 and 1155 cm−1, attributed to the C=O and C–O
stretching of methacrylate, respectively, were observed (Figure 2b–e) [55,56]. After loading EHEP
onto the OMA-grafted fabric, new peaks at 1250 (P–O–C), 1050 (P–O–C), and 980 (P=O) cm−1 were
observed, as shown in Figure 2f [25]. These results indicated that the methacrylate monomers were
grafted onto the fabrics and EHEP was loaded onto the OMA-grafted fabric.

 

−

−

−

  
Figure 2. FTIR spectra of (a) PE/PP nonwoven fabric, (b) BMA-grafted PE/PP nonwoven fabric,
(c) HMA-grafted PE/PP nonwoven fabric, (d) DMA-grafted PE/PP nonwoven fabric, (e) OMA-grafted
PE/PP nonwoven fabric, and (f) OMA-adsorbent prepared by loading of EHEP onto the OMA-grafted
PE/PP nonwoven fabric.
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The surface properties of the BMA-, HMA-, DMA-, and OMA-grafted fabrics were evaluated by a
contact angle meter. A high contact angle indicates the high hydrophobicity of the sample. Pictures
of water droplets on the surface with the smallest and largest contact angles are shown in Figure 3a,
b, respectively. The contact angle of the BMA-grafted fabric was 97◦ (Figure 3a), while that of the
OMA-grafted fabric was 112◦ (Figure 3b). For comparison, the contact angles of the grafted fabrics are
summarized in Figure 3c. The contact angle increased with the increase of the alkyl chain length of the
grafted monomers. The OMA-grafted fabric had the highest hydrophobicity due to the longest alkyl
chains of the grafted monomers as well as the highest degree of grafting (see Table 2). It was expected
that the grafted fabric with high hydrophobicity was more conducive to the physical bonding of the
alkyl chain of EAEH for loading.

 

 

Figure 3. Water droplets on the BMA-adsorbent (a) and OMA-adsorbent (b). Contact angle of the
water droplets on the four fabric adsorbents (c).

3.3. Batch Adsorption Tests

The adsorbent performance was evaluated in advance by a batch adsorption test. The aqueous
solution of 100 ppm Dy (III) and 100 ppm Nd (III) at pH 2 was used as the adsorption solution.
After adsorption, the adsorbent was immersed in 1.0 M HCl solution to completely elute the adsorbed
ions and washed with adequate water to conduct the adsorption test again.

The results of the batch adsorption test are shown in Table 3 and Figure 4. In the first adsorption
test, all adsorbents had similar Dy (III) adsorptivity around 25.0 mg/g. The EHEP loaded in the fabric
is a cationic extractant, which is known to extract metal ions from aqueous solution and can be labeled
HA. The adsorption is an ion-exchange process in which one Dy (III) ion combines three EHEPs to
form a DyA3 structure in the adsorbent [57,58]. The similar adsorptivity was due to the similar EHEP
loading (1.20 mmol/g) of the four adsorbents. However, the Nd (III) adsorptivity for each adsorbent
was considerably small (less than 1.0 mg/g). Therefore, the EHEP-loaded adsorbents had a high
adsorption selectivity for Dy (III) and could be used for separation and recovery.

Table 3. Summary of the first and repeated batch adsorption tests.

Adsorbents

1st Adsorption * Repeated Adsorption **

Wa/WbWb

(mg)
CDy-1

(mg/g)
CNd-1

(mg/g)
CDy-r

(mg/g)
CNd-r

(mg/g)
Wa

(mg)

BMA 54 28.6 0.1 11.4 0.1 40 0.74
HMA 66 26.2 0.6 15.0 0.1 51 0.77
DMA 80 24.9 0.4 22.7 0 74 0.93
OMA 86 26.0 1.0 25.3 0.8 82 0.95

* First adsorption was performed using the new adsorbent, and Wb is the dry weight of the new adsorbent, CDy-1
and CNd-1 are the Dy(III) and Nd(III) adsorptivities of the first adsorption, respectively; ** Repeated adsorption
was performed after the adsorbent diluted and adequate water-washed, CDy-r and CNd-r are the Dy(III) and Nd(III)
adsorptivities of the repeated adsorption, respectively, and Wa is the dry weight of the used adsorbent after the
repeated adsorption and dilution.
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Figure 4. The Dy (III) and Nd (III) adsorptivity of the four nonwoven fabric adsorbents. (a) First adsorption
test. (b) Second adsorption test using the refreshed adsorbents after elution and washing. Initial adsorption
solution: 100 ppm Dy (III) and 100 ppm Nd (III) at a pH of 2.0 at 25 ◦C.

In the repeated adsorption tests, the OMA-adsorbent retained a high Dy (III) adsorptivity
of 25.3 mg/g. In contrast, the Dy (III) adsorptivities of BMA-, HMA-, and DMA-adsorbents were
significantly reduced to were 11.4, 15.0, and 22.7 mg/g, respectively. The decrease of Dy (III) adsorptivity
might be due to the loss of EHEP loaded in the fabric during the repeated tests. As shown in Table 3,
after repeated adsorption tests, the weight of the OMA-adsorbent was almost unchanged, while the
weight of the BMA-adsorbent was reduced by 26%. The shorter the alkyl chain length of the grafted
monomer, the more the weight of the adsorbent decreased due to the loss of EHEP. According to these
results, the OMA-adsorbent with the longest alkyl chain was chosen for the column adsorption test.

3.4. Column Adsorption Tests

Column adsorption and elution were carried out using the same adsorption and elution solutions
as the above batch tests. The solution was passed through the column at a space velocity of 100 h−1.
As shown in Figure 5, the Dy (III) was completely adsorbed up to a higher bed volume (BV) of 80.
After that, the concentration of Dy (III) in the effluent gradually increased, reaching 98 ppm at a BV of
400 (similar to the concentration of the fed solution, 100 ppm). The total Dy (III) adsorbed from the
solution was calculated using Equation (5) to be 43.6 mg/g. The adsorption is an ion-exchange process
between the metal ions and the proton of EHEP loaded in the fabrics; that is, one Dy (III) ion can bond
with three phosphate groups. Therefore, for a 1.2 mmol/g EHEP-loaded adsorbent, the calculated
adsorption capacity is close to 64.8 mg/g. The detected value of 43.6 mg/g is lower than the calculated
value, which is due to the adsorption equilibria at the low Dy (III) concentration of the feed solution.
Even then, it is still much higher than in the case of using hybrid silica nanoparticles, as reported by
Topel et al., where the Dy (III) adsorption is 0.019 mmol/g or 30.9 mg/g [57]. In contrast, the Nd (III)
was completely adsorbed up to a lower BV of 40, and the Nd (III) concentration rapidly increased up to
130 ppm at a BV of 144, which was higher than that of the fed solution (100 ppm). This is because the
adsorbed Nd (III) was replaced by Dy (III), indicating that the OMA-adsorbent was favorable for Dy
(III) adsorption. The Nd (III) adsorptivity of the adsorbents in the column was also calculated using
Equation (5) to be 4.2 mg/g, which was one-tenth of the Dy (III) adsorption.

The adsorbed Dy (III) and Nd (III) were eluted by passing 1.0 M HCl solution through the column.
The maximum concentrations of Dy (III) and Nd (III) in the effluent were 373 and 38 ppm, respectively.
The recovery ratios of Dy (III) and Nd (III) calculated using Equations (6) and (7) were 99% and 98%,
respectively, indicating that almost all metal ions were eluted by the 1.0 M HCl solution within a BV of
160 (from 550 to 710 BV in Figure 5).
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After the first adsorption, water washing, HCl elution, and water washing, the repeated column
test was continued (Figure 5). The concentration curves of Dy (III) and Nd (III) for the repeated
adsorption test show similar behavior as the first adsorption test. These results indicate that the
OMA-adsorbent was stable for repeated use in the separation and recovery of Dy (III) and Nd (III) ions
from an aqueous solution.

 

 
Figure 5. Profile of the adsorption and elution of Dy (III) and Nd (III) ions with an OMA-adsorbent.
Adsorption solution: 100 ppm Dy (III) and 100 ppm Nd (III), pH 2.0; elution solution: 1.0 M HCl;
space velocity (SV) = 100 h−1; temperature = 25 ◦C; the total 1200 BV means that the adsorption–elution–
adsorption process was operated for 12 h under the fixed space velocity of 100 h−1.

4. Conclusions

A fabric adsorbent for the separation and recovery of Dy (III) and Nd (III) from an aqueous
solution was successfully prepared by graft polymerization of methacrylate with a long alkyl chain
onto the nonwoven fabric and loading EHEP by hydrophobic interaction and chain entanglement
between the alkyl chains.

In the batch adsorption tests, the adsorbents showed a high Dy (III) adsorptivity above 25.0 mg/g
and a low Nd (III) adsorptivity below 1.0 mg/g, indicating that the adsorbents had a high Dy (III)
selective adsorption. However, only the OMA-adsorbent with the longest alkyl chain was stable and
retained its high Dy (III) adsorption performance in repeated adsorption tests.

In the column adsorption test with the OMA-adsorbent, the adsorptivities of Dy (III) and Nd (III)
were 43.6 and 4.2 mg/g, respectively. The Dy (III) adsorptivity was approximately ten times higher
than that of the Nd (III) adsorptivity. Similar adsorption performance of the adsorbents was observed
in the repeated tests. These results demonstrate that the OMA-adsorbent was stable for repeated
use. The high stability of the OMA-adsorbents due to the loss of EHEP was suppressed by the strong
hydrophobic interaction and chain entanglement between the long alkyl chains.

The OMA-adsorbent can be synthesized easily and economically by immersing the irradiated
nonwoven fabric in the monomer solution and EHEP solution in sequence. The obtained adsorbent can
be used in batch mode or column mode without any other separation process. Even if the adsorbent
is operated in a strong acid, it is stable without any weight loss. Furthermore, the adsorbent has a
high selectivity to Dy (III) ions. Therefore, the OMA-adsorbent developed in this study can effectively
separate and recover Dy (III) and Nd (III) from an aqueous solution and is expected to contribute to
the recovery of rare-earth metals from NdFeB permanent magnet scraps in the future.
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Abstract: Herein, commercially available Dowex 5WX8, a cation exchange polymeric resin,
was modified through solvent impregnation with t-butyl phosphate (TBP) to produce a solvent
impregnated resin (SIR), which was tested for the removal of rhodamine B (RhB) from water in batch
adsorption experiments. The effect of SIR dosage, contact time, and pH on RhB adsorption was
studied and optimized by response surface methodology (RSM), interaction, Pareto, and surface
plots. Scanning electron microscopy (SEM) and Fourier transform infrared spectroscopy (FTIR)
were respectively used for characterizing SIR surface morphology and identifying active binding
sites before and after RhB adsorption. SEM showed that the pristine SIR surface was covered with
irregular size and shape spots with some pores, while RhB saturated SIR surface was non-porous.
FTIR revealed the involvement of electrostatic and π–π interactions during RhB adsorption on
SIR. Dosage of SIR, contact time, and their interaction significantly affected RhB adsorption on
SIR, while pH and its interaction with dosage and contact time did not. The optimum identified
experimental conditions were 0.16 g of SIR dose and 27.66 min of contact time, which allowed for
98.45% color removal. Moreover, RhB adsorption equilibrium results fitted the Langmuir isotherm
with a maximum monolayer capacity (qmax) of 43.47 mg/g.

Keywords: modified polymeric resin; t-butyl phosphate impregnation; polymer based adsorbents;
dye adsorption; response surface methodology

1. Introduction

Textile industries are among the largest consumers of water, dyes, and different types of chemicals,
resulting in the generation of large volumes of highly toxic effluents. The discharge of these effluents
without prior treatment can be lethal to the environment. Usually, the textile effluents are rich in color,
pH, chemical oxygen demand, inorganic salts, turbidity, and temperature [1]. According to the United
States Environmental Protection Agency (USEPA), textile waste is mainly divided into four principal
classifications, namely hard-to-treat, high volume, dispersible, and hazardous and toxic wastes [2].
Rhodamine B (RhB) is one of the most widely used cationic water-soluble organic dyes, and it is toxic to
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aquatic environments. It reduces sunlight penetration into water bodies, which can be lethal for aquatic
life due to limited availability of oxygen for respiration [3–5]. Therefore, before effluent discharge, it is
necessary to apply intensive treatment processes to minimize its concentration in water bodies.

Membrane filtration, flocculation, biological treatments, photocatalytic oxidation, and adsorption [6–
10] are some of the commonly used textile effluent treatment processes. On the other hand, the application
of polymer materials in water treatment and selective sequestration has impressively developed
in the last decades, with the production of novel materials and composites, post-polymerization
modifications, introduction of functional groups, and development of supramolecular assemblies and
nanomaterials [11–16]. However, these methods have their own limitations and efficiencies in terms of
cost effectiveness. Recently, functionalized polymeric resins have become an alternative to commercial
activated carbon and other adsorbents due to economic concerns and regeneration properties. Polymeric
resins are characterized by their high surface area, moderate swelling, and narrow pore size distribution.
In order to improve the adsorption characteristics of such resins, their surface properties can be modified
using the advantage of adsorbate and adsorbent interaction. Mostly, ion-exchange resins are prepared by
styrene divinylobenzene cross-linked co-polymer, which is comparatively lower in cost than activated
carbon and serve several advantages as a matrix [17]. Additionally, the polystyrene based matrix has the
potential to provide excellent chemical and physical stability together with resistance to degradation by
oxidation or hydrolysis. Apart from ion-exchange resins, solvent extraction and liquid–liquid extraction,
which work on the principle that solute distributes itself in a certain ratio with immiscible solvents, have
attracted considerable attention in recent years [18]. The merits of solvent extraction include rapid and
very selective separations that are usually highly efficient [18]. Solvent impregnated resins (SIRs) pose
synergic merits of both ion-exchange and solvent extraction. A SIR is described as a liquid complexing
agent dispersed homogeneously in a solid polymeric medium. In SIR removal processes, a specific
solute is extracted from the aqueous phase to the organic phase inside the pores of the resin. The resin
acts as carrier of the solvent and reduces the entrainment and irreversible emulsification that occur
during solvent extraction [19]. Previously, a non-functional macroporous polymeric resin was used as
a polymeric support for the removal of dyes from wastewater [20]. However, macroporous resins have
lower retention capacity and slower kinetic diffusion compared to gel-type resins. Therefore, gel-type
resins have higher removal efficiency than conventional macroporous polymeric resins. Moreover,
the optimization of operational conditions for dye adsorption using SIR can improve the removal
efficiency of dye. Thus, in this study, a gel-type Dowex cation exchange resin was used to remove RhB
dye from aqueous solution. Moreover, the effect of interaction of operational conditions on the removal
of RhB dye was also studied. Response surface methodology (RSM) is effective, reliable, and very
comprehensive as compared to other conventional optimization processes [21]. It is a statistical tool
that is very effective for designing, analyzing, and optimizing the effect of independent factors for the
prediction of response output [21]. Therefore, the aim of this work was to investigate the operating
conditions for removal of RhB dye using a 23 full factorial design. Moreover, an equilibrium batch study
was performed at optimum conditions to study the mechanism of dye removal using SIR.

2. Experimental

2.1. Chemicals, Reagents, and Adsorbent

Dowex 5WX8 gel-type cation exchange resin (BDH, England, UK) with particle size 0.39–1.00 mm
and 50%–58% moisture content was used as an adsorbent. The resin contained a styrene divinyl benzene
matrix, having sulfonic acid as a matrix active functional group. Rhodamine B (RhB: C28H31ClN2O3)
(Sigma-Aldrich, Darmstadt, Germany) with respective color index and molecular weight 45170 and
479.2 g/mol, synonymously known as basic violet 10, was used as an adsorbate. Tributyl phosphate
(TBP: C12H27O4P) was obtained from Sigma-Aldrich, Darmstadt, Germany. All the chemicals and
reagents used during the study were of analytical reagent (A.R) grade or as itemized. Ultra-pure
deionized (D.I: Millipore, Burlington, MA, USA) water was used throughout the study.
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2.2. Synthesis of Solvent Impregnated Dowex 5WX8 Resin

Initially, Dowex 5WX8 resin was washed with D.I water in order to remove inorganic impurities
and monomeric material. Thereafter, the resin was overnight dried in an oven at 70 ◦C. The resin
was impregnated with TBP (hydrophobic in nature) through the wet impregnation method reported
elsewhere [22]. Briefly, undiluted TBP and resin in a volume to weight ratio of 6.0 was used to
impregnate resin in a conical flask. Resin was aged for 24 h in TBP to achieve highest impregnation
efficiency [20]. Further, the impregnated resin was separated from TBP through filtration and thoroughly
rinsed with D.I water to remove unimpregnated traces of TBP. Then, solvent impregnated Dowex
5WX8 resin (SIR) was ready to use for adsorption studies.

2.3. Characterization of Solvent Impregnated Dowex 5WX8 Resin

Fourier transform infrared (FT-IR: Is10 Nicolet Thermo Scientific, Waltham, MA, USA) analysis
was carried out to determine the available functional groups on Dowex 5WX8 resin and SIR (both
pristine and RhB saturated) surfaces. The surface morphology of Dowex 5WX8 resin and SIR (both
pristine and RhB saturated) was analyzed by scanning electron microscopy (SEM: Zeiss, model EVO
Ma10, Oberkochen, Germany).

2.4. Batch Scale Adsorption

The RhB adsorption studies over SIR were performed at room temperature by varying operation
parameters viz. initial pH (pHi: 2–8), SIR dose (m: 0.1–0.5 g), and contact time (t: 5–30 min). A series
of 10 mL RhB solutions of initial concentration Co: 100 mg/L were equilibration with 0.1–0.5 g SIR in
25 mL conical flasks over a shaker at 230 rpm. At predetermined contact times, solid/solution phases
were separated, and residual RhB concentrations in solutions were determined by using a Shimadzu
UV-Visible Spectrophotometer at λmax: 554 nm. The amount of RhB adsorbed at any time t onto SIR
was calculated as:

Adsorbed concentration at time t (qt, mg/g) = (Co −Ct) ×
V
m

(1)

where V (L) is the volume of RhB solution, Co (mg/L) is the initial RhB concentration, Ct (mg/L) is the
remaining RhB concentration in solution at any time t, and m (g) is the mass of SIR.

The amount of RhB adsorbed on SIR at equilibrium, which was attained in 30 min under shaking,
was calculated as:

Adsorbed concentration at equilibrium (qe, mg/g) = (Co −Ce) ×
V
m

(2)

where Ce (mg/L) is the equilibrium concentration of RhB in solution.
The decolorization efficiency (D.E, %) was calculated as follows:

Decolourization e f f iciency (D.E. %) =
Co −Ce

Co
× 100 (3)

2.5. Design of Experiments and Optimization of Parameters

Two level (low level –1 and high level +1) factorial design (23) of response surface methodology
(RSM) was applied for three independent variables (factors), namely the operational parameters dosage
of SIR (A), contact time (B), and initial pH (C), to predict D.E. (%) (response factor, y) from RhB dye
solution using solvent impregnated resin (Table 1). A total 12 runs including 4 times of replication
for center point was carried out (23 = 8 runs; 8 runs + 4 replications for center point = 12 runs) using
Design Expert (6.0.10) (Stat Ease, Minneapolis, MN, USA). Suitable approximation can be determined
for the true functional relationship between the process response, y, and the set of factors by first order
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model or second order model. When the response linearly varies with the independent variable, then
the first order model, which is given by Equation (4), is satisfied.

y = β0 + β1x1 + . . . βkxk + ε (4)

where, y is the response, β0 is the offset term, β1, . . . , βk are the effect term, x1, . . . , xk are the independent
variables, and ε is the random error term. When a curvature is detected in the system, second order
model is selected and expressed by the following equation (Equation (5)):

y = β0 +
k

∑

i=1

β1x1 +
k

∑

i=1

βiix
2
i +

n
∑

i=1

n
∑

i< j

βi jxix j (5)

where y is the predicted response, β0 is the constant, β1 is the linear effect, βii is the square effect, and βi j

is the interaction effect.

Table 1. Factors, levels, and ranges of the parameters considered for the factorial design.

Terms Factors
Levels

–1 0 +1

A SIR dose (g) 0.1 0.3 0.5
B Contact time (min) 5 17.5 30

C Initial pH of RhB
solution 2 5 8

For the optimization of experimental design, the statistical software Minitab 16 was used.
The results were analyzed by estimating the response of the dependent response variable to obtain
the effects, coefficient, and other statistical parameters. The conditions for optimization of adsorption
process were obtained from Minitab 16 (Minitat LLC., Penn State University, PA, USA) as well. By
using the analysis of variance (ANOVA), the determination coefficient (r2) and statistical significance
were determined.

2.6. Isotherm Modeling

Langmuir and Freundlich isotherm models in linearized forms were fitted to data on RhB
adsorption onto SIR. The Langmuir isotherm model, which assumes monolayer adsorption over
homogenous sites on the adsorbent surface and equal activation energy for each molecule, is given by
Equation (6) in its linearized form:

1
qe

=
1

qmaxKLCe
+

1
qmax

(6)

where qe (mg/g) is the amount of RhB adsorbed on SIR, Ce (mg/L) is the saturated amount of RhB
adsorption at equilibrium concentration, and qmax (mg/g) is the maximum monolayer adsorption
capacity of RhB on SIR. The constants KL and qmax can be calculated from a linear plot of 1/qe vs. 1/Ce.
The characteristics of the fitting to the Langmuir equation are given by a dimensionless number, RL

(Equation (7)), which indicates the type of isotherm to be irreversible (RL = 0), favorable (0 < RL < 1),
linear (RL = 1), or unfavorable (RL > 1) [23].

RL =
1

1 + KLCo
(7)

The Freundlich isotherm, which is an empirical model, is usually associated with multilayer
adsorption of RhB molecules over heterogenous adsorption sites and can be expressed in linearized
form as:

log qe = log KF +
1
n

log Ce (8)
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where KF is a Freundlich constant, and n is a parameter related to the binding strength changes with
the adsorption density. If 1/n = 0, it indicates that the extent of adsorption is independent between
two phase concentration; 1/n< 1 indicates favorable chemical adsorption; 1/n> 1 indicates a cooperative
adsorption [23].

3. Results and Discussion

3.1. Pre and Post-Adsorption Characterization

The surface morphologies of Dowex 5WX8 resin and SIR (both pristine and RhB saturated) were
analyzed using SEM with 300X magnification, as illustrated in Figure 1a–d. The raw Dowex 5WX8 resin
has a smooth surface with some pores (Figure 1a). After TBP solvent impregnation over raw Dowex
5WX8 resin, the whole SIR surface was covered with spots of irregular size and shape (Figure 1b).
This confirms successful impregnation of raw Dowex 5WX8 resin [24]. The structural pores after
impregnation remained unchanged, as shown in Figure 1c. These pores were well occupied by RhB
molecules during adsorption, displayed by protruding occupation of pores (Figure 1d). The FT-IR
spectrum of raw Dowex 5WX8 resin (Figure 1e) showed a strong band centered at 3420 cm–1, ascribed
to hydroxyl (–OH) group stretching, due to the presence of internal moisture in raw Dowex 5WX8
resin. The conjoint bands at 2927 and 2852 cm–1 were associated with C–H stretching vibrations for
saturated aliphatic species. The bands between 1483 and 1510 cm–1 were due to CH3 deformation
in amino acid or hydrochloride compounds in raw Dowex 5WX8 resin. Moreover, the bands at 1010
and 1033 cm–1 represented C–O stretching of cyclic alcohol in raw resin. However, after impregnation
of raw Dowex 5WX8 resin with TBP, the band at 1033 cm–1 became sharp and intense due to P–O–C
stretching, thus confirming the attachment of phosphorous with C–O. A band at 1226–1237 cm–1 was
due to P=O stretching in the phosphate group, and a band at 1383–1388 cm–1 showed CH3 deformation
in the t-butyl group. The presence of P=O and P–O–C groups, and CH3 deformity indicate successful
impregnation of raw Dowex 5WX8 resin to form SIR. After RhB adsorption on SIR, the band at
1033 cm–1 was displaced by a low intensity band at 1034 cm–1, confirming its involvement in binding
dye molecules during adsorption.

 

 

Figure 1. Cont.
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𝑦 = 91.374 + 11.215𝐴 + 17.214𝐵 − 20.055𝐴𝐵

Figure 1. Scanning electron microscopic (SEM) images of raw Dowex 5WX8 polymeric resin (a), pristine
SIR (b, c), RhB saturated SIR (d), and Fourier transform infrared (FT-IR) spectra of raw Dowex 5WX8
polymeric resin (i), pristine SIR (ii), and RhB saturated SIR (iii) (e).

3.2. Screening of Process Independent Variables

In this batch adsorption study, the interaction of operational parameters for the removal of RhB
using SIR was examined. A total of 12 experimental runs were optimized using three dominant
parameters for the removal of RhB from aqueous solution, which was calculated using Equation (3).
It was used to achieve improved adsorption capacity of SIR by possible interaction of operational
parameters (Table S1, Supplementary Materials). The results showed that two of the considered
operational parameters, specifically dosage of SIR and contact time, influenced the removal of RhB
from aqueous solution. Additionally, the surface modification of Dowex 5WX8 resin by impregnation
to SIR led to improved surface characteristics for the removal of RhB.

The effect of variable interaction during the adsorption process was carried out using analysis
of variance (ANOVA). Then, 22 fractional factorial designs were used to study the selected factors.
The purpose of carrying out the fractional factorial design was to determine the factors that had
a significant effect on D.E. (%). ANOVA for the fractional factorial design is given in Table 2. The ANOVA
and response surface regression of D.E. (%) is tabulated in Table 3. The effect of pH for aqueous phase
was found to be insignificant due to the p-value of 0.314, which was greater than 0.05. Moreover,
the negative coefficient (–1.08) of pH pointed towards a decrease in adsorption efficiency as the pH
increased. The overall prediction of the output model in terms of operational parameters showed
that the model was suitable for predicting the adsorption of RhB on SIR (p < 0.05). The respective
p-values of SIR dosage and contact time were 0.063 (nearer to 0.05) and 0.012, which showed that both
parameters significantly influenced D.E. (%). Furthermore, the linear effects of both SIR dosage and
contact time indicated that they were suitable for improving adsorption efficiency.

However, quadratic coefficients of SIR dosage and contact time inhibited the performance of
RhB adsorption from aqueous solution (p > 0.05). Moreover, the negative coefficient of interaction of
dosage and contact time was helpful in increasing adsorption efficiency. The polynomial first order and
interactive regression model equation was developed using Minitab software. Therefore, the model
equation is given as:

y = 91.374 + 11.215A + 17.214B− 20.055AB (9)

where y is the D.E. (%) of RhB. In the aforementioned equation, a synergistic effect was indicated by
the positive sign, while an antagonistic effect was indicated by the negative sign [25]. The ANOVA for
the model is given in Table 4. It was deduced that the color removal was significant at 95% (p < 0.05)
confidence level, which shows the validity of the model for RhB adsorption onto SIR.

80



Polymers 2020, 12, 500

Table 2. ANOVA analysis for the fractional factorial design carried out to determine the factors that
have significant effect on the decolorization efficiency (D.E. (%)).

Term Coefficient SE Coefficient T-value P-value

Constant 71.78 0.9575 74.97 0.000
A 18.90 0.9575 19.74 0.000
B 21.53 0.9575 22.48 0.000
C –1.08 0.9575 –1.13 0.341

AB –20.93 0.9575 –21.86 0.000
BC 0.07 0.9575 0.08 0.943
AC 0.24 0.9575 0.25 0.817

ABC 0.99 0.9575 1.03 0.378

SE Coefficient = standard error of the coefficient.

Table 3. Estimated regression coefficients and ANOVA for optimization of decolorization efficiency
(D.E. (%)).

Term Coefficient SE Coefficient T-value P-value

Constant 91.374 5.156 17.722 0.000
A 11.215 5.069 2.212 0.063
B 17.214 5.069 3.396 0.012

A2 –12.117 7.472 –1.622 0.149
B2 –6.863 7.472 –0.918 0.389
AB –20.055 6.209 –3.230 0.014

SE Coefficient = standard error of the coefficient.

Table 4. ANOVA analysis of the model for the removal of RhB using the produced SIR.

Source Degree of Freedom Sum of Squares Mean Squares F-value P-value

Regression 5 4972.66 994.53 6.45 0.015
A 1 754.69 754.69 4.89 0.063
B 1 1777.96 1777.96 11.53 0.012

A2 1 701.09 405.48 2.63 0.149
B2 1 130.08 130.08 0.84 0.389
AB 1 1608.84 1608.84 10.43 0.014

Residual error 7 1079.36 154.19
Lack of fit 3 1052.53 350.84 52.30 0.001
Pure error 4 26.83 6.71

Total 12 6052.02

r2 = 82.17%
r2 (adjusted) = 69.43%

The determination of coefficient (r2) was used to evaluate the quality of the developed model [7,26].
The r2 value of the color removal was 82.17%, which means that 0.8217 of total variation was explained
by the model, while 17.83% of the variation was left unexplained. The importance of the effects of
the operation variables and their interaction can be best described by the Pareto chart, as shown
in Figure 2a. A student’s t-test was performed to determine whether the calculated effects were
significantly different from zero; these values for each effect are shown in the Pareto chart by horizontal
columns [7]. The t-value for 95% confidence level was 2.013. The values exceeding the reference line
were considered as significant for 95% confidence level, whereas values below the reference line were
considered as insignificant. As shown in Figure 2a, the two parameters, dosage of SIR (A) and contact
time (B), as well as their interaction (AB) were found to be significant at the 0.05 level. However, the
effect of pH (C) and its interaction with dosage (AC) and contact time (BC) were below the reference
line, which points to their insignificance for D.E. (%). According to previous studies, the effect of
increasing pH was considered as favorable for the removal percentage of RhB [27,28]. However, in this
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study the effect of pH was not found to be significant. Therefore, the effects of dosage, contact time,
and their interaction, which resulted in 97.45% of dye adsorption efficiency, were studied.

 

 

 

Figure 2. Pareto chart showing the effects and interactions of operational variables, namely dosage of
resin (g), contact time (min) and pH, on the decolorization efficiency (D.E. (%)) by SIR (a), and interaction
plot of decolorization efficiency (D.E. (%)) by SIR versus contact time (min) for the different dosages of
resin, namely 0.1, 0.2, and 0.3 g of SIR (b).

The interaction of contact time and dosage of resin were described by interaction plots, illustrated
in Figure 2b. The interaction plots show the D.E. (%) versus the contact time (min) for each dosage of
SIR. It was found that as the contact time increased, the D.E. (%) increased and reached its maximum
for a 0.3 g dosage of SIR. The interaction between contact time and SIR dosage improved the adsorption
efficiency of RhB, as shown in Figure 3a. The response surface plots show the estimated value of D.E.
(%) (the height of the surface represents the value of D.E. (%)) as a function of the independent variable.
It must be highlighted that the surface plots represent the same results as observed in interaction plots.

 

 

Figure 3. Surface plot showing the decolorization efficiency (D.E. (%)) as a function of the dosage of
resin (g) and contact time (min) under a shaking speed of 230 rpm and pH 3.6 (a), and optimization plot
for the determination of the optimum conditions, namely dosage of resin (g) and contact time (min), for
a maximum decolorization efficiency (D.E. (%)) by SIR (b).

3.3. Optimization of Experiment

A standard RSM design called central composite design (CCD) was used to optimize the operating
parameters. Optimum conditions of effective parameters with minimum number of experiments can
be determined by this statistical technique. This method is also suitable to analyze the interaction
and relationship between each parameter. The optimum conditions for the removal of RhB dye
were obtained from the screening of operational parameters (Table S1, Supplementary Materials).
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The optimum operational parameters for D.E. (97.45%) were achieved with 0.3 g SIR dosage and
30 min contact time. Since contact time played a major role in the extraction process [20], therefore
extraction efficiency of TBP impregnated SIR increased steadily with time until it reached equilibrium.
Moreover, an increasing amount of SIR increases the D.E. (%) because low amounts of SIR contain
low amounts of extractant [20]. However, high amounts of SIR and TBP cause an increase of the dye
solution acidity. Therefore, concentrated acidic medium causes back-extraction of extractant–dye
complex, thus resulting in higher dye concentration [29].

The optimization plot, which is displayed in Figure 3b, was used to find optimum conditions
for RhB removal by SIR. From the analysis of experimental data obtained, the optimum identified
conditions were 0.16 g of SIR dose and 27.66 min of contact time. With the application of such optimum
conditions, the predicted value of D.E. was 98.45%, which was experimentally verified to be fulfilled
with a deviation of ± 0.1%.

3.4. Adsorption Isotherm

The adsorption isotherm is used to study the mechanism and pattern of adsorption at liquid-phase
equilibrium [21,30,31]. Fittings of equilibrium data for the adsorption of RhB on SIR by Langmuir
and Freundlich models were determined in this work. Linear plots of Langmuir and Freundlich
isotherms and the respective parameters are shown in Figure S1 (Supplementary Materials). As can
be seen, equilibrium results fitted the Langmuir isotherm (r2 = 0.99) but not the Freundlich model
(r2 = 0.087). Therefore, it may be assumed that the adsorption of RhB on SIR was the monolayer on the
surface of SIR, where the active sites and energies were homogenously distributed [32,33]. The fitted
maximum monolayer adsorption capacity (qmax) of RhB on SIR was found to be 43.47 mg/g, and KL

was 0.0126 L/mg. Therefore, adsorption of RhB on SIR was found to be favorable because RL was
calculated (Equation (7)) to be 0.284, which is greater than 0 and smaller than 1.

3.5. Adsorption Mechanism

Dowex 50WX8, a cation exchange polymeric resin, was used in this study. It contains cross-linked
styrene divinyl benzene co-polymer with sodium sulfonate groups as ion-exchange sites. The resin
was impregnated with TBP, which contains certain functional groups that have significant influence on
the adsorption of RhB dye (as revealed by FT-IR results in Figure 1e). Therefore, an increased RhB
adsorption can be achieved using the interaction between the adsorbate (RhB) and modified resin (SIR).
The structure and functional groups present on modified SIR resin were the main factors responsible
for the adsorption of RhB dye on this resin. Rhodamine B dye has amino and carboxylic functional
groups, which can be involved on its adsorption on modified SIR. According to FTIR results, the peaks
for P–O–C disappeared after adsorption of dye on impregnated resin and were replaced by the C–O
group of the RhB dye. On the other hand, phosphate was not detected in solution after the adsorptive
removal of RhB. Therefore, phosphate groups might be responsible for binding the positively charged
dye ions by modified SIR resin. Furthermore, the possible interaction that might be occurring between
modified SIR resin and RhB dye can be electrostatic and π–π bonding, as shown in Figure 4.
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Figure 4. Schematic representation of SIR production and RhB adsorption mechanism on SIR.

4. Conclusions

A TBP impregnated polymeric resin was produced in this work and tested for the removal of
RhB from water. FT-IR analysis showed the presence of a phosphate functional group on the surface
of the solvent impregnated resin (SIR), which was indicative of successful impregnation of TBP over
the resin. The effect of operational conditions, namely pH, adsorbent dosage, and contact time, on
the adsorption of RhB onto SIR was studied and optimized. It was found that pH does not have
a significant effect on the D.E. (%). The maximum color removal obtained was 97.45% at 100 mg/L
of initial dye concentration, 230 rpm of shaking speed, pH 3.6, 0.3 g of resin dosage, and 30 min of
contact time. The optimum conditions for the adsorption of RhB by SIR were identified as 0.16 g of SIR
resin and 27.66 min of contact time, which gave 98.45% of color removal. The adsorption data fitted
well the Langmuir isotherm model, which pointed to monolayer adsorption on the SIR surface, with
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homogeneous distribution of active sites and energies. Furthermore, interaction of RhB and SIR was
inferred to be electrostatic and π–π bonding.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4360/12/2/500/s1,
Figure S1: Langmuir (a) and Freundlich (b) plots for the adsorption of RhB on SIR; Table S1: Results of response
surface methodology design.
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Abstract: Silver nanoparticles were loaded in microfiltration membranes by sputtering technique
for the development of biocidal properties and biofouling resistance. This technology allows good
adhesion between silver nanoparticles and the membranes, and fast deposition rate. The microfiltration
membranes (15 wt.% polyethersulfone and 7.5 wt.% polyvinylpyrrolidone in N,N-dimethylacetamide)
were prepared by phase inversion method, and silver nanoparticles were deposited on their surface
by the physical technique of vapor deposition in a sputtering chamber. The membranes were
characterized by Field Emission Scanning Electron Microscopy, and the presence of silver was
investigated by Energy-Dispersive Spectroscopy and X-ray Diffraction. Experiments of silver leaching
were carried out through immersion and filtration tests. After 10 months of immersion in water,
the membranes still presented ~90% of the initial silver, which confirms the efficiency of the sputtering
technique. Moreover, convective experiments indicated that 98.8% of silver remained in the membrane
after 24 h of operation. Biocidal analyses (disc diffusion method and biofouling resistance) were
performed against Pseudomonas aeruginosa and confirmed the antibacterial activity of these membranes
with 0.6 and 0.7 log reduction of viable planktonic and sessile cells, respectively. These results indicate
the great potential of these new membranes to reduce biofouling effects.

Keywords: silver nanoparticles; microfiltration; membranes; biofouling; sputtering

1. Introduction

Microfiltration process (MF) has many consolidated advantages over conventional separation
processes, mainly due to its ease of operation and low energy consumption, being widely used for
disinfecting water. An evaluation of the global MF membrane market has indicated an expected annual
growth rate of 9.0% from 2018 to 2023 [1]. However, membranes’ fouling and biofouling are major
drawbacks, reducing permeate flux and increasing operational costs. Usually, authors consider that
biofouling can be one of the most difficult deposits on membranes to eliminate, highlighting the fast
microbes growth, even at low nutrient concentrations [2–4].

To minimize such problems, one approach is to modify the properties of the surface of
the membrane. For instance, silver nanoparticles (AgNps) are known for their bactericidal
characteristics, which can work against microorganisms growth and, consequently, against biofouling
on membranes [2,5–7]. Besides water disinfection, microfiltration membranes with biofouling resistance
can be used for several applications such as membrane bioreactors and pretreatment for nanofiltration
and reverse osmosis.
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The biocidal mechanism of silver nanoparticles is not completely understood. However, the most
accepted hypothesis is that silver ions interact with thiol groups in proteins, resulting in inactivation
of enzymes and leading to the production of reactive oxygen species (ROS). Another important
mechanism is the adhesion of AgNps to the surface of microorganisms, which alters the exchange of
nutrients, salts, and water. DNA damage, resulting from AgNps penetrating the bacterial cell, can be
highlighted as well [8–14].

On the other hand, the use of AgNps membranes for the disinfection of water should consider
any possibility of risks to human health. It is known that levels of silver up to 0.1 mg L−1 can be
tolerated. However, long-term exposures to silver at high concentrations can generate skin darkening
(argyria) [15–17]. Although the existing standards protect consumers from nanoproducts, there are
still gaps in the assessment of risks for humans and some aspects need to be optimized, such as limits
of toxicity, dose, and concentration to aquatic organisms and humans [14,16,18,19].

Silver nanoparticles may be synthesized by many methods and chemical reduction is the most
commonly used. However, these routes present several reaction steps, and their residual solvents
depict environmental concerns. Furthermore, AgNps tend to aggregate during their preparation in
solution, thus the use of coating agents is necessary, which may reduce their antibacterial activity [2,20].

Physical techniques of vapor deposition, such as sputtering, allow the modeling of the size and
distribution of the particles, as well as the high deposition rate and the good adhesion between AgNps
and membranes. This technique uses high-energy ions to carry atoms from a target, which acts as a
cathode, and deposit them onto a substrate. The last one acts as the anode in a sputtering chamber
filled with inert gas. The releasing of Ag plasma ions moves with high kinetic energy and condenses
as nanoparticles on the supporting material [21,22].

Previous studies reported concerning the inhibition of microorganism growth after contact between
bacteria suspension and polymeric membranes impregnated with nanoparticles have been published.
Among them, many reported the biocidal effect of AgNps membranes, but for short periods of time and
with a continuous release of AgNps. This issue reduces the bactericidal properties of the membrane over
time and can cause overestimations of the overall efficiency of the membrane [7,20,23]. For example,
Dong et al. (2017) [7] showed 100% of mortality of Escherichia coli and Bacillus subtilis suspensions.
Furthermore, Dong et al. (2019) [24] observed a significant suppression of Serratia marcescens using
membranes loaded with AgNps. However, it should be considered that these studies evaluated
the silver loss, either through membrane immersion or filtration process, only in short-term periods.
On the other hand, Park et al. (2016) [20] verified the strong antibacterial activity against E. coli,
Pseudomonas aeruginosa, and Staphylococcus aureus, even though the membrane was expected to last no
longer than 97 days, while the estimation of Liu et al. (2015) [23] was of 340 days. Thus, nanoparticles
leaching still poses a challenge to overcome, which suggests the development of new techniques to
solve this problem [25,26].

In this work, silver nanoparticles were loaded on the surface of polymeric membranes by sputtering
technique, aiming at the development of membranes with biocidal properties that would be resistant
to biological fouling and capable of being used in the disinfection of water.

Silver leaching was extensively investigated through immersion and convective experiments.

2. Materials and Methods

2.1. Materials

Polyethersulfone (PES, MW 58 kDa) and polyvinylpyrrolidone (PVP, MW 360 kDa) were purchased
from Basf, Ludwigshafen am Rhein, Germany and Sigma-Aldrich, St. Louis, MI, USA, respectively.
The common solvent for both polymers was N,N-dimethylacetamide (DMAc, 99.5%), purchased
from Tedia, Fairfield, Ohio, EUA. For microbiological experiments, deionized water was supplied
by a Milli-Q apparatus (Merck KGaA, Darmstadt, Germany). Yeast extract, meat peptone, and agar
were purchased from Kasvi, São José do Pinhais, Brazil. Magnesium sulfate, potassium phosphate

88



Polymers 2020, 12, 1686

monobasic, potassium phosphate dibasic, and glycerol were purchased from Vetec, Duque de Caxias,
Brazil. These reagents were used as culture medium. PES and PVP were dried at 60 ◦C overnight
before being used and the other reagents were used as received.

2.2. Microfiltration Membrane

The microfiltration membranes were prepared by phase inversion method [27]. Briefly, a polymer
solution with 15 wt.% PES and 7.5 wt.% PVP in DMAc was prepared by continuous stirring at room
temperature. After degassing overnight, the solution was cast onto a glass plate with a 200 µm
thick casting knife and exposed to the ambient atmosphere (60% RH) for 100 s prior to immersion
in a precipitation bath composed of 80 wt.% DMAc and 20 wt.% deionized water. After complete
precipitation (~15 min), the resulting membrane was immersed three times in a deionized water bath
for 2 h to remove any residual solvent.

2.3. Silver Nanoparticles Deposition

Silver nanoparticles were directly deposited on the surface of the microfiltration membrane
(4.7 cm in diameter) by sputtering (Quorum Q150R ES, Quorum Technologies, Laughton, UK) at
room temperature and under a low-pressure argon atmosphere (0.1 Pa). A silver target (99.9% Ag,
57 mm in diameter and 0.1 mm thick, Sigma Aldrich, St. Louis, MI, USA) located in the center of the
vacuum chamber acts as a cathode and the MF membranes are used as a substrate for deposition.
The Ag plasma ions move with high kinetic energy to be condensate as nanoparticles on the surface of
the membrane.

The MF-AgNps membranes were obtained with 15 mA (power = 6.0 W) and 50 mA
(power = 26.0 W) of sputtering current and 15 and 120 s of deposition time, respectively, as described
elsewhere [28]. These membranes are referred to as MF-15mA-15s and MF-50mA-120s, respectively.
The chosen conditions aimed to investigate the biocidal properties of the membranes with different
content of silver (8.22 and 317.78 mg m−2 on MF-15mA-15s and MF-50mA-120s, respectively).
For comparison purposes, a membrane without sputtering treatment was used as a control
(MF-membrane).

2.4. MF-AgNps Membrane Characterization

The surfaces of MF-AgNps membranes were verified by Field Emission Scanning Electron
Microscopy (FESEM, ZEISS Auriga 40, Ulm, Germany) and the presence of silver was evaluated by
Energy-Dispersive Spectroscopy (EDS). Samples were coated with carbon using a metallizer (Quorum
Emitech K550, Quorum Technologies, Kent, UK) for FESEM and with gold for EDS.

X-ray Diffraction (XRD, Rigaku Miniflex II, Rigaku, The Woodlands, TX, USA) was also used
to verify the silver nanoparticles loaded by the sputtering technique and to assess their crystallinity.
The data were collected in the 2-theta range of 5◦ to 90◦ and scanning speed of 0.05 s−1. The average
size was calculated using the Debye-Scherrer formula, presented in Equation (1):

Dp =
Kλ

β1/2cosθ
(1)

where Dp is the crystallite size, K is a numerical factor referred to as the crystallite-shape factor (K = 0.9
is a good approximation), λ is the wavelength of the X-rays (λ = 1.5418 Å), β1/2 is the full-width at
half-maximum of the X-ray diffraction peak in radians, and θ is the diffraction angle.

Fourier Transform Infrared Spectroscopy (FTIR) analysis was conducted on Agilent Cary 630,
Santa Clara, Califórnia, EUA (wavenumber range 500 to 4000 cm−1; 32 scans at a resolution of 4 cm−1).

Silver leaching from MF-AgNps membranes was evaluated through their immersion in water and
their performance in convective experiments.
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The immersion tests were performed following an established protocol that has been extensively
reported in the literature [2,20,23,28,29]. The MF-AgNps membrane coupons (4.7 cm in diameter)
were soaked in 50 mL of deionized water at 25 ◦C and stirred at 60 rpm in a shaker. Water samples
were collected after 1, 4, and 24 h of immersion. Long duration tests were also conducted over 1 and
10 months of immersion without intermediate sampling. All samples were acidified to pH 2.0 with
HNO3 (2% v/v), and then analyzed by inductively coupled plasma-atomic emission spectrometry
(ICP-AES) to quantify the amount of dissolved Ag.

Silver content in the membranes and silver loss percentage were also quantified by the digestion of
other coupons of the MF-AgNps membranes that were immersed into HNO3 (10% v/v) and sonicated
for 3 h to ensure that all the AgNps present in the membrane were leached to solution. The total
amount of Ag deposited onto the MF-AgNps membranes was assessed by ICP-AES [5,20].

The convective experiments were performed in a cross-flow membrane system, as illustrated in
Figure 1, which had an effective membrane area of 45 cm2.
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Figure 1. Cross-flow membrane system for silver leaching experiments.

The membrane system was designed to work with or without recirculation of permeate and
retentate to the feed tank (TQ-01). The system consisted of a pump (BB-01) that transfers the
solution from the feed tank to the permeation cell (C-01) with a flowrate meter (FI-01) between them.
The permeate stream could be collected or recirculated by switching the valve (VE-01), and the retentate
stream was continuously recirculated. The system’s pressure was measured by a control pressure
gauge (PI-01) and adjusted through a valve (VG-01).

The silver leaching experiments were conducted with the operational pressure set to 1.5 bar and a
flow rate of 40 L h−1.

Additionally, the water flux was calculated using Equation (2) at specific transmembrane pressure,
and the permeability was acquired by the slope of the curve Jp × pressure (i.e., 0.5 to 1.5 bar).

Jp =
V

A× t
(2)

where Jp is the water flux (L h−1m−2), V is the permeate volume (L), A is the effective membrane area
(m−2), and t is the filtration time (h).

P. aeruginosa suspension (108 UFC mL−1) was used as an organism probe to evaluate the rejection
capacity (Equation (3)) of each membrane at 1.5 bar.

R (%) = 1−
Cp

C f
× 100 (3)

where Cp and Cf is the final viable P. aeruginosa concentration of the permeate stream and feed
solution, respectively.
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2.5. Antibacterial Activity Tests

For the antibacterial activity tests, Gram-negative bacterium P. aeruginosa was selected as the
model organism. P. aeruginosa is considered the paradigm organism for microbial biofilm studies due
to its ability to quickly adhere to many different surfaces, its high reproduction rate, and its significance
as a pathogen [25,30,31].

P. aeruginosa cells were inoculated into liquid culture medium and incubated with continuous
stirring at 200 rpm overnight at 30 ◦C. This cell suspension served as a bacterial stock solution,
which was further diluted to a specific concentration for each test.

The liquid culture medium was prepared with 5.0 g L−1 yeast extract, 5.0 g L−1 meat peptone,
0.2 g L−1 magnesium sulfate, 7.0 g L−1 potassium phosphate dibasic, 3.0 g L−1 potassium phosphate
monobasic, and 30 g L−1 glycerol. The solid culture medium was produced from the same solution
with the addition of 18 g L−1 agar.

2.5.1. The Disc Diffusion Method

The antibacterial activity of the MF-AgNps membranes was first investigated by a disc diffusion
method against P. aeruginosa. Membrane coupons (17 mm in diameter) were previously sterilized
by ultraviolet irradiation for 15 min. Then, the upper surface of the membranes, which holds the
silver nanoparticles, was put in contact with the agar plates containing P. aeruginosa bacteria at a
concentration of 106 colony forming units per mL (CFU mL−1).

After incubation at 30 ◦C for 24, 48, and 72 h, the presence of inhibition zones was monitored and
recorded by a digital camera. This inhibition ring, without microbial growth, served as an indicator
of antibacterial activity. Furthermore, MF membrane (without AgNps) and an agar plate without
membrane were also observed as control samples. All tests were made in triplicate.

2.5.2. The Biofouling Resistance Tests

The biofouling resistance test was performed to evaluate the activity of AgNps in the prevention of
bacterial adhesion on the membrane surface. MF-AgNps membrane coupons (1 cm2) were immersed
into 107 CFU mL−1 P. aeruginosa suspensions and incubated for 24 h at 30 ◦C and 200 rpm stirring.
Samples with MF membrane coupons and without membranes were also investigated as controls.
All tests were made in triplicate.

After incubation, the planktonic cells in the supernatant and the sessile cells in the biofilm were
counted. For total planktonic cells, the optical density at 600 nm (Shimatsu Mini 1240, Mumbai, India)
was monitored and the bacterial concentration was determined. For viable planktonic cells, tenfold
dilutions were spread onto agar plates and incubated overnight, and viable bacterial colonies were
counted on the following day [5,31].

To measure the number of cells attached to the surface of the membrane (sessile cells), the coupon
was rinsed with 20 mL of normal saline (0.9 wt.%) to ensure the removal of unattached cells. Then,
the membrane coupon was placed in 15 mL of liquid culture medium and vortexed on the highest
setting for 120 s in order to cause biofilm disruption. This supernatant was analyzed through optical
density at 600 nm for total sessile cells. For the quantification of viable sessile cells, tenfold dilutions
were spread onto agar plates, incubated overnight, and the CFU on the plates were counted on the
following day.

The Log Reduction and the bacterial viability were calculated using Equations (4) and (5),
respectively [20,32]:

Log Reduction = log10
N0

N
(4)

Bacterial Viability (%) =
N
N0
× 100 (5)
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where N is the number of viable cells in contact with MF-AgNps membranes and N0 is the number of
viable cells in contact with MF membrane (control—without AgNps).

In order to investigate the occurrence of biofouling in the MF membrane and MF-50mA-120s,
a filtration experiment was carried out in a cross-flow membrane system, as indicated in Figure 1.
The tests were conducted with recirculation of both permeate and retentate streams at 1.5 bar, with a
flow rate of feed of 40 L h−1. P. aeruginosa suspension of 108 CFU mL−1 was prepared and placed in the
feed tank, and after 4.5 h of permeation, the viable sessile cells were quantified as described before.

3. Results and Discussion

3.1. Membrane Characterization

Figure 2 presents the FESEM photomicrographs of the upper surface and cross section of MF
membrane (A and D) and the surfaces of MF-15mA-15s (B) and MF-50mA-120s (C). No significant
difference in the surface pores of MF membrane and membranes loaded with silver nanoparticles
was observed. The cross section of MF membrane showed a sponge-like morphology with
interconnected pores.

 

 

θ

Figure 2. Field emission scanning electron microscopy (FESEM) photomicrographs of the surfaces
(1000×) of (A) MF-membrane, (B) MF-15mA-15s, (C) MF-50mA-120s, and of (D) cross section of MF
membrane (500×).

The EDS spectra of the membranes’ surface are portrayed in Figure 3, where the presence of
silver element is indicated by black arrows. In addition, Figure 4 shows their EDS mapping and
FESEM images. FESEM images exhibit spherical particles on the surfaces of MF-15mA-15s (C)
and MF-50mA-120s (D). These spherical particles present average diameters of 88 and 50 nm for
MF-15mA-15s and MF-50mA-120s, respectively. The EDS mapping revealed uniform distribution of
silver element and, as expected, a larger amount of AgNps in MF-50mA-120s, corroborating what was
observed in FESEM images. These results suggest that the increases in sputtering time and sputtering
current reduce the diameter of silver particles, which might be related to a higher nucleation rate
for nanoparticle growth at higher sputtering current, and confirm that the silver nanoparticles were
successfully impregnated on the surface of the MF membranes.
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Figure 3. The energy dispersive X-ray (EDS) spectra of membranes (A) MF membrane, (B) MF-15mA-15s,
and (C) MF-50mA-120s.

 

 

Figure 4. EDS mapping for silver element from (A) MF-15mA-15s and (B) MF-50mA-120s, and FESEM
photomicrographs of the surface of the membranes (100,000×) of (C) MF-15mA-15s and (D) MF-50mA-120s.
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X-ray diffraction patterns are shown in Figure 5 from 5◦ to 90◦. The MF membrane exhibited
a broad peak that corresponds to the amorphous structure of PES. For MF-50mA-120s membrane,
a sharp peak is observed at 2 θ = 38◦, which is attributed to the crystallinity of silver (black arrow)
and represents (111) Bragg’s reflections of face-centered cubic (fcc) structure [33]. These observations
are in agreement with values of silver nanoparticles reported in the literature [2,6,33–35]. For the
MF-15mA-15s membrane, there was no observed peak related to crystalline domains, which may be
attributed to the low amount of silver deposited in these sputtering conditions.
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−

−
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Figure 5. XRD patterns of Ag0, MF membrane, and MF-50mA-120s.

The broadening of peaks in the X-ray diffraction pattern can be related to the particle size [33];
thus, the average size of 17.7 nm was estimated using Scherrer’s equation for the silver nanoparticles
in MF-50mA-120s.

The synthesis of nanoparticles by sputtering deposition techniques and their mechanisms of
nucleation and growth were investigated by other studies for several metals such as silver [36,37],
copper [38], cobalt [39], niobium [40], and palladium [41]. However, the detailed description of these
mechanisms is very complex [39,42].

It has been also described that, after long periods (e.g., more than 6 min) of plasma treatment,
the surface of PES membranes can be damaged, for instance, the molecular bonds C-C and C-H can
be cleaved by argon plasma. On the other hand, the application of short periods of time seams not
affect the polymer chains of the membranes [43,44]. Therefore, in this current work, the FTIR spectra
(Figure S1 in Supplementary Materials) of the membranes, before and after the impregnation of the
nanoparticles, revealed no significant effects of the sputtering technique. The aromatic C-H stretches
at 3094 and 3062 cm−1 (Figure S1B), and aromatic C=C stretches at 1574 and 1481 cm−1 (Figure S1C)
remained the same for both membranes.

The water permeability of MF membrane and membranes impregnated with silver nanoparticles
are presented in Table 1. The results indicate that there was no significant difference in water
permeability between MF membrane and modified membranes (MF-15mA-15s and MF-50mA-120s).
This result is in agreement with reported works for different membranes characteristics and AgNps
synthesis techniques [7,23,24,45].
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Table 1. Water permeability of MF membrane and membranes loaded with AgNps.

Membrane Water Permeability (L h−1 m−2 bar−1) Rejection (%)

MF-membrane 6349.9 ± 475.1 26.4
MF-15mA-15s 6455.0 ± 519.9 -

MF-50mA-120s 6388.0 ± 564.8 78.3

These membranes present large pore sizes, and they are fabricated with hydrophilic polymers (PES
and PVP). Such polymers can input high water flux to the membrane, especially on phase inversion
technique, where part of the additive, i.e., PVP, can be entrapped in the membrane matrix, as reported
in the literature [46–48].

The PES membrane contains sulfone and ether groups alternated between aromatic rings [44,49].
The FTIR spectra show characteristic bands of PES: (1) 3094 and 3062 cm−1 due to aromatic C–H
stretch (Figure S1B) [46,49,50]; (2) 1574 and 1481 cm−1 due to aromatic C=C asymmetric stretch
(Figure S1C) [44,50]; and (3) 1320 and 1296 cm−1 resulting from the anti-symmetric O=S=O stretch of
the sulfone group (Figure S1D) [44,49,50]. Moreover, the FTIR spectra shows the presence of PVP with
a characteristic band at 1650 cm−1 due to carbonyl group (Figure S1E) [46,47,50].

3.2. AgNps Releasing Test

In order to investigate the stability of silver nanoparticles loaded on MF-AgNps membranes,
the concentration of silver leaching was also determined by immersion and filtration experiments
(Figure 6). The percentage of the remaining Ag on the modified membranes was calculated based on
the total amount of AgNps initially deposited on the surface of the membranes, corresponding to 8.22
and 317.78 mg m−2 on MF-15mA-15s and MF-50mA-120s, respectively.
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Figure 6. Percentage of the remaining Ag on MF membranes (left axis) over time (upper axis) in
immersion test (black square) Ag loaded with 15 mA and 15 s of sputtering; (red circle) Ag loaded with
50 mA and 120 s of sputtering). Conditions: diameter of membrane = 4.7 cm, volume of deionized water
= 50 mL, 60 rpm. Percentage of remaining Ag (blue-dashed column, left axis) and silver concentration
leaching (white column, right axis) per volume of permeate (lower axis) in cross-flow experiment.
Conditions: pressure = 1.5 bar, flow rate = 40 L h−1, membrane area = 45 cm2.

During the first hour of immersion, the MF-15mA-15s membrane lost 6.32 ± 2.98% silver content;
however, considering the total period of 10 months (7200 h), a loss of 7.02% was observed, indicating
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that the biggest part of silver release occurs at the beginning of immersion in the water bath. This fast
decrease in the release of silver is qualitatively similar to other studies [7,20,24,51] and may be explained
by probable unattached AgNps on the surface of the membrane.

Besides the percentage of silver releasing from the MF-15mA-15s membrane, its concentration in
water after 10 months was 20.0 µg L−1, which is lower than the silver maximum contaminants limit of
100 µg L−1 described by the World Health Organization Guideline for Drinking Water [17] and the U.S.
Environmental Protection Agency (USEPA).

Not only did the MF-15mA-15s membrane present a feasible characteristic on the entrapment
of silver nanoparticles, but also the MF-50mA-120s showed 1.34 ± 0.13% of silver loss after 24 h of
immersion. Furthermore, after 1 month of immersion, the silver concentration in water was similar to
the one after 24 h of immersion (0.1 mg L−1), which indicates the same trend of silver releasing.

After 10 months of immersion, there was still approximately 93.0 and 87.9% of impregnated silver
on MF-15mA-15s (Figure 6, black square) and MF-50mA-120s (Figure 6, red circle), respectively.

Figure 6 also shows the results of silver leaching from MF-50mA-120s membrane during the
cross-flow experiment. After 2.75 L of water permeation, there was still 98.5% of silver impregnated on
the membrane surface (Figure 6, blue-dashed column), and the concentration of silver leached for each
0.25 L of permeate was lower than 100 µg L−1 (Figure 6, white column).

In addition, a test with recirculation of both permeate and retentate streams (full-recycle setup) was
also performed during 24 h. The concentration of silver leached (in the feed tank) was 8.4 µg L−1 at the
end of the experiment, which indicates that 98.8% of the initial silver impregnated on MF-50mA-120s
remained on its surface after permeation. The water permeation test corroborates the silver loss after
24 h of immersion in the water bath and indicates that, even at a flowrate of 40 L h−1, the MF-50mA-120s
membrane showed a small loss of silver. The results of silver leaching in both experiments indicate
that the sputtering technique is effective for impregnating and entrapping silver nanoparticles on the
surface of membranes. This finding is important for the maintenance of the membrane’s biocidal
performance and for the minimization of silver leaching to the environment.

Evaluation of silver loss in previous studies of membranes impregnated with silver nanoparticles
by chemical reduction method showed percentages of remaining silver of 99.38% and 98.75% after 24 h
and six days of immersion, respectively [7]. Furthermore, a percentage of 97.0% was obtained after a
cross-flow experiment [24]. However, in these studies, the immersion test was conducted for short
periods and under reduced flowrate (cross-flow experiment) in comparison with this work. In addition,
the chemical reduction method presents some disadvantages as several steps production and chemical
reagents, the use of stabilizer agents and the residual solvents.

Another important fact is a continuous silver loss observed in other studies with physical methods
and green synthesis [20,23]. In these cases, the authors indicated that the lifespans of their membranes
were 97 and 340 days according to their silver leaching rate.

In fact, this current work highlights the evaluation of silver loss for long-term immersion and
cross-flow experiments for membranes loaded with silver nanoparticles by a one-step production
method with no residual reagents.

3.3. Antibacterial Activity Tests

3.3.1. The Disc Diffusion Method

As illustrated by the disk tests (see Figure 7), MF-membrane (A) had no significant effect on
the growth of P. aeruginosa, while MF-AgNps membranes showed a clear area with no evidence of
bacterial growth. An inhibition zone around the membranes of 0.5 and 0.8 mm was observed for
MF-15mA-15s (B) and MF-50mA-120s (C), respectively. These results are similar to many reported
works, which also found the inhibition zone around the substrate containing AgNps, and demonstrate
that this antibacterial activity comes mainly from the silver and not from PES [23,51,52].
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Figure 7. Diffusion disc method against Pseudomonas aeruginosa of (A) MF membrane (control sample),
(B) MF-15mA-15s, and (C) MF-50mA-120s. Inhibition zone are indicated by red arrows.

In general, the inhibition zones reported by different authors are larger than the ones observed
in this work, which can be explained to by the hypothesis that the release of silver nanoparticles is
amplifying the biocidal zone. Once the nanoparticles are not well attached to the membranes, they can
diffuse in the media and inhibit bacterial growth. However, in this current work, the silver release is
reduced to a small region, corroborating this hypothesis. Thus, the sputtering technique was efficient
at entrapping silver nanoparticles on the membrane, and their biocidal effect will be concentrated in
this region, which may be noteworthy to inhibit biofouling formation.

3.3.2. The Biofouling Resistance Test

The quantification of total planktonic cells and total sessile cells, shown in Figure 8, did not
indicate any significant difference between the membranes, with the CFU mL−1 being in the same
order of magnitude for all membranes.

The quantification of viable planktonic cells grown in suspensions without membrane (control
sample) and with MF membrane (without AgNps) did not show a significant difference (Figure 9).
On the other hand, for MF-15mA-15s, there was a considerable reduction of ~0.6 log units in CFU
mL−1 compared to MF-membrane. In this case, after the exposure to MF-AgNps membranes for 24 h,
the viability of the planktonic cells was only 24.2%. This decrease demonstrated that the MF-15mA-15s
membrane causes an expressive P. aeruginosa growth inhibition.

Figure 9 also depicts the viable sessile cells on the different membranes. A comparison between
MF membrane and MF-15mA-15s indicates that the bacterial growth showed a 0.7 log unit reduction in
CFU mL−1, while the viability of the sessile cells was 19.8% after 24 h of exposure to AgNps. This result
confirmed that the silver impregnated in MF-15mA-15s improved the bactericidal properties of the
membranes, which is in agreement with other studies that investigated silver nanoparticles synthesized
by chemical route [25,51].
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Figure 8. Total cells of P. aeruginosa after their exposure to MF membrane and MF-AgNps: (A) total
planktonic cells and (B) total sessile cells. Number of bacteria initially inoculated on each sample: log
CFU mL−1 = 7.0 at 30 ◦C, 200 rpm for 24 h of incubation.

The adhesion of P. aeruginosa in the MF membrane and MF-50mA-120s was investigated during
a cross-flow experiment in order to evaluate their performance in a filtration process. The results
revealed 0.66 ± 0.02 log unit reduction of viable sessile cells, and as a consequence, 22% of bacterial
viability for MF-50mA-120s (log MF-membrane = 6.63, log MF-50mA-120s = 5.97). These results
show an outstanding maintenance of the effectiveness of the MF-50mA-120s in comparison to the MF
membrane, even with a continuous flowrate through the membrane.

Liu et al. (2013) [53] observed the deposition of E. coli in polysulfone membranes impregnated
with silver nanoparticles synthesized by chemical route. The authors concluded that the AgNps did
not affect the kinetics of bacterial deposition. However, the bacterial detachment ratio during rising is
large in the presence of silver nanoparticles because the bacteria become inactivated after the contact
with these nanoparticles, enhancing the detachment rate.

Thereby, in this study, the adhesion of P. aeruginosa in MF-AgNps was verified and quantified as the
total sessile cells. Nevertheless, the viable sessile cells decreased in comparison with the MF membrane,
indicating that AgNps inactivated the microorganisms, which would facilitate the detachment.

Even though the exact mechanism of antibacterial activity of AgNps is not fully understood and
further studies are needed to explain this gap, several researchers agree on a synergistic action between
contact killing of nanoparticles and the releasing of silver ions from the membranes [15,54,55].

In this context, the antibacterial effect of MF-AgNps membranes produced in this work is affected
by its lower concentration of silver leached; however, for applications in water treatment, for example,
it is important to minimize this leaching due to the concern with human health and environment
protection. Furthermore, the development of membranes with biocidal advantages associated with a
long lifespan is needed.

Therefore, the MF-AgNps membrane demonstrated potential for these applications because of its
antibacterial properties and its expected longer lifespan due to its low silver leaching.
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Figure 9. P. aeruginosa cells viabilities after their exposure to MF-membrane and MF-AgNps: (A) viable
planktonic cells and (B) viable sessile cells. Number of bacteria initially inoculated on each sample:
log CFU mL−1 = 7.0 at 30 ◦C, 200 rpm for 24 h of incubation.

4. Conclusions

Impregnation of silver nanoparticles on the microfiltration membranes by sputtering technique
was confirmed by different and complementary analyses. From FESEM images, average diameters
of 88 and 50 nm were estimated for MF-15mA-15s and MF-50mA-120s, respectively, suggesting
that the increase in sputtering time and sputtering current reduces the diameter of silver particles.
The diffractogram of the MF-50mA-120s membrane exhibited a sharp peak at 2 θ = 38◦, which is
attributed to the crystallinity of silver, proving the presence of silver on the surface of this membrane
and corroborating the FESEM and EDS observations.

One of the main advantages of the sputtering technique is the good adhesion between AgNps and
membranes, which allows the release of silver ions lower than the maximum limit of silver in drinking
water by World Health Organization and the U.S. Environmental Protection Agency. After 10 months
of immersion, there was still approximately 93.0 and 87.9% of silver initially impregnated onto
MF-15mA-15s and MF-50mA-120s membranes, respectively. Furthermore, after 24 h of filtration
test in full-recycle set-up with high flowrate, MF-50mA-120s showed that 98.8% of silver remained
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on the membrane. These results indicate the efficiency of sputtering technique to entrapped silver
nanoparticles on the membranes.

The disc diffusion method demonstrated the antibacterial activity of silver nanoparticles
impregnated onto membranes by an inhibition zone of approximately 0.5 and 0.8 mm for MF-15mA-15s
and MF-50mA-120s, respectively. The microbial inhibition occurs with the diffusion of silver
nanoparticles from the membrane into the agar layer. Thereby, these small inhibition zones can
be explained by the lower release of silver nanoparticles impregnated on the microfiltration membranes
by sputtering method.

The biofouling resistance test for MF-15mA-15s showed 0.6 and 0.7 log unit reductions in CFU
mL−1 when compared with the MF membrane (without AgNps) for viable planktonic cells and
viable sessile cells, respectively. After exposure to this membrane for 24 h, the planktonic cells and
sessile cells viabilities were both under 25%, confirming the biocidal property of the membrane with
silver nanoparticles.

Although there was adhesion of P. aeruginosa in microfiltration membranes impregnated with
AgNps, the viable sessile cells decreased, indicating a great potential of silver nanoparticles to reduce
biofouling and its consequences.

The highlight of this work is the occurrence of bacterial inhibition in membranes impregnated with
AgNps with reduced silver leaching, which allows a longer lifespan for these membranes. Less silver
loss was observed in this work, even though it was analyzed in long-term immersions and in filtration
experiments with higher flowrate when compared with other studies in the literature.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4360/12/8/1686/s1,
Figure S1: FTIR spectra of MF-membrane, MF-15mA-15s and MF-50mA-120s.
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Abstract: The application of a magnetic mesoporous carbon/β-cyclodextrin–chitosan (MMPC/Cyc-
Chit) nanocomposite for the adsorptive removal of danofloxacin (DANO), enrofloxacin (ENRO)
and levofloxacin (LEVO) from aqueous and environmental samples is reported in this study.
The morphology and surface characteristics of the magnetic nanocomposite were investigated
by X-ray diffraction (XRD), Brunauer–Emmett–Teller (BET) adsorption–desorption and Fourier
transform infrared spectroscopy (FTIR). The N2 adsorption–desorption results revealed that the
prepared nanocomposite was mesoporous and the BET surface area was 1435 m2 g−1. The equilibrium
data for adsorption isotherms were analyzed using two and three isotherm parameters. Based on the
correlation coefficients (R2), the Langmuir and Sips isotherm described the data better than others.
The maximum monolayer adsorption capacities of MMPC/Cyc-Chit nanocomposite for DANO, ENRO
and LEVO were 130, 195 and 165 mg g−1, respectively. Adsorption thermodynamic studies performed
proved that the adsorption process was endothermic and was dominated by chemisorption.

Keywords: fluoroquinolones; ultrasound radiation; mesoporous carbon; desirability function;
thermodynamics; wastewater; cost analysis

1. Introduction

The presence of pharmaceuticals in aquatic environments has become a subject of interest for
environmental chemists [1]. Their wide distribution owes itself to the growing need for treatments
and cures for human and animals diseases [2]. They are introduced into the aquatic environments
through effluents of urban wastewater treatment plants (WWTPs) [3]. This is a result of their extensive
use and their ineffective removal processes by wastewater transport and treatment [4]. Among
various pharmaceuticals, antibiotics residues have proved to be the most commonly detected in the
aquatic environment for both surface and ground waters [5]. Although they may occur in fairly low
concentrations in environmental waters, their different modes of action and particular chemical and
physical characteristics may pose a risk to the aquatic system [6]. Thus, there is a need to monitor
and evaluate their persistent presence, which even at a low level can further increase antibiotic
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resistance [7]. The focus of this work is mainly on fluoroquinolones which are an important emerging
group of synthetic antibacterials [8]. They have been used extensively for both human and veterinary
medicine due to their effectiveness against both gram-positive and negative bacteria for the treatment
of bacterial infections [2]. Moreover, different antibiotics have different half-lives; therefore, others
may be more persistent in the environment which may result in increased levels of contamination to
the environment [9].

Studies have shown that they are introduced to environmental bodies by either direct or indirect
pathways [4,10,11]. Furthermore, they have been found to occur in surface waters at concentrations
ranging from ng L−1 to µg L−1 [10,12]; ng L−1 to mg L−1 in groundwater [13]; and mg L−1 in
soil [14]. Since they are continuously introduced into the environment they have been identified
as pseudo-persistent organic pollutants [11]. The greatest challenge is the removal of antibiotics
from wastewater before discharge into the environment due to the high costs associated with it [9].
Techniques such as advanced oxidation processes (AOPs), multi-treatment processes, separation
processes and biological processes have been applied in the removal of antibiotics from wastewater [15].
However, they prove to be very expensive and require high maintenance for the complete removal of
compounds, including antibiotics, at a larger scale [16].

Adsorption processes are of significant interest in removal applications of organic compounds such
as antibiotics due to their simplicity in design [17], flexibility, cost and friendliness towards potential
the toxicity of biological base processes [18]. The adsorption is a technique based on the removal
of contaminants from a matrix onto an adsorbent surface [19]. The effectiveness of the technique is
highly dependent on the adsorbate properties, adsorbent type and composition of matrix analyzed [20].
To date, various adsorptive material has been used, such as zeolites [21], graphene oxide (GO) [22,23],
activated carbon (AC) [24–28], metal-organic frameworks (MOFs) [29], carbon nanotubes (CNT) [30]
and clay [31], amongst others for adsorption removal of pharmaceuticals [32]. However, for antibiotic
removal, CNTs, ACs, mesoporous clay material, exchange resins and bentonite are the most widely
reported adsorbents [9]. Despite their widespread use, these sorbents also present some limitations,
such as inefficient extraction, low antibiotic adsorption properties and costliness (high generation
costs) [9]. Mesoporous carbon from carbon-based material, on the other hand, can serve as an artery for
adsorbates and also contribute greatly towards adsorption [33,34]. It can boast advantageous features,
such as a large surface area; a high adsorption capacity; a large and ordered pore size and structure;
and chemical and mechanical stability [28,33–39]. Furthermore, mesoporous carbon can be made from
cheaper materials, such as starch and waste biomass [28,33,37–39]. In addition, the incorporation of
magnetic nanoparticles to mesoporous carbon facilitates ease during separation, and functionalizing
the material enables for reduction of its hydrophobic nature [38,39].

Furthermore, the natural polymers such as chitosan and beta-cyclodextrin have gained prominence
in recent years due to their advantageous features [40–46]. They possess similar features, such as
biocompatibility [44,47] and biodegradability [46]. Their non-toxicity has proven that they are less
harmful to humans and the environment, and thus they are often selected as solid phase materials for
adsorptions of various pollutants, including pharmaceutical ones [43,48–50]. Moreover, they are formed
from environmentally friendly sources; chitosan is formed from naturally existing resources, such
as the exoskeletons of anthropoids, like shellfish, crabs and prawns [51], whereas beta-cyclodextrins
can be derived from enzymatic degradation of starch [46]. Great attention has been focused on the
immobilization of cyclodextrins on chitosan; their combination improves the adsorption capacity of
chitosan [42,44].

Recently, coupling of adsorption processes and ultrasound irradiation have gained considerable
attention due to their numerous advantages [26,52–55]. These include faster chemical reactions and
mass transfer as a result of acoustic cavitation with the establishment of new adsorption sites on the
adsorbent surface [26,52–55]. The influences of ultrasonic irradiation on the adsorptive removals of
numerous pollutants from aqueous solutions have been reported in the literature [26,52–58].
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Therefore, the objective of the present study was to synthesise magnetic mesoporous
carbon/β-cyclodextrin–chitosan (MMPC/Cyc-Chit) nanocomposite as a sorbent for the elimination
of fluoroquinolones. Factors that play a role in the adsorptive removal of the fluoroquinolones by
MMPC/Cyc-Chit nanocomposite were examined; namely, sonication power level, sample pH and
initial concentration of DANO, LEVO and ENRO. The overall process was to utilize cheap and
readily available material for nanocomposite synthesis and ultrasonic radiation for superior removal
efficiency. The incorporation of biodegradable polymers such as chitosan and β-cyclodextrin to
magnetic mesoporous carbon resulted in a nanocomposite with super-adsorbent activities considering
high surface area and adsorption capacities. The application of MMPC/Cyc-Chit nanocomposite for
removal of fluoroquinolones has been reported for the first time.

2. Materials and Methods

2.1. Materials and Reagents

Chemicals reagents used for this study were of analytical grade, and Ultra-pure water (Direct-Q®

3UV-R purifier system Millipore, Merck, Darmstadt, Germany) was used throughout the duration
of the experiments. Danofloxacin (99.7%) (DANO), enrofloxacin (99.0%) (ENRO), levofloxacin (99%)
(LEVO), HPLC grade ethanol, methanol and acetonitrile were used, along with acetic acid, sodium
hydroxide, ammonium hydroxide, ferrous chloride, ferric chloride, starch, chitosan, β-cyclodextrin
and ortho-phosphoric acid purchased from Sigma-Aldrich (St. Loius, MO, USA). A synthetic sample
mixture of the fluoroquinolones (FQs) stock solution was prepared by dissolving appropriate amounts
of DANO, ENRO and LEVO in small amounts of methanol. The mixture was then diluted with
ultra-pure water to a final volume of 100 mL. The solution were stored in to refrigerator at 4–8 ◦C.

2.2. Instrumentation

The synthesized adsorbent material was analyzed utilizing different techniques of characterization
in order to determine its structural suitability for adsorption of the fluoroquinolones (DANO, ENRO
LEVO). X-ray diffraction (XRD) patterns were recorded using a PANalytical X’Pert X-ray diffractometer
(PANalytical BV, Almelo, Netherlands) utilizing Cu Kα radiation (λ = 0.15406 nm) in the 2θ range
4–90 at room temperature. The Fourier transform infrared (FT-IR) Perking–Elmer spectrum 100
spectrometer (Perkin-Elmer, Shelton, CT, USA) using the potassium bromide (KBr) pellet technique
in a region of 4000–400 cm−1 was used to report the infrared spectrum for the prepared material.
Surface characteristics such as porosity and area of the as-prepared material were analyzed by using
the Brunauer–Emmett–Teller (BET) 77 K using an ASAP2020 porosity and surface area analyzer
(Micrometrics Instrument Corp., Norcross, GA, USA).

The samples were degassed was at 100 ◦C for 3 h using N2 gas before analysis. Adjustments
for pH where necessary were performed using an OHAUS starter 2100 pH meter (Pine Brook, NJ,
USA). The surface charge/point of zero charge was evaluated for the as-prepared material using a
Nano-ZS Zetasizer (Malvern Instruments, Malvern, UK). The pH was adjusted within the range of
2.0–11.0 by the addition of 0.1 mol L−1 acetic acid and ammonium solution to each solution with
37 mg of adsorbent material. A Scientech Ultrasonic cleaner (Labotec, Midrand, South Africa) with
a volume of 5.7 L (internal dimensions: 300 × 153 × 150 mm) was used to facilitate the adsorption
process. The ultrasonic system was equipped with a variable frequency and power setting. In this
study, the frequency was fixed at 50 Hz and the emission power of 150 W. The system has 5 power
levels (1 (weakest) to 5 (strongest)), this power setting is used to reduce or increase the size of the
cavitation bubble implosion force. Therefore, the sonication power levels were varied. The analysis of
the antibiotics was performed using an Agilent HPLC 1200 Infinity series, equipped with a photodiode
array detector (Agilent Technologies, Waldbronn, Germany). Chromatograms were recorded at 290 nm.
An Agilent Zorbax Eclipse Plus C18 column (3.5 µm × 150 mm × 4.6 mm) (Agilent, Newport, CA,
USA) was operated at an oven temperature of 25 ◦C. The mobile phase (water with 10 mmol L−1 of
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phosphoric acid; the pH adjusted to 3.29 with triethylamine): acetonitrile (85.7:14.3, v/v) at a flow rate
of 1.5 mL min−1. All chromatographic experiments were carried out 25 ± 3 ◦C while the injection
volume was 10 L for all samples.

2.3. Preparation of the Nanocomposite

2.3.1. Synthesis of Mesoporous Carbon (MPC)

Modified version of the hard templating method adapted from literature was used in the synthesis
of mesoporous carbon [59]. Briefly, in a 100 mL beaker containing deionized water and equipped with
magnetic stirrer for easy dissolving starch was used. The mixture was then heated over an oil bath at
120 ◦C to form a homogenous solution with continuous stirring at 200 rpm. Silica solution was added
dropwise at approximately 1 drop per second using a burette with continuous stirring until the starch
had completely dissolved. Thereafter, the solution was transferred onto a glass petri dish and left to
cool at an ambient room temperature. A gel-like material was formed and dried at 60 ◦C in an oven for
1 h and further carbonized with the gentle flow of nitrogen gas at 500 ◦C for 3 h. Once carbonized
the material was stirred for 24 h at 70 ◦C in a sodium hydroxide (30 wt %) solution to remove silica.
The formed product was washed with a mixture of ethanol and water (1:1) and filtered under vacuum.
The filtered product was then oven dried at 60 ◦C for 2 h.

2.3.2. Preparation of Magnetic Mesoporous Carbon Coated with Chitosan and β-CD

Ferrous and ferric chloride solutions were dissolved in ultrapure water at a Fe2+/Fe3+ ratio of
1:2 and stirred for 5 min. Then 3 g of β-CD and 4 g MPC were added into the iron solution with
vigorous stirring along with the addition of diluted sodium hydroxide solution (1.0 mol L−1) while
heating at 80 ◦C for 1 h. That solution was then filtered by vacuum filter and washed with methanol
plus water. The filtrate was then dried in an oven at 60 ◦C for 24 h. Chitosan flakes were modified
based on a method described by [42]. Briefly, 3 g of chitosan flakes was dissolved in 50 mL of 3%
acetic acid. Prepared magnetic material was then added to the solution of chitosan and this mixture
was transferred to a round bottom flask. These were ultra-sonicated to facilitate dispersion were the
pH of the prepared mixture was adjusted to 8.0–9.0 by means of diluted sodium hydroxide solution.
Thereafter, it was filtered and washed with mixture of ethanol (50:50) plus water until the pH reached
about 7, and oven dried at 40 ◦C.

2.4. Batch Adsorption Studies

Batch adsorption method was employed for adsorption studies. This was achieved by adding a
specific mass of adsorbent (10–30 mg) to 25 mL synthetic sample solutions containing a mixture of FQ
antibiotics (that is DANO, ENRO and LEVO) at a concentrations of 10 mg L−1. The pH of the synthetic
sample solutions (5–9) were adjusted using 0.1 mol L−1 HCl and 0.1 mol L−1 NaOH. The adsorption
process was carried out using an ultrasonic bath. The frequency of the ultrasonic bath was fixed at high
50 Hz while the sonication power level was varied between 2 (60 W or 40% of total power and 5 (150 W
or 100% of total power). Once the adsorption processes was completed, the adsorbent and sample
solution were separated using an external magnet. The supernatant was filtered by using 0.22 µm
syringe filters and the residual FQ antibiotic concentration in the solution was determined HPLC-PDA.

A response surface methodology constructed by a central composite design (CCD) was used for
the optimization of the most influential parameters for the removal of FQ antibiotics. These factors
include sample pH, mass of adsorbent (MA) and sonication power level (SP). The removal efficiency
(%RE) was used as an analytical response. The optimization process was carried out using Statistica
version 13. When the optimal conditions were achieved, the adsorption isotherm and kinetics for the
removal of FQ antibiotics were examined.

Under optimum conditions, Langmuir, Freundlich, Hill and Langmuir-Freundlich isotherm models
(Table 1) were used to study the interaction between the prepared MMPC/Cyc-Chit nanocomposite and
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FQ antibiotic mixture. To achieve this, model solutions containing different concentrations selected
FQs antibiotics mixture (5–80 mg L−1) were used.

Table 1. Adsorption isotherms and kinetics models equations.

Isotherm Models Isotherm Expression Definition of Terms

Langmuir
Ce
qe

= 1
qmaxKL

+ Ce
qmax

RL = 1
1+KLC0

qmax: theoretical monolayer adsorption capacity (mg g−1)
Ce: equilibrium concentration (mg L−1), qe: the amount of
adsorbate adsorbed per unit weight of adsorbent (mg g−1)

C0: initial concentration (mg g−1)
KL: Langmuir equilibrium constant (L mg−1)

RL: separation factor

Freundlich ln qe = ln KF + ln Ce
KF: Freundlich constant (L g−1)

n: is the Freundlich exponent (g L−1)

Hill qe = qH
C

nH
e

KD+C
nH
e

nH and KD: Hill isotherm constants
qH: maximum equilibrium adsorption capacity (mg/g).

Langmuir–Freundlich 1
qe

= 1
QmaxKs

(

1
Ce

)
1
n + 1

Qmax

KS: Sips equilibrium constant (1/mg)
Qmax: maximum adsorption capacity (mg g−1)

n: surface heterogeneity

Pseudo-first order ln(qe − qt) = ln qe − kit
K1: rate constant (min−1)

q–qe: amount of absorbate at equilibrium (mg g−1)

Pseudo-second
order

1
qt
= 1

k2 qe
2 +

1
qe

t
K2: Equilibrium rate constant (g mg−1 min−1)

q–qe: amount of adsorbent at equilibrium (mg g−1)

Intra-particle
diffusion Qt = kit

1
2 + C

Qt: amount of solute on surface of sorbent at time t (mg g−1)
Ki: intraparticle diffusion constant (mg g−1 min1/2)

The kinetic studies performed using an initial concentration of 50 mg L−1 were used to explain
the rate and mechanism of the adsorption process. The kinetics models, such as pseudo-first-order,
pseudo-second-order and intraparticle diffusion, were employed to analyze the equilibrium kinetic
data. The thermodynamic studies were carried out using a concentration of 50 mg L−1 at different
temperatures: 25, 35 and 40 ◦C.

2.5. Regeneration and Reusability (Recyclability) of the Nanocomposite

To investigate the regeneration capability of the MMPC/Cyc-Chit nanocomposite, 36 mg of
adsorbent was placed into 25 mL of 10 mg L−1 FQ antibiotic solution. The mixture was sonicated
for 30 min, and after the adsorption process had been completed, the separation of adsorbent by an
external magnet was done. The adsorbent was then sonicated with a mixture of 10 mL of acidified
water and acetonitrile mixture (55:45 ratio) for 10 min to remove the adsorbed FQs. The water was
obtained by adjusted ultrapure deionized to pH 3 using ortho-phosphoric acid. It should be noted
that 10 min desorption time was enough to remove all the analytes adsorbed. An external magnet
was applied to facilitate the decantation of the desorption solvent. Desorption solution containing
the FQs was analyzed using HPLC-PDA. After decantation, the adsorbent was washed with the
desorption solvent; filtered; and finally, washed two times with ultrapure water and dried at 60 ◦C for
2 h. The above procedure was repeated 10 times.

2.6. Application in Real Water Samples

Wastewater (influent and effluent) samples were collected from a wastewater treatment plant
(WWTP) in Pretoria, South Africa. River water and tap water were collected from the Apies River
(Pretoria, South Africa) and the University of Johannesburg laboratory (Johannesburg, South Africa).
The sample collection was performed during October 2019. The wastewater and river water samples
were kept in 1 L glass amber bottles and transported to the laboratory to be stored at 4 ◦C before
adsorption studies. The physicochemical characteristics, such as pH; conductivity; total dissolved
solids (TDS); and dissolved organic carbon of wastewater, laboratory tap water and river water,
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are presented in summarized in Table A1. In addition, the concentrations of major elements such as
calcium, magnesium, sodium and iron are presented in Table A1.

3. Results and Discussion

3.1. Characterization

3.1.1. X-ray Diffraction Spectroscopy

Figure 1 shows the XRD patterns of the (a) mesoporous carbon, (b) β-cyclodextrin, (c) chitosan
and (d) MMPC/Cyc-Chit nanocomposite. The XRD patterns for chitosan, β-cyclodextrin and
mesoporous carbon are comparable with those reported in the literature [50,59,60]. The XRD pattern
for MMPC/Cyc-Chit nanocomposite shows diffraction peaks at 2θ = 31.3◦, 35.7◦, 42.8◦, 54.1◦, 56.8◦ and
63.2◦. These diffraction peaks correspond to the magnetite planes indexed to (220), (311), (400), (422),
(511) and (440). These results confirmed the importation of iron oxide nanoparticles (Fe3O4) in the
nanocomposites. Moreover, they were in agreement with other results in literature [42,45].

 

β
β

θ
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Figure 1. XRD of (A) mesoporous carbon, (B) beta-cyclodextrin, (C) chitosan and (D) MMPC/Cyc-Chit
nanocomposite composite.

3.1.2. Fourier Transform Infrared Spectroscopy

FTIR spectra for mesoporous carbon (MPC), β-cyclodextrin (β-CD), chitosan (Chi) and MMPC/
Cyc-Chit nanocomposite are presented in Figure 2. The FTIR spectrum of MPC (Figure 2) reveals
the peaks at 2924–2889 cm−1 and 1384 cm−1 which were ascribed to the stretching and bending
of CH3 and CH2 stretching [37], whereas the broad peak at 3439 cm−1 was attributed to the O–H
stretching. The band at 1615 cm−1 was assigned to the C=O vibration of carbonyl groups [39,61].
In addition, the CH3 stretching and unsaturated sites were observed at 2361 cm−1 [37]. The major
bands for β-cyclodextrin and chitosan (Figure 2) were allocated as follows: 1024 cm−1 for (R-1, 4-bond
skeleton vibration of β-CD); 1649–1656 cm−1 for C–N and C=O (NHCO (amide I)) stretching vibrations;
and 3280–3353 cm−1 (O–H and N–H stretching vibrations) [42,45]. In addition, the peaks at 1586
and 1153 cm−1 were assigned to the N–H stretching vibration (primary amine) and antisymmetric
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glycosidic linkages [42]. The MMPC/Cyc-Chit nanocomposite shows two characteristic absorbance
bands centered at 1652 and 1597 cm−1, which correspond the C=O stretching vibration of NHCO
(amide I) and N–H bending of NH2, respectively [42].
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Figure 2. FT-IR spectra of MPC, Chi, beta-CD and MMPC/Cyc-Chit composite.

3.1.3. Nitrogen Adsorption–Desorption

The important textural properties that influence the quality and application of an adsorbent,
especially for adsorptive removal of pollutants in matrices that are complex (such as wastewater
and polluted river waters), are the porosity and specific surface area [24,28,36,62,63]. It has been
reported that the two properties are significant because they are strongly related to the maximum
adsorption capacity of the adsorbent [24,27,28,36,62–64]. Textural properties of the nanocomposite
are presented in Table 2. The results confirmed that incorporating chitosan and β-cyclodextrin into
magnetic mesoporous carbon resulted in a superabsorbent with high specific surface area (1264 m2 g−1).
The micropore and mesopore surface areas of the nanocomposite in comparison with mesoporous
carbon were used to analyse the textual properties of the prepared material. As seen in Table 2, the
percentage of the surface comprised of mesopores was 60%, suggesting that the nanocomposite is
predominantly a mesoporous material [28,34–37,39]. These characteristics validate the applicability of
the nanocomposite for adsorption processes. According to the results in Table 2, it was anticipated
that during the adsorption process, the investigated FQ antibiotics would percolate through pores of
the adsorbents. These findings were in agreement with SEM results, and they both confirm that the
prepared adsorbent possesses outstanding characteristics which endorse it for wastewater treatment
using adsorption technology.

Table 2. Characteristics of adsorbent material; BET surface area; pore volume parameters of MPC and
MMPC/Cyc-Chit.

Surface Properties Mesoporous Carbon Nanocomposite

SBET (m2 g−1) 1181 1264

Total pore volume (cm3 g−1) 2.54 4.65

Average pore size (nm) 7.93 8.61

t-Plot Smesopore (m2 g−1) 728 755

t-Plot Smicropore (m2 g−1) 453 509
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3.1.4. Point of Zero Charge

The pH of the FQs solution might have an effect on their adsorption on the surface of the
MMPC/Cyc-Chit nanocomposite. Moreover, the pH of the sample solution was used to assess the
distribution percentage of the investigated FQ species during their adsorption process. For example,
subject to the pH of the sample solution, the surface of the nanocomposite could be protonated or
deprotonated, thereby changing the surface charge of an adsorbent. Therefore, it is important to
investigate the pH at which negative and positive charges are equal, also known as pH at point of zero
charge (pHpzc). This point will as assist in the determination of the possible adsorption mechanism.
Therefore, the influence of pH onto the zeta potential of MMPC/Cyc-Chit nanocomposite was evaluated
and results are shown in Figure 3. The surface MMPC/Cyc-Chit nanocomposite was positively charged
at pH values lower than 8 and the pHpzc value was estimated as 8.0. This implied that MMPC/Cyc-Chit
nanocomposite has a negative charge above pH = 8.0.
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Figure 3. Determination of pHpzc of nanocomposite.

3.2. Optimization

The batch adsorption process was optimized using the RSM-ased CCD, and the design matrix
together with respective responses obtained at the equivalent experimental conditions are indicated
in Table 3. Statistica software was used to generate second-order polynomial model which used to
explain the adsorption process of FQ antibiotics onto the MMPC/Cyc-Chit nanocomposite. The removal
efficiency was used as the dependent variable or analytical response. The R2 values were used to assess
the performance of the RSM model, and they were found to be 0.9985, 0.99876 and 0.9975 for DANO,
ENRO and LEVO, respectively. These findings revealed the best agreement between the actual and
predicted responses. Moreover, these results proposed that about 99% of the total variation in removal
efficiency was attributable to the experimental factors.

The validity and appropriateness of the RSM model, as well as the estimation of the most
significant independent variables and their interactions, were examined by analysis of variance
(ANOVA). The ANOVA results are reproduced in the form of Pareto charts (Figure 4). The importance
of an independent variable was evaluated by the magnitude of the bar length. If the length of the
bar passes the red line (0.05 confidence level line), this phenomenon suggests that the corresponding
independent factor is significant at a 95% confidence level. As seen in Figure 4, the mass of the
adsorbent and sample pH were significant at the 95% confidence level for every sample investigated.
This implied that they had more influence on the analytical response.
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Table 3. The design matrix and the results of the two-level fractional factorial design.

Run pH MA SP DANO ENRO LEVO

1 5 10 2 33.7 33.7 36.6
2 5 10 4 36.7 39.5 37.5
3 5 30 2 49.1 49.1 51.4
4 5 30 4 45.3 45.3 46.0
5 9 10 2 70.8 65.0 66.8
6 9 10 4 71.0 71.0 71.8
7 9 30 2 71.9 74.7 76.0
8 9 30 4 75.1 75.1 72.7
9 4.1 20 3 45.4 45.4 47.3

10 9.9 20 3 59.1 59.1 66.9
11 7 5.3 3 29.5 29.5 27.3
12 7 35 3 96.2 96.2 97.7
13 7 20 1.5 85.4 85.4 81.5
14 7 20 4.5 96.2 99.1 97.6

15 (C) 7 20 3 97.9 97.9 94.8
16 (C) 7 20 3 97.8 97.8 95.2
17 (C) 7 20 3 96.9 99.8 96.2
18 (C) 7 20 3 98.3 98.3 94.9
19 (C) 7 20 3 96.1 96.1 95.0

 

 
Figure 4. Pareto chart of standardized effects for adsorption of (A) DANO, (B) ENRO and (C) LEVO).
MA =mass of adsorbent; SP = sonication power; 1Lby2L shows the interaction between pH and MA;
2Lby3L shows the interaction between MA and SP; 1Lby3L shows the interaction between pH and SP.

3.2.1. Response Surface Methodology

Three-dimensional (3D) response surface plots were constructed to investigate the effect of each
variable on the removal efficiency, and their interactions (Figures 5, A1 and A2). The effects of sample
pH, mass of adsorbent (MA) and sonication power level (SP) were concurrently examined for the
adsorptive removal of FQs from synthetic samples. Figure 5A shows the 3D plot of sample pH
versus mass of adsorbent. As seen in Figure 5, both mass of adsorbent and the sample pH played
a critical role in removal of FQ antibiotics from aqueous solutions. This might be because sample
pH affects the ionization of analytes and the charge on surface of adsorbent. Based on Figure 5A,B,
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the removal efficiency increased with increasing sample pH, and the maximum removal was achieved
between pH 6 and 8. Below and above these values, a decrease in analytical response was observed.
This is because DANO, ENDRO and LEVO can exist in three forms in aqueous systems, that is,
cationic (pH > pKa2), zwitterionic (pKa1 ≤ pH ≤ pKa2) and anionic (pH < pKa1), and these forms are
pH-dependent [65–68]. Consequently, the adsorption mechanism is also dependent on the adsorbent
surface charge. For instance, the FQ antibiotics can be adsorbed by a negatively or positively charged
adsorbent using cation exchange through protonation of amine group or electrostatic interaction due
to the deprotonation of carboxylic groups [39,61,65–67,69–72].

 

 

A

C 

B

 

Figure 5. The 3D surface response plots describing the interactions of the parameters investigated.
(A) interaction between sample pH and mass of adsorbent (MA); (B) interactions between sonication
power (SP) and sample pH and (C) interactions between SP and MA.

At lower pH values, the FQs are predominately in cationic forms due to a high concentration
of hydronium ions [61,68,73,74]. This results in lower removal efficiencies due to the competition
between the adsorbate and small molecules of hydronium ions which can fill the available active sites.
Additionally, the pHpzc of the material was found to be 8, indicating that the charges on surface of the
nanocomposite are positive charges. Therefore, lower removal efficiencies can also be attributed to
electrostatic repulsion between positively charged nanocomposite and cationic forms of FQs. As the
sample pH increases, the electrostatic interaction between the adsorbate/analytes and the surface of the
adsorbent occurs, resulting in higher removal efficiencies. However, at pH values > pHpzc value of 8,
a decline in the removal efficiency was observed. These could be attributed to electrostatic repulsion
between negatively charged FQs and negatively charged nanocomposite. Several researchers in the
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literature have observed similar findings with respect to the adsorption behavior of FQs at low and
high pH values [61,65–71,73,74]. The results for the effect of sonication power level are shown in
Figure 5B,C; it was not significant at the 95% confidence level. However, the 3D response surface plots
reveal that as the sonication power levels increases, the removal efficiency also increases. As seen in
Figure 5B,C, %RE values above 80% were obtained when the sonication power was 3 (90 W or 60%
of the total power) and above. The increased removal efficiency can be attributed to the increase in
adsorbate–adsorbent interactions due to turbulence produced by implosion of the cavitation bubbles.

3.2.2. Desirability Function

The desirability profile was used to estimate the optimum experimental conditions obtained
using RSM optimization approach (Figures 6, A3 and A4). The optimal conditions for the removal
of fluoroquinolones were sample pH: 7.0, mass of adsorbent: 36 mg and sonication power level 3.
The sonication or contact time, initial concentration and sonication frequency were fixed at 30 min,
10 mg L−1 and 50 Hz. Under the abovementioned conditions, the predicted removal efficiencies of
the model for the adsorption of DANO, ENRO and LEVO were 97.2%, 98.3 and 95.3%, respectively.
To certify the acceptability of the RSM model and to confirm the agreement between the predicted
and experimental removal efficiency, six replicates were carried out at the abovementioned conditions.
The obtained experimental results showed removal efficiencies of 98.7 ± 1.3%, 99.1 ± 0.9% and 96.8 ±
1.2% for DANO, ENRO and LEVO, respectively. These results showed that the RSM model could be
considered an accurate and valid procedure for the optimization of the adsorption process.

 

 

Figure 6. Profiles for predicated values and desirability function for removal of fluoroquinolones.

3.3. Adsorption Kinetics

The adsorption kinetics data (Figure 7) were used to study the adsorption process of FQ
antibiotics onto the surface of the nanocomposite. The data were analysed using three commonly
used kinetic models; namely, pseudo-first-order, pseudo-second-order and intraparticle diffusion.
The equations of these kinetic models are widely reported (See Table 1), and they were adapted from
the literature [66,67,69].
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Figure 7. Effects of contact time on DANO, ENRO and LEVO by MMPC/Cyc-Chit kinetic modelling.

The estimated parameters are presented in Table 4. As it is indicated, the R2 values achieved for
pseudo-second-order were constantly higher compared to those of pseudo-first-order. In addition,
the adsorption capacities obtained using the pseudo-second-order kinetic model were in agreement
with experimental values. These outcomes suggested that the rate-determining step might be
dominated by chemical interactions of FQ antibiotics with the homogenous surface of the adsorbent.
The chemisorption mechanism might be driven by electrostatic attraction between the adsorbent and
FQs. The dissociated forms FQ antibiotics have carboxylate and nitrogen functional groups that can
bind on the positive or negative adsorbent surface.

Table 4. Parameters for the various kinetic models fitted onto data obtained for adsorbate solutions
and results.

Kinetic Models Parameters DANO ENRO LEVO

qexpt 130 195 165
Pseudo-first order qe 93.2 161 128

k1 0.0636 0.11 0.099
R2 0.9400 0.9201 0.9372

Pseudo-second order qe 130 196 167
k2 0.0018 0.0011 0.0011
R2 0.9986 0.9971 0.9967

Intraparticle diffusion kid1 17.7 24.6 24.8
C1 32.8 56.3 29.7
R2

1 0.9843 0.9866 0.9754
kid2 1.31 0.348 0.613
C2 118 194 162

To further understand the adsorption mechanism and the rate-controlling step, the adsorption
data were fitted to the intraparticle diffusion model [74]. The plots of qt versus t1/2 for the investigated
adsorbates showed multi-linearity (Figure A5). These plots indicated that there were two adsorption
steps that took take place. According to the literature, the steeper first-step is due to diffusion of FQ
antibiotics through the solution to the mesoporous nanososorbent. The second stage is attributed to
transfer of the DANO, ENRO and LEVO charged molecules into intraparticle active sites or pores
of the nanocomposite. Furthermore, it was noticed that the linear part of the first step did not pass
through the origin. This signified that intraparticle diffusion was not the only rate-determining
step [74,75]. Therefore, it can be concluded that adsorption processes were driven by both surface
adsorption and intra-particle diffusion. The intraparticle diffusion rate constants for the first and
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second stages (kid1, kid2), correlation coefficients and intercept, C are indicated in Table 4. The R2

values suggested that the adsorption of FQs on MMPC/Cyc-Chit nanocomposite may be dominated by
intra-particle diffusion.

3.4. Adsorption Isotherms

To study the relationship between the concentration of FQs retained by the surface of the adsorbent
and that of residual FQs in the bulk solution, the equilibrium studies were performed. The adsorption
data were determined using Langmuir, Freundlich, Hill and Langmuir–Freundlich (Sips) isotherm
models, and the model expressions are summarized in Table 1. The adsorption isotherms of FQs using
the nanocomposite were carried out at 25 ◦C, and the pH of the solution, mass of adsorbent and contact
time were set at 7, 30.0 mg and 30 min, respectively. Figure 8 demonstrates the adsorption isotherms of
FQs onto nanocomposite from aqueous solutions. The isotherm models were used to derive various
parameters related to the adsorption process.

 

−

Figure 8. Sorption isotherms—modeling with Langmuir, Freundlich, Sips and Hill (MA: 34 mg;
sonication time: 25 min; pH 7; temperature: 25 ± 3 ◦C).

Table 5 shows the summary of parameters derived from Langmuir, Freundlich, Hill and
Langmuir–Freundlich (Sips) isotherm model plots. Comparing the correlation coefficients (R2)
values for the Langmuir and Freundlich isotherm models, it was detected that DANO, ENRO and
LEVO were better suited to the Langmuir model. These findings demonstrated that the adsorption
process took place as a monolayer of FQs on the surface of the adsorbent. The maximum DANO,
ENRO and LEVO adsorption capacities for the adsorbent were 130, 196 and 194 mg g−1, respectively.
As seen in Table 5, the Freundlich isotherm model was also used to some extent; however, it was not as
good as the Langmuir isotherm model.

The separation factor (RL) values for each adsorbate (Table 5) were used to examine wherever the
adsorption process was favourable. The values were calculated from the Langmuir isotherm and they
suggested that the selected FQ antibiotics were easily adsorbed onto the nanocomposite because RL

values were less than 1. In addition, the observation was also made that RL values decrease with an
increase in the initial concentration, stipulating that the adsorption of FQs was more favourable at
high concentrations [76]. The equilibrium adsorption data were also modelled using three-parameter
isotherms expressions (Hill and Langmuir–Freundlich isotherm models) and parameter values are
illustrated in Table 5. As seen, both models confirmed that the adsorption process assumes the
homogeneous monolayer on the heterogeneous surface of the nanocomposite. In addition, the Hill
model exponent nH values for DANO, ENRO and LEVO were greater than 1, indicating that the binding
interaction between FQ antibiotics and nanocomposite was in the form of positive cooperativity [72].
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Table 5. Isothermal parameters of DANO, ENRO and LEVO on MMPC/Cyc-Chit.

Two Parameter Models Three Parameter Models

Langmuir isotherm Hill isotherm
Parameters DANO ENDRO LEVO Parameters DANO ENRO LEVO

qmax (mg g−1) 130 196 165 qH 129 195 164
KL (L g−1) 0.14 0.24 0.086 nH 2.7 2.3 2.1

RL 0.13–0.42 0.087–0.22 0.11–0.54 Kd 115 27.6 84.9
R2 0.9911 0.9950 0.9934 R2 0.9946 0.9859 0.9858

Freundlich isotherm Langmuir-Freundlich (Sips) isotherm
KF 27.2 20.7 18.2 Qmax 135 208 170
n 2.1 1.3 1.4 n 1.1 1.1 1.3

R2 0.9884 0.9810 0.9806 Ks 0.097 0.065 0.050
R2 0.9902 0.9884 0.9878

3.5. Adsorption Thermodynamics

The effect of temperature in the removal of DANO, ENRO and LEVO using the nanocomposite was
investigated. The thermodynamic parameters, such as Gibs energy (∆G◦) enthalpy (∆H◦) and entropy
(∆S◦) are presented in Table 6. The values of ∆G◦ were calculated using Equation (4), whereas the ∆H◦

and ∆S◦ values were estimated from the slopes and intercepts of the plots that were obtained using
Equation (4). As seen, the ∆G◦ values were negative at all investigated temperatures. This phenomenon
suggested that the adsorption was spontaneous [65,66,77]. Furthermore, the positive values of ∆H◦

demonstrated that the adsorption interaction between the antibiotics and the nanocomposite was
characterised by endothermic nature [24,65,66,77]. The values of ∆H◦ were higher than 20.9 kJ/mol,
confirming that the adsorption processes of FQ antibiotics were dominated by a chemisorption
mechanism [78]. Moreover, the positive values of ∆S◦ suggested that there is an increase in randomness
at the boundary of solid/liquid phases, which might reveal the possible structural variations of the
analyte and adsorbent [65,66,77].

Table 6. Thermodynamic parameters for DANO, ENRO and LEVO sorption on MMPC/Cyc-Chit.

Analytes T (K) ∆G (kJ mol−1) ∆H (kJ mol−1) ∆S (J mol K−1)

DANO 298 −13.57 59.4 55.3
308 −13.69
313 −13.74

ENRO 298 −15.52 61.8 96.4
308 −15.71
313 −15.81

LEVO 298 −14.70 71.1 104
308 −14.87
313 −14.94

3.6. Comparison of Sorption Capacities for Various Adsorbents

To compare the performance of the nanocomposite for the adsorption of FQ antibiotics, adsorption
capacities of DANO, ENRO and LEVO on various adsorbents is presented in Table 7. As observed
in Table 7, the adsorption capacity of the nanocomposite was comparable even better than other
adsorbents reported elsewhere [25,61,65,67,69–71,74]. However, the adsorption capacity was lower
than those reported by references [66,73].
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Table 7. Comparison of sorption capacities for DANO, ENRO and LEVO fluoroquinolones with various
composite sorbents at 25 ± 1 ◦C.

Adsorbent Adsorbate Adsorption Capacity (mg/g) Refs

Alkalized biochar ENRO 40.91 [71]
Magnetic biochar-based manganese oxide composite ENRO 7.19 [74]

iron-pillared montmorillonite LEVO 48.61 [67]
MIL-100(Fe) LEVO 87.34 [61]

Chitosan derived granular hydrogel with 3D structure ENRO 388 [73]
Tb/Eu-Loaded Garlic Peels ENRO 769 [66]

Co-modified MCM-41 LEVO 108 [65]
Fe3O4 and Fe3O4@SiO2 LEVO 6.85 [69]

NBent-NTiO2-Chit. LEVO 90.91 [70]
Activated carbon-decorated polyacrylonitrile nanofibers DANO, ENRO 99, 112 [25]

MMPC/Cyc-Chit DANO, ENRO, LEVO 130, 196, 165 This work

3.7. Regeneration and Reusability Studies

Regeneration and reusability for spent adsorbent are two of most crucial factors from the
cost-effective point of view. This study investigated the possibility of regenerating and reusing the
spent nanocomposites-loaded with FQ antibiotics. The regeneration and reusability process was
performed according to the procedure described in Section 2.5. As seen in Figure 9, the regenerated
nanocomposite retained 90–100% of its adsorption capacity toward the removal of DANO, ENRO
and LEVO, after five cycles of the desorption–adsorption. Furthermore, the adsorption capacities of
the spent adsorbent for removal of DANO, ENRO and LEVO remained at 88, 122 and 116 mg g−1,
respectively, after the eighth cycle. Furthermore, the spent adsorbent after the eighth cycle was used for
the removal of FQ antibiotics. It was observed that even though the adsorption capacities decreased,
the removal efficiency remained above 95%. These results demonstrated that the nanocomposite can
be reused several times without affecting its removal efficiency. Additionally, it was then concluded
that the prepared nanocomposite had relatively high chemical and thermal stability.

 

−

 

Figure 9. Regeneration of MMC/Cyc-Chit nanocomposite for eight successive adsorption–desorption
cycles. Experimental conditions: C0 = 50 mg L−1; extraction time = 180 min; pH = 3.0; mass adsorbent
= 36 mg; desorption solvent: acidified water and acetonitrile mixture (55:45 ratio); desorption time =
10 min.

3.8. Application to Real Samples

The applicability of the synthesized nanocomposite was assessed for the adsorptive removal
DANO, ENRO and LEVO from real water samples; i.e., tap water, river water, influent and effluent
wastewater. The river water, influent and wastewater samples were filtered using a 0.22 µm syringe
filter. The target analytes were detected in influent and effluent wastewater and their concentrations
ranged from 58 to 1230 µg L−1, whereas only traces of ENRO were detected in river water samples
(Table 8). As seen, the overall removal efficiencies of DANO, DANO and LEVO in spiked water
samples ranged from 90–99% and the concentration of the target analyte reduced significantly. These
outcomes demonstrate the good performance of the adsorbent for water and wastewater treatment.
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Table 8. Adsorptive removal of fluoroquinolones in wastewater, river water and tap water samples.

Samples Added (mg L−1) DANO ENRO LEVO

Found (mg L−1) %RE Found (mg L−1) %RE Found (mg L−1) %RE
Tap water 0 ND - ND - ND -

2.0 2.13 ± 0.11 99.5 1.96 ± 0.08 99.7 2.03±0.09 99.5
5.0 5.03 ± 0.09 98.9 4.98 ± 0.05 99.0 5.11±0.02 98.9

River water 0 ND - 0.098 ± 0.009 - ND -
2.0 1.97 ± 0.12 97.1 2.11 ± 0.08 98.3 2.04 ± 0.02 97.7
5.0 5.11 ± 0.09 96.8 4.95 ± 0.11 97.9 5.08 ± 0.04 95.7

Influent 0 0.148 ± 0.012 - 1.23 ± 0.07 - 0.573 ± 0.007 -
2.0 2.15 ± 0.09 97.2 3.32 ± 0.04 96.3 2.58 ± 0.06 95.4
5.0 5.21 ± 0.07 94.7 6.29 ± 0.06 90.7 5.60 ± 0.06 93.6

Effluent 0 0.058 ± 0.011 - 0.443 ± 0.010 - 0.078 ± 0.011 -
2.0 2.11 ± 0.05 98.7 2.40 ± 0.06 99.0 2.13 ± 0.07 98.3
5.0 5.07 ± 0.07 95.7 5.51 ± 0.04 98.7 5.06 ± 0.09 97.9

3.9. Cost Analysis for the Preparation of Adsorbent

The cost of the adsorption process is predominantly dependent on the cost of adsorbent used for
the removal of organic and inorganic pollutants from wastewater [79]. Therefore, relatively low-cost
materials with properties that are comparable to commercially available adsorbents are required.
The cost estimation breakdown for the preparation of the mesoporous carbon and nanocomposite is
presented in Table 9. In comparison with the other commercially available nanomaterials, such as
multi-walled carbon nanotubes (R2354/g, Sigma-Aldrich), graphene oxide (R2163/g, Sigma-Aldrich) and
mesoporous carbon (R2623/5 g, Sigma-Aldrich), the cost of mesoporous carbon and nanocomposite is
much cheaper. A kilogram of the prepared nanocomposite will cost about R23262.50 ($1324.85).
The regeneration and reusability studies of the nanocomposite further reduce the cost of the
adsorbent, since one batch can be reused at least five times. This confirms that the production
of the MMPC/Cyc-Chit nanocomposite is economical and sustainable. Furthermore, regeneration and
reusability are value-added properties of MMPC/Cyc-Chit nanocomposite as a promising adsorbent in
the treatment of wastewater contaminated with emerging contaminants. The incorporation of magnetic
nanoparticles led to the easy and fast separation (using external magnet) of adsorbent from aqueous
solutions. The spent adsorbent can be first treated by the Fenton process (advanced oxidation processes,
AOPs) before degrading the adsorbed pollutants. Furthermore, chitosan and β-cyclodextrin are types
of fully biodegradable natural materials. This means that once the organic pollutants have been
degraded by Fenton process, the adsorbent can be buried in the soil to allow biodegradation process.

Table 9. Cost estimation breakdown for the production of magnetic mesoporous carbon/β-cyclodextrin–
chitosan (MMPC/Cyc-Chit) nanocomposite.

Processes Cost Breakdown Temperature/Time/Mass/Volume Unit cost (R)
Power Rating

(kWh)
Price (R)

Preparation of MPC Starch 15 g 1917 (2 kg) 14.37
Sodium hydroxide 3 g 844 (1 Kg) 2.53

Silica 20 g 1779 (500 g) 71.16
Heating 120 ◦C (power = 205 W), 30 min 71.65 0.06 4.30

Carbonization 500 ◦C (power = 520W), 3 h 71.65 1.56 111.77
Cleaning 70 ◦C, (power = 120 W), 24 h 71.65 2.9 207.79
Drying 60 ◦C (power = 240 W), 1 + 2 h 71.65 0.72 51.56

Subtotal for 10–13 g MPC 463.48
Preparation of the

nanocomposite
Ferrous chloride 1g 925 (250 g) 3.70

Ferric chloride 2 g 936 (1 kg) 1.87
MPC 3 g 463.48 (10–13 g) 106.96

Chitosan 3 g 1939 (100 g) 58.17
Beta-cyclodextrin 3 g 2769.00 (100 g) 83.07

Acetic acid 1.5 mL 1006 (2.5 L) 0.60
Net amount of 12 g

nanocomposite
253.77

Overhead cost
(10% of net cost)

25.38

Total cost 279.15
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4. Conclusions

A magnetic mesoporous carbon/β-cyclodextrin–chitosan (MMPC/Cyc-Chit) hybrid nanocomposite
adsorbent was synthesized by the facile hydrothermal method. The prepared MMPC/Cyc-Chit
adsorbent was characterized using BET, XRD, TEM and FTIR. The adsorption capabilities of the
synthesized nanocomposite were studied in a multicomponent system employing the ultrasound-aided
removal process. The effects of independent variables (sample pH, mass of adsorbent and sonication
power level) were investigated and optimized using RSM based on the CCD. The use of the ultrasound
system led to rapid achievement of equilibrium and improved the adsorption process due to intensified
mass transfer as well as the enhanced affinity between adsorbate and adsorbent due to acoustic
cavitation effects. The adsorption isotherm equilibrium data followed the Langmuir model, suggesting
that the surface of the adsorbent is coated as monolayer coverage by DANO, ENRO and LEVO
molecules. Furthermore, the three-parameter models confirmed that the adsorption process assumes
the homogeneous monolayer on the heterogeneous surface of the MMPC/Cyc-Chit nanocomposite.
The kinetic data were best described by the pseudo-second-order model proposing that the adsorptive
removal process was dominated by chemisorption. The thermodynamic parameters which include ∆G◦,
∆H◦, and ∆S◦ indicated the adsorption process was feasible, spontaneous and endothermic in nature.
In addition, the magnitude of ∆H◦ suggested that the removal of FQ antibiotics was via chemisorption
and these findings agreed with the kinetic data. The synthesized MMPC/Cyc-Chit nanocomposite
showed relatively high chemical and thermal stability and reusability over five adsorption–desorption
cycles. The adsorption process was also applied in the removal of fluoroquinolones from real
wastewater, tap water and river water samples. The results obtained demonstrated that MMPC/Cyc-Chit
nanocomposite can be applied in water and wastewater treatment process.
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Appendix A

Table A1. Physicochemical properties of water samples.

Parameters Tap Water River Water Influent Effluent

pH 7.7 7.6 6.64 7.11
Conductivity (µS/cm) 150 338 854 513

Total dissolved solid (TDS, mg/L) 50.6 208 432 235
Dissolved organic carbon (DOC, mg/L) 1.94 15.5 20.5 12.7

Calcium (mg/L) 2.46 6.65 19,652 18,509
Mg (mg/L) 1.33 4.30 15,231 12,861
Fe (mg/L) 0.98 3.20 634 339
Na (mg/L) 2.26 6.78 23,435 16,784
K (mg/L) 1.08 1.54 9277 6745
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Figure A1. The 3D surface response plots describing the interactions of investigated parameters (ENRO).
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Figure A2. The 3D surface response plots describing the interactions of investigated parameters (LEVO).
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Figure A3. Profiles for predicated values and desirability function for removal of ENRO.

 Figure A4. Profiles for predicated values and desirability function for removal of LEVO.
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Intraparticle Diffusion Model

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure A5. Intraparticle diffusion model.
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Abstract: Dispersion of iron was achieved on waste silk fibers (wSF) after grafting of polydopamine
(PDA). The catalytic activity of the resulting material (wSF-DA/Fe) was investigated in Fenton-like
removal of toxic aromatic dyes (Methylene Blue, Cationic Violet X-5BLN, and Reactive Orange GRN)
water. The dye removal yield reached 98%, 99%, and 98% in 10–40 min for Methylene Blue, Cationic
Violet X-5BLN, and Reactive Orange GRN, respectively. The catalytic activity was explained in terms
of the effects of temperature, dyes, and electrolytes. In addition, the kinetic study showed that the
removal of dyes followed pseudo-1st order adsorption kinetics. These findings allow envisaging the
preparation of fiber-based catalysts for potential uses in environmental and green chemistry.

Keywords: waste silk; dopamine; iron particles; wastewater treatment

1. Introduction

The control of the water pollution is becoming one of the major challenges worldwide. As for
extensive industrialization and subsequently the massive discharge of numerous types of organic
toxicants, such as dyes, phenols, and nitroaromatic compounds [1–3] releasing in water supplies is
becoming a serious issue. However, all of the pollutants are receiving tremendous attention from the
water researchers, among them the aromatic dyes received one of the highest concerns due to their
high toxic nature, chemical stability, and their resistance to conventional treatment methods [1]. Many
approaches have been introduced by the several researchers where hazardous aromatic dyes were
removed by various processes like biodegradation, chemical oxidation, adsorption, and so on [4–8].
Various heterogeneous catalytic systems with metal oxides or hydroxides like CuO, ZnO, TiO2, and
FeOOH as catalysts, [5,9–11] as well as advanced oxidation systems have also been introduced all over
the decades [12–14].

Fenton and Fenton-like treatments showed superior pollutant degradation/reduction efficiency
compared with microbial oxidative metabolism, and physical adsorption also has some
drawbacks [15–18]. Several new treatment configurations were introduced to optimize the Fenton
process including a photo-assisting process to reduce iron supply [19,20], use of solid iron, or avoid
modifying the natural pH value of wastewater [21], and so on. However, one of the drawbacks of this
system still remained the separation of iron sludge in the solution after the treatment and recycling before
discharging the treated wastewater. This is a time consuming and costly procedure [22]. Immobilization
of iron particles (Fe) may become an appropriate and permanent remediation technique to solve this
problem. However, it is important to immobilize Fe onto a carrier that can be easily separated from
the contaminated water solution as well as provide no/less harm on subsequent management. The Fe
immobilized inpolyacrylic acid(PAA) [23,24], starch [25], and polyglycol [26] reported in different
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literature are difficult to recycle once they are used to treat contaminants. To avoid secondary water
contamination, immobilization of zero-valent iron (ZVI) onto solid supports, for example, polymeric
membranes [27] and activated carbon [28], could be an ideal option. Morshed et al. [29] immobilized
and stabilized ZVI nanoparticles on fibrous polyester. Very few literatures have been found on the use
of textile fibers or fabrics to immobilize iron particles aiming heterogeneous catalytic application.

Silk fibers are one of the most discussed fibers derived from natural sources due to mechanical and
thermomechanical properties. However, due to their exceptional properties and complex production
procedures, raw silk fiber spun out from silkworm cocoons is a luxurious material in many applications.
Hence, the material constructed by silk would not be cost effective compared with other plant based
natural fibers. On the contrary, during industrial process, lots of waste silk fibers or scrap silk fibers are
produced, which are considered as waste and available at extremely low cost. Therefore, the increasing
challenge of recycling them is another concerning issue. So utilizing waste silk into a sustainable
remediation application can be an ultimate alternative.

Due to strong adhesion property, dopamine, a component of marine mussel gaining tremendous
attention for surface modification of different materials [17–19], is being extensively used to prepare
super-hydrophobic, antimicrobial, UV-blocking, conductive, as well as dye adsorption materials. Our
previous study reported use of dopamine to prepare silk fabric with hydrophobicity, flame retardancy,
and UV shielding properties [30]. However, no study reported the effectiveness of dopamine grafted
waste silk fibers to prepare heterogeneous catalyst for Fenton-like wastewater treatment application.

In this work, dopamine was grafted on the surface of silk fibers by rapid oxidative polymerization
followed by loading/immobilization of Fe particles on PDA grafted waste silk fibers. Hence, a fiber-based
catalyst was prepared for heterogeneous Fenton-like removal of toxic aromatic dyes. The surface
morphology and chemical composition of resultant catalyst were characterized by scanning electron
microscopy (SEM), energy dispersive spectroscopy (EDS), and Fourier transform infrared (FT-IR)
spectroscopy. The effectiveness of catalytic property was assessed under the influence of H2O2

concentration, dye concentration, temperature, and electrolytes.

2. Experimental

2.1. Materials

Analytical grade dopamine hydrochloride (98.5%), sodium perborate(NaBO3·4H2O), ferric
chloride hexahydrate (FeCl3·6H2O), hydrogen peroxide (H2O2, 33%), and ferrous sulfate heptahydrate
(FeSO4·7H2O) were purchased from Shanghai Lingfeng Chemical Reagent Co., Ltd. (Shanghai, China)
and used as received. Waste silk (average fiber diameter 10 µm) were obtained from Nantong Nafuer
Clothing Co., Ltd (Nantong, China). All the dyes (Methylene Blue, Cationic Violet X-5BLN and Reactive
Orange GRN) were purchased from Tianjin Tianshun Chemical Dyestuff Co., Ltd (Tianjin, China).

2.2. Methods

2.2.1. Preparation of Dopamine Grafted Waste Silk

Scheme 1 illustrates the pathways used for grafting of dopamine on waste silk. Typically, 1.60 g of
waste silk was wetted by deionized water as a pre-treatment. Then, 0.6 g of dopamine hydrochloride
and 0.16 g of FeCl3·6H2O were dispersed in 300 mL deionized water. Wet waste silk fibers were added
in dopamine solution and placed in a shaking water bath for 20 min followed by addition of 0.55 g of
NaBO3·4H2O, the final solution was stirred at 50 ◦C for 50 min. The resultant dopamine grafted waste
silk fibers (wSF-PDA) were rinsed and dried overnight in ambient condition.
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Scheme 1. Schematic illustration of the preparation process of (i) grafting of polydopamine (PDA) on
waste silk fibers (wSF) and (ii) loading of iron on dopamine grafted waste silk fibers (wSF-PDA).

2.2.2. Preparation of wSF-PDA/Fe

The loading of iron on dopamine grafted waste silk fibers were carried out using chemical
adsorption and incorporation method as illustrated in Scheme 1. Here, 15.54 g of FeSO4·7H2O were
dissolved in 1400 mL deionized water in a ceramic tray and stirred until uniform dispersion. Then, the
prepared (as Section 2.2.1 described) dopamine-grafted waste silk fibers were immersed in the iron
solution and kept at 25 ◦C for 24 h. The resultant wSF-PDA/Fe undergone successive rinse and stored
in a desiccator before analysis and use.

2.3. Material Characterizations

Fourier transform IR spectroscopy of pristine and iron-loaded wSF was carried out using a
Nicolet-5700 Fourier transform infrared spectrometer (MA, USA). The sample to be tested was cut
into powder and sampled by potassium bromide. The scanning range was 600–4000 cm−1 and the
number of scans was 120 times. The samples were drilled before IR analysis, and background spectra
were recorded on air. Surface morphologies of all wSF (before and after dopamine grafting and iron
loading) were analyzed using desktop scanning electron microscope (Hitachi Ltd., Tokyo, Japan) at an
accelerating voltage of 15 kV. Prior to SEM, samples were sprayed with a conducting resin followed
by sputter coating with carbon films having a deposition depth of about 10 nm. Energy dispersive
spectroscopy (EDS) was carried out using BRUKNER axes EDS analyzer mounted with SEM.

2.4. Catalytic Activity of wSF-DA/Fe

To study the catalytic performance of wSF-PDA/Fe, the heterogeneous Fenton-like removal of
dyes (methylene blue, cationic violet X-5BLN, and reactive orange GRN) in presence of hydrogen
peroxide (H2O2) was investigated. Typically, 70 mL of dye solution (10–81 mg/L) were treated by using
0.1 mg wSF-PDA/Fe 8 µL (0.05–5 mmol/L) of H2O2 at a specific temperature (25, 50, or 75 ◦C). A small
amount of solution was taken through a Lab Sphere UV-1000F transmission analyzer (Lab sphere, Inc.,
North Sutton, VA, USA) to determine the specific absorbance at the characteristic peak of the dye, and
the corresponding dye residual rate is calculated as per the Equation (1) [31]:

Removal rate% = (C0 − C)/C0 × 100 (1)

where C is the concentration of the dye during removal at different time interval and C0 is the initial
concentration of the dye. C/C0 was calculated at the maximum absorption wavelength of the dye in
visible region. For example, methylene blue at 665 nm, cationic violet X-5BLN at 590 nm, and reactive
orange GRN at 480 nm. Control experiments using wSF and wSF-PDA with/or without hydrogen
peroxide were conducted to investigate the adsorption and catalytic property of the catalyst.

2.4.1. Effect of H2O2 Concentration on Removal Performance

The effects of different H2O2 concentrations on dye degradation were investigated. The reaction
conditions were as follows: the reaction temperature was 50 ◦C, the pH of the reaction was about 7, the
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concentration of the dye solution was 20 mg/L, and the wSF-PDA/Fe was 0.1 g. The concentration of
hydrogen peroxide studied was 0.05, 0.1, 0.5, 1, 3, and 5 mmol/L.

2.4.2. Effect of Pollutant Concentration on Removal Performance

The effects of dye concentration on removal efficiency using wSF-PDA/Fe catalyst were examined.
All the experiments were carried out at 50 ◦C, pH = 7 in a shaking water bath where the initial
concentration of H2O2 reagent was 1 mmol/L, and the dopamine grafted iron-loaded waste silk
(wSF-PDA/Fe) was 0.1 g. The dye concentrations were studied at 10, 20, 40, 60, and 80 mg/L, respectively.

2.4.3. Effect of Reaction Temperature on Pollutant Removal Performance

The pollutant removal performances of wSF-PDA/Fe as function of different reaction temperatures
were studied. Standard dye (20 mg/L) and H2O2 (1 mmol/L) concentration was used for 0.1 mg of
wSF-PDA/Fe catalyst. Three-reaction temperatures (25, 50, and 75 ◦C) were studied.

2.4.4. Effect of Different Electrolytes (NaCl, Na2SO4) of Pollutant Removal Performance

In industrial production, dyeing wastewater contains not only dyes, but also many other inorganic
and organic additives. Therefore, the effects of different electrolytes (NaCl, Na2SO4) on the removal
efficiency of wSF-PDA/Fe were also investigated. All the experiments were carried out at 50 ◦C, pH = 7
in a shaking water bath for the 20 mg/L dye using 1 mmol/L H2O2, and 0.1 g wSF-PDA/Fe catalyst.

3. Results and Discussion

The results were presented and discussed in two separate parts, where the first part focused on
analysis of waste silk fibers before and after PDA incorporation and iron loading, and the second
part conferred the catalytic behavior of prepared Fe loaded waste silk fibers towards removal of
various dyes.

Part 1: Analysis of Waste Silk Fibers Before and After Dopamine Incorporation and Iron Loading

Morphological analysis using SEM, as well as elemental and functional group analysis by means
of EDS X-ray and infrared spectroscopy was used to characterize waste silk samples before and after
PDA grafting and iron loading immobilization.

3.1. Morphological Analysis

The changes in surface morphology of the waste silk after different treatment were investigated
(see Figure 1). The untreated waste silk (Figure 1a) exhibits a network of a randomly overlapping fibers
with a smooth surface. However, a uniform layer of cluster can be observed in PDA grafted waste silk
(see Figure 1b), indicating that the PDA is successfully grafted onto the fibers surface through rapid
oxidative polymerization. A large amount of particles are found successfully loaded on the surface of
wSF-PDA and formed wSF-PDA/Fe. In the case of Fe loaded waste silk fibers (see Figure 1c), several
patches appear as regularly shaped clusters [30,32] in the form of layers as demonstrated in Scheme 2.
The presence of functional groups on treated waste silk has been further established by EDS X-ray and
infrared analysis (see proceeding sections).
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Figure 1. Morphology of waste silk after different treatments: (a) wSF; (b) wSF-PDA; (c) wSF-PDA/Fe.

 

−

−

−

Scheme 2. Schematic illustration of iron loading on waste silk.

3.2. Fourier Transform Infrared (FT-IR) Analysis

In order to further investigate the changes in the structure of the waste silk surface after
various surface modifications, the infrared spectrum analysis was carried out as shown in Figure 2.
The untreated and treated waste silk demonstrated rough bands in the region 1660–1630 cm−1,
which were attributed to the stretching vibration of amide I. Other characteristics peaks found at
1545–1525 cm-1 are the amide II and 1265–1235 cm−1 is the amide III [33,34]. The FT-IR spectra of
sample wSF-PDA and wSF-PDA/Fe showed a characteristic bending at 570 cm−1 [35,36], indicating the
formation of Fe–O due to the presence of PDA [30] and subsequent loading of iron particles.

 

−

−

−

 
Figure 2. Infrared spectrum of untreated and functionalized waste silk.
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3.3. Loading Analysis

EDS X-ray analysis further confirmed the changes in the chemical composition of the fabric surface
before and after treatment (see Figures 3 and 4). The surface elemental composition of untreated and
functionalized silk fibers is presented in Table 1. It can be concluded that the surface element ratio of
N/C of the treated fabric is significantly smaller than the untreated sample [30], indicating successful
grafting of PDA. After loading of iron, the peak intensity of Fe element (4.23%) can be noticed in
wSF-PDA/Fe. A small quantity of iron element was noticed in wSF-PDA derived from the presence of
some Fe-oxides in PDA.

 

 

Figure 3. Energy dispersive spectra of (a) wSF and (b) wSF-PDA/Fe.

Table 1. Surface elemental composition and loading analysis of samples (energy dispersive spectroscopy
(EDS) analysis).

Samples
Atomic Percentage of Surface Elements

C (%) N (%) O (%) Fe (%)

wSF 71.07 10.99 17.94 0
wSF-PDA 76.14 5.56 17.13 1.17

wSF-PDA/Fe 74.47 0.12 21.18 4.23

 

 

Figure 4. Energy Dispersive X-ray Spectroscopy (A) wS, (B)wSF-PDA, and (C) wSF-PDA/Fe.
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Part 2: Analysis of Catalytic Fenton-Like Removal Toxic Water Pollutants

Three different dyes (methylene blue, cationic violet X-5BLN, and reactive orange GRN) were
adopted to analyze the catalytic Fenton-like property of prepared fibrous catalyst (wSF-PDA/Fe). Dye
removal as a function of time and influence of several factors, such as concentration of pollutants,
reactants, temperature, and presence of electrolytes, has been investigated by means of UV-Vis
colorimetric analysis.

3.4. Degradation of Dyes as a Function of Time

In order to investigate catalytic behavior of prepared iron loaded waste silk fibrous catalyst,
Fenton-like degradation of methylene blue, cationic violet X-5BLN, and reactive orange GRN dye as
a function of time was studied and analyzed by UV-Vis spectrophotometer (see Figure 5). Fenton
reaction involves the combined use of ferrous ions and hydrogen peroxide (H2O2) to produce advanced
oxidation potential active oxygen species capable of degrading organic contaminants. The dyes selected
in this study are common industrial dyes containing an aromatic ring, which are resistant to traditional
chemical and biological removal methods. As shown in Figure 5, the characteristic absorption peak
intensity of methylene blue at 285 and 665 nm [35] decreased with the function of the reaction time.
Once the reaction reached 10 min, the color almost completely disappeared, hence most degradation
was achieved by 40 min of catalytic oxidation. Similar phenomena were found in the other two (cationic
violet X-5BLN and reactive orange GRN) dyes, where characteristic absorption peak intensity of
cationic violet X-5BLN at 275 and 590 nm and reactive orange GRN at 260 and 480 nm disappeared in 20
and 40 min, respectively. Iron loaded wSF fibrous catalyst showed good color removal efficiency, but no
visible color removal was observed in control experiments performed using wSF-PDA or wSF-PDA/Fe
without one or more reactants (Fe or H2O2) necessary to initiate Fenton reaction. Nonetheless, trivial
reduction in color concentration was observed in various sample (wSF-PDA, wSF-PDA +H2O2, and
wSF-PDA/Fe), which can be due to the adsorption characteristics of heterogeneous catalysts consistent
with the literature [29,37,38].

 

 

λ

Figure 5. UV-visible absorption spectrum of (a) methylene blue, (b) cationic violet X-5BLN,
and (c) reactive orange GRN removal as a function of time. (wSF-PDA/Fe 0.1 g, dye concentration
20 mg/L, H2O2 concentration 1.0 mmol/L, T = 50 ◦C, pH = 7).

3.4.1. Kinetics of Dye Degradation

The [instant/initial] absorbance ratio of the methylene blue, cationic violet X-5BLN, and reactive
orange GRN dye at λ = 665, 590, and 480 nm (At/A0) respectively, which accounts for the corresponding
concentration ratio (C/C0) and allows plotting of ln(C/C0) as a function of time. Model validation of the
pseudo-first-order kinetics for color removal with the catalyst is obtained by the linear evolution in time
of ln(C/C0), as supported by R2 values 0.98, 0.99, and 0.98, respectively (see Table 2). Plots summarized
in Table 2 show that dye degradation exhibited good linear relationships of ln(C/C0) versus reaction
time up to a certain time where maximum number of dyes was degraded following pseudo-first-order
kinetics. These results are consistent with those found in previous reports [10,24,33,39–42].
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Table 2. Pseudo First-order kinetics for the Fenton-like removal of methylene blue, cationic violet
X-5BLN, and reactive orange GRN dye.

Samples

Methylene Blue Cationic Violet X-5BLN Reactive Orange GRN

aTime
(min)

bk
(min−1)

cR2
aTime
(min)

bk
(min−1)

cR2
aTime
(min)

bk
(min−1)

cR2

wSF-PDA/Fe 10 0.576 0.982 25 0.157 0.997 40 0.065 0.984
aReaction time required for color removal; bk: rate constant for the 1st order kinetics and is expressed in min−1; cR2:
correlation coefficient of the linear regression.

3.4.2. Postulated Mechanism of Dye Removal

Based on the results explained in the above sections, a plausible mechanism for removal of all three
dyes has been postulated. The underlying mechanisms of removal of methylene blue, cationic violet
X-5BLN, and reactive orange GRN dyes in the system of iron loaded PDA grafted waste silk fibrous
catalyst were considered for Fenton-like reaction in presence of hydrogen peroxide. The removal of all
dyes was attributed to the synergistic effect caused by free radicals and other reactive species formed
though a heterogeneous Fenton reaction [29]. The produced free radicals oxidize the dyes into colorless
nontoxic substances as illustrated in Scheme 3.

 

− − −

−

 
→ −

 
→

 

→

Scheme 3. Schematic postulated main mechanism of degradation of methylene blue, cationic violet
X-5BLN, and reactive orange GRN dyes.

The postulated main reaction mechanism involves three steps as follows:

(i) The process of producing reactive species

Fe2+ + H2O2→Fe3+ + HO− + •OH (1)

(ii) The process of color removal of dyes

Dyes + •OH→Reaction intermediates (2)

(iii) The process of degradation

Reaction intermediates + •OH→CO2 + H2O (3)
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3.5. Factors Influencing the Removal of Dyes

3.5.1. Effect of Different Samples

It can be seen from Figure 6 that different samples have a great influence on the degradation
dye, and wSF-PDA/Fe-H2O2 is the most effective for degrading dyes. The addition of wSF-PDA
mainly brought about the adsorption of dyes by silk fibers and dopamine dominantly, and the dye
removal rate could not meet the requirements. The addition of wSF-PDA and H2O2 resulted in a lower
degradation rate due to the weaker oxidative decomposition of H2O2 itself and the weak adsorption
of wSF-PDA. The wSF-PDA/Fe also played a dominant role in adsorption, and the dye removal rate
was not significant. The addition wSF-PDA/Fe and H2O2 generated a strong reaction system, which
effectively increased the release rate of hydroxyl radicals and degraded most of the dyes in a short time.

In addition, it is interesting that wSF-PDA and wSF-PDA-H2O2 have better degradation for
methylene blue and cationic violet X-5BLN. This may be due to the negative charge on the surface of
the wSF-PDA sample, which can better absorb cationic dyes and achieve effective degradation.

 

 
Figure 6. The C/C0 of different samples in the three dye solutions (a) methylene blue, (b) cationic
violet X-5BLN, and (c) active orange GRN. (wSF-PDA/Fe 0.1 g, dye concentration 20 mg/L, H2O2

concentration 1.0 mmol/L, T = 50 ◦C, pH = 7).

3.5.2. Effect of H2O2 Concentration

The effect of H2O2 concentration (0.05, 0.1, 0.5, 1, 3, and 5 mmol/L) on the removal of dyes
was studied. The evaluation of color removal in terms C/C0 as shown in Figure 7 shows that, H2O2

concentration below 0.5 mmol/L showed poor or insufficient dye removal. However, 0.5 to 5 mmol/L
of H2O2 concentration showed most removal of dyes in similar experimental condition. When the
concentration of H2O2 was 0.05 and 0.1 mmol/L, the dye degradation rates after reaction for 40 min
were 48.1% and 57.5%, respectively. At this point, it can be clearly seen that the low concentration of
H2O2 was too diluted to react with the mineralized iron to form sufficient hydroxyl radicals to fully
degrade methylene blue. When the concentration of H2O2 was gradually increased to 0.5, 1, 3, and
5 mmol/L, the final degradation rate reached nearly 97% to 98%, but the efficiency of the reaction was
also quite different. The H2O2 concentration of 1 mmol/L was the appropriate, and the degradation
rate was the faster and saturated within 15–20 min, while the reaction rate of high concentration
H2O2 was decreased. This phenomenon indicated that high concentration of H2O2 cannot increase
the degradation rate as linear regression rather showed no improvement after saturation. The similar
phenomena can be noticed for other two dyes (cationic violet X-5BLN and reactive orange GRN) as
well (see Figure 7b,c).
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Figure 7. Evolution in time of C/C0 of (a) methylene blue, (b) cationic violet X-5BLN, and (c) reactive
orange GRN removal as a function of H2O2 concentration. (wSF-PDA/Fe 0.1 g, dye concentration
20 mg/L, T = 50 ◦C, pH = 7).

3.5.3. Effect of Dye Concentration

The concentration of dyes is a precarious parameter of color removal rate, which influences the
effectiveness of the removal process. The effect of dye concentration on the removal of dyes were
studied in terms of different concentration (10, 20, 40, 60, and 80 mg/L) of dye solutions. Results
presented in Figure 8 show a certain influence on the removal rate of all three dyes due to the variation
in concentration of the dye solution. The results show (see Figure 8) the most removal of dyes at the
initial concentrations from 10–20 mg/L, which moderates upon increase in dye concentration for a
specific reaction time. However, for the maximum concentration (80 mg/L) of dye solution, the removal
percentage remains above 80%. The highest 90% of removal rate on the maximum concentration are
recorded for methylene blue. This may be due to the fact that in the case of high dye concentration,
PDA grafted iron loaded waste silk catalyst forms a stable reaction system with H2O2, at which time
the hydroxyl radical is not easily deactivated, and the probability of contact with the dye increases,
eventually resulting in a high removal.

 

 

Figure 8. Evolution in time of C/C0 of (a) methylene blue, (b) cationic violet X-5BLN, and (c) reactive
orange GRN removal as a function of dye concentration. (wSF-PDA/Fe 0.1 g, H2O2 concentration
1.0 mmol/L, T = 50 ◦C, pH = 7).

3.5.4. Effect of Reaction Temperature

Temperature in a catalytic reaction might increase or decrease the reaction rate, thus the effect of
reaction temperature (25, 50, and 75 ◦C) on the removal of methylene blue, cationic violet X-5BLN, and
reactive orange GRN dyes were studied and the results are shown in Figure 9. It can be seen from
Figure 9a–c that the reaction temperature has a significant influence on the removal of dyes. In the
range of 25–75 ◦C, the dye removal rate increases with increasing temperature. A slight increase in
removal rate can be found in methylene blue removal (see Figure 9a). Whereas, a significant increase
has been noticed in cationic violet X-5BLN and reactive orange GRN dyes. Figure 9c shows that,
when the reaction temperature is 25 ◦C, the final dye removal rate of active orange GRN is 77.2%
after 40 min reaction; when the reaction temperature is 50 and 75 ◦C, the final dye removal rate of
active orange GRN is about 98.5% after 40 min reaction. However, it is clear that the reaction rate at
75 ◦C is significantly faster than 50 ◦C. This phenomenon indicates that the reaction rate under high
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temperature conditions accelerates the decomposition of H2O2 into hydroxyl radicals, which increases
the velocity of dye degradation reaction. Similar phenomena are found in removal of cationic violet
X-5BLN (see Figure 9b).

 
Figure 9. Evolution in time of C/C0 of (a) methylene blue, (b) cationic violet X-5BLN, and (c) reactive
orange GRN removal as a function of reaction temperature. (wSF-PDA/Fe was 0.1 g, dye concentration
20 mg/L, H2O2 concentrations 1.0 mmol/L, pH = 7).

3.5.5. Effect of Different Electrolytes

The traditional dye house uses significant amounts of electrolytes during textile processing, so that
considerable amounts of electrolytes are present in wastewater. Consequently, the effect of different
electrolytes (NaCl, Na2SO4) on effectiveness of removal of dyes were studied. Stimulating phenomena
are noticed in the results as shown in Figure 10. It can be seen that the electrolyte does influence the
removal of degradation of methylene blue in a limited way. For cationic violet X-5BLN and reactive
orange GRN, the effect of electrolyte is significant. This may be due to the fact that methylene blue
belongs to the class of easily degradable dyes, and the structure of cationic violet X-5BLN and reactive
orange GRN are more complicated. Therefore, the electrolyte has a greater influence on the latter
two dyes. For different electrolytes, Cl− and SO4

2− can capture and destroy •OH [43,44], affecting the
degradation process of dyes. In general, wSF-PDA/Fe still plays an important role in the degradation
of dyes.

 

− −

 

 

Figure 10. Evolution in time of C/C0 of (a) methylene blue, (b) cationic violet X-5BLN, and (c) reactive
orange GRN removal as a function of electrolyte. (wSF-PDA/Fe 0.1 g, dye concentration 20 mg/L, H2O2

concentration 1.0 mmol/L, T = 50 ◦C, NaCl, Na2SO4 concentration 40 g/L, pH = 7).

4. Conclusions

In this report, the loading of iron particle on dopamine grafted waste silk fibers were achieved
successfully. The resultant material was investigated by means of physicochemical and catalytic
property. SEM and EDS analysis confirmed the loading of PDA and iron particles on the surface of waste
silk fibers, which revealed the potentiality of the prepared material as a catalyst in possible Fenton-like
removal of aromatic dyes. The results of investigation of H2O2 concentration, dye concentration,
temperature, and electrolytes on dye removal indicated the prepared catalyst showed significant
98%–99% removal dyes in 10–40 min depending on the concentration of H2O2 used. Postulate
mechanism showed the most degradation of pollutants into nontoxic substance. Thus, this study
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can provide rational foundation towards further advancement in fiber based catalyst for Fenton-like
removal of toxic pollutants in water.
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Abstract: There are different ways for antibiotics to enter the aquatic environment, with wastewater
treatment plants (WWTP) considered to be one of the main points of entrance. Even treated
wastewater effluent can contain antibiotics, since WWTP cannot eliminate the presence of antibiotics.
Therefore, adsorption can be a sustainable option, compared to other tertiary treatments. In this
direction, a versatile synthesis of poly(styrene-block-acrylic acid) diblock copolymer/Fe3O4 magnetic
nanocomposite (abbreviated as P(St-b-AAc)/Fe3O4)) was achieved for environmental applications,
and particularly for the removal of antibiotic compounds. For this reason, the synthesis of the
P(St-b-AAc) diblock copolymer was conducted with a reversible addition fragmentation transfer
(RAFT) method. Monodisperse superparamagnetic nanocomposite with carboxylic acid groups
of acrylic acid was adsorbed on the surface of Fe3O4 nanoparticles. The nanocomposites were
characterized with scanning electron microscopy (SEM), X-ray diffraction (XRD) and vibrating
sample magnetometer (VSM) analysis. Then, the nanoparticles were applied to remove ciprofloxacin
(antibiotic drug compound) from aqueous solutions. The effects of various parameters, such as initial
drug concentration, solution pH, adsorbent dosage, and contact time on the process were extensively
studied. Operational parameters and their efficacy in the removal of Ciprofloxacin were studied.
Kinetic and adsorption isothermal studies were also carried out. The maximum removal efficiency
of ciprofloxacin (97.5%) was found at an initial concentration of 5 mg/L, pH 7, adsorbent’s dosage
2 mg/L, contact time equal to 37.5 min. The initial concentration of antibiotic and the dose of the
adsorbent presented the highest impact on efficiency. The adsorption of ciprofloxacin was better
fitted to Langmuir isotherm (R2 = 0.9995), while the kinetics were better fitted to second-order kinetic
equation (R2 = 0.9973).

Keywords: ciprofloxacin; Polystyrene nanocomposite; modifications; adsorption; characterizations

1. Introduction

Aside from the well-known pollutants and contaminants in the aquatic environment, compounds
of emerging concern (CECs) may impact aquatic life even in very low concentrations [1]. Wastewater
influents and effluents can contain CECs, due to their presence in everyday products, such as detergents,
fabric coatings, pharmaceuticals, cosmetics, beverages and food packaging [2]. Pharmaceuticals are
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being detected in drinking and surface water, and although not very persistent, the continuous
re-entering increases their abundance, and renders them pseudo-persistent [3]. Pharmaceuticals,
include diverse types of compounds, e.g., antibiotics and show low biodegradability. CECs cannot be
removed completely by wastewater treatment plants (WWTPs) [2], since WWTP were not designed to
treat CECS. In some cases, even less than 10% of CECs is removed, making WWTP effluents a major
factor for introducing CECs into the environment [2]. Recently, great attention is given to adsorption
technique [4–19], which is easily applied to the last stage of wastewater treatment plants (WWTPs),
with the aim of removing all residues that were not separated and removed from the previous stages.

In particular, special attention is given to find appropriate ways to effectively treat antibiotics
from effluents, due to their strong resistance to various decontamination techniques [20]. Available
statistics indicate that 100–200 tn of antibiotics are used annually worldwide. As a result, the risk of
water resources contamination by these compounds is very high. The residue of those antibiotics in
the form of major constituents or metabolites has also been observed in WWTP.

It is noteworthy to mention that the inability of WWTP to remove antibiotics leads to the discharge
of those compounds into surface water and underground waters. The inadequate and incorrect use of
those compounds, and their continuous entry into the environment, leads to biodistribution and faulty
resistance [21,22]. Of the large antibiotic classes, fluoroquinolones are worth mentioning. Antibiotics in
this family include Ciprofloxacin (CIP), epinephrine, and norfloxacin. The presence of fluorine atoms in
combination with these antibiotics makes these compounds particularly stable, so they are considered
to be very dangerous and toxic pollutants in the environment. CIP is detected in sewage and surface
water in medical effluents and pharmaceutical plants. The antibiotic can be adsorbed into the sludge
and, if applied as fertilizer, it is accumulated in the soil and enters into plants [23]. CIP was observed
in surface waters and wastewaters at concentrations below 1 µg/L, while in medical wastewaters in
150 µg/L. Therefore, it is mandatory to find and apply an efficient method for ciprofloxacin removal.

The most important methods used to remove and separate the drug compounds from water and
sewage include ozonation, nanofiltration, electron radiation, ion exchange, chemical coagulation and
photocatalytic oxidation, all of which have high performance and operation costs [24–29]. Nowadays,
nanotechnologies are mainly used in water and wastewater treatment, using materials like iron
nanoparticles, zeolites and magnetic nanomaterials [30,31]. Among the various methods, adsorption is
a simple, environmental friendly, fast, highly efficient and low-cost solution, making it one of the most
favorable methods [32–37].

The removal of pharmaceuticals by adsorption has been the focus of many studies. So far,
as adsorptive materials, activated carbon [38–41] or zeolites [42,43] have been widely used in
wastewater treatment. The removal of pharmaceuticals by adsorption shows great potential, due to
its easy application into existing water treatment processes. On the other hand, issues regarding
adsorbent stability and regeneration costs lead to R&D of innovative and effective adsorbents from
polymeric materials. Adsorption processes, such as activated carbon-based have high capital cost,
and ineffectiveness and non-selectivity against vat and disperse dyes. Furthermore, saturated carbon
regeneration is expensive and leads to adsorbent loss. Depending on the demand, cost, and the nature
of the pollutant to be adsorbed, the adsorbents are either disposed or regenerated for future use.
The regeneration process of adsorbents needs to be cheap and environmental friendly by recovering
valuable adsorbates while reducing the need of virgin adsorbents.

In this study, a versatile synthesis of poly(styrene-block-acrylic acid) diblock copolymer/Fe3O4

magnetic nanocomposite (abbreviated as P(St-b-AAc)/Fe3O4)) was achieved for environmental
applications with a focus on the removal of ciprofloxacin. The nanocomposites were characterized with
SEM, XRD and VSM analysis. The nanoparticles were then applied to remove ciprofloxacin (antibiotic
drug compound) from aqueous solutions, evaluating the effect of certain important parameters such as
the solution’s pH, initial ciprofloxacin concentration, adsorbent dosage and contact time.
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2. Materials and Methods

2.1. Materials

To begin, 4-cyano-4-[(phenylcarbothioyl) sulfanyl] pentanoic acid, as a RAFT agent, was
synthesized [32]. Acrylic acid (AAc), styrene (St) monomers, 2, 2-azobisisobutyronitrile (AIBN),
and dimethylformamide (DMF), FeCl2·4H2O, 99% and FeCl3·6H2O, 98% were purchased from Merck
(Darmstadt, Germany).

The antibiotic model compound used in the present study is ciprofloxacin, purchased from
Merck (Germany). Its molecular structure is presented in Figure 1. When it comes to ciprofloxacin’s
dissociation and isoelectric constants, the isoelectric point has a value of pI = 7.14, which is calculated
by the average of pKa1 = 6.09 and pKa2 = 8.62. This portrays the two ionizable functional groups of
ciprofloxacin; the 6-carboxylic group and the N-4 of the piperazine substituent. pKa1 corresponds to
the dissociation of a proton from the carboxyl group, and pKa2 corresponds to the dissociation of a
proton from the N-4 in the piperazinyl group [44].
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Figure 1. Chemical structure of CIP and its ionizable forms.

2.2. Synthesis of Poly(styrene) Homopolymer

RAFT agents (10 mg, 0.036 mmol), styrene monomer (4 mL, 34.96 mmol) and AIBN (3.0 mg,
mmol) were added in a 100-mL flask; the reaction was achieved with three freeze pump-thaw cycles
under a nitrogen atmosphere. The solution was put to an oil-bath with a temperature of 75 ◦C for 24 h.
The flask was then quenched by cooling. The polystyrene homopolymer was precipitated in methanol.
Finally, drying of the product under vacuum at 25 ◦C for 24 h took place [22].

2.3. Synthesis of Poly(styrene-block-acrylic acid), Sphere Superparamagnetic Iron Oxide Nanoparticles
(SPIONs) and Poly(St-b-AAc)/Fe3O4 Supermagnetic Nanocomposite

Macro-RAFT agent (PSt, 200 mg, 19.8 mmol), AAc monomer (1.56 mL, 28.24 mmol), AIBN
(3 mg, mmol) and DMF (10 mL) were charged in a two-neck reactor. The reaction was induced using
three freeze pump-thaw cycles under a nitrogen atmosphere. The reaction solution was put to an
oil-bath with a temperature of 75 ◦C for 24 h. The reaction mixture was then precipitated in cold
diethyl ether (150 mL) and dried under vacuum at 25 ◦C. The SPIONs were synthesized using a
co-precipitation method, as described in literature [22,45]. The poly(St-b-AAc)/Fe3O4 supermagnetic
nanocomposite was synthesized as described in a previous study [46]. The final product is magnetic
nanocomposite [22] and its structure is illustrated in Figure 2.
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Figure 2. Structure of the prepared poly(St-b-AAc)/Fe3O4.

It merits clarification that the objective of using magnetic nanoadsorbents and not common
adsorbents was the easier separation of solid adsorbent particles from the solution at the end of the
process. Due to magnetic particles, using an external magnetic field, poly(St-b-AAc)/Fe3O4 was easily
and fast separated from the aqueous solution after adsorption experiments. Also, the preparation of
the polysterene nanocomposites was possible (instead of single magnetic particles Fe3O4), because it
contains functional groups which increase its adsorption capacity.

2.4. Characterization of Nanoadsorbents

For the XRD patterns, a Bruker XRD diffractometer (Billerica, MA, USA) with CuKα radiation
was used. SEM (model Mira 3XMU, TESCAN company, Brno, Czech Republic) was used to study the
morphology of nanoparticles.

2.5. Preparation of CIP Solutions

Ciprofloxacin hydrochloride (purity 99.8%) was purchased from Alborz Pharmaceutical Company
of Qazvin (Qazvin, Iran), and used to prepare the stock CIP solution (100 mg/L prepared with
the fixed pre-weighted amount of CIP and the respective volume of Milli-Q ultra-pure water).
The residual concentration of CIP after the adsorption experiments was analyzed by (using a) UV-vis
spectrophotometer (model Hach DR5000, Duesseldorf, Germany). The concentration of CIP was
measured based on previous studies at a wavelength of λmax = 274 nm [47].

2.6. Adsorption Experimental Design Method and Data Analysis

In this study, the 7.0.1 Design Expert software was used to determine the number of experiments
and the amount of parameters, and to perform the final analysis of the data obtained after the process
(Table 1). The measurement of the level of pollutant removal was carried out with the standard design
of the statistical model of the CCD (RSM). The main parameters affecting the process are: the initial pH
of the medium in the range of 4 to 10, the amount of nanoparticles used in the reaction of 1 to 3 mg/L,
the initial concentration of antibiotic ranging from 5 to 25 mg/L, and the reaction time (15 to 60 min).
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Table 1. Design parameters together with the values and regions selected.

Parameters
Level of Parameters

−α 0 +α

A: pH 4 7 10
B: Mass (mg) 1 2 3
C: Concentration (mg/L) 5 15 25
D: Reaction time (min) 15 37.5 60

After the determination of optimal conditions and modeling of the process, the rate of CIP removal
was investigated. Finally, the process efficiency in CIP removal was determined using the following
equation. The removal (R, %) was also calculated based on the following formula:

Removal =
(

C0 −Cf

C0

)

× 100%. (1)

In this relation, R is the efficiency, C0 (mg/L) is the initial concentration of CIP, and Cf (mg/L)
denotes the CIP concentration at the time of t. The amount of adsorbed CIP at equilibrium Qe (mg/g)
was calculated from the following equation. In this relation, C0 (mg/L)is the initial concentration of
CIP, Ce (mg/L) denotes the CIP concentration at the time of t, m (g) is the adsorbent mass, and V (L) is
the sample volume:

Qe =
(C0 −Ce)V

m
. (2)

3. Results

3.1. Characterizations

The morphologies of the P(St-b-AAc)/Fe3O4 nanocomposite are spherical, with Daverage of 30 nm
(Figure 3). It is obvious that the size of spheres is not the same for all particles, due to possible
aggregation, but the uniformity regarding the shape is almost the same (spherical).
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Figure 3. SEM image of P(St-b-AAc)/Fe3O4 nanocomposite.

The X-ray diffraction patterns (XRD) resulting from the P(St-b-AAc)/Fe3O4 superparamagnetic
nanocomposite are indicated in Figure 4. The resulting peaks at 2θ equal to 30.28, 35.48, 43, 53.4,
57.16, and 63.04◦ correspond to (221), (312), (400), (421), (512), and (440) prisms of P(St-b-AAc)/Fe3O4

nanocomposite crystalline structure, respectively (Figure 4) [22].
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Figure 4. XRD patterns P(St-b-AAc)/Fe3O4 magnetic nanocomposite.

The super paramagnetic behavior is demonstrated in Figure 5 with a VSM plot. The saturation
magnetization of the P(St-b-AAc)/Fe3O4 supermagnetic nanocomposite was around 26 emu/g,
which shows that the synthesized magnetic nanocomposite is superparamagnetic.
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Figure 5. Magnetization curve of P(St-b-AAc)/Fe3O4 supermagnetic nanocomposite.

A Fourier-transform infrared spectroscopy of nanocomposites was conducted both prior and after
adsorption of CIP, and the spectra are presented in Figure 6. Regarding the FTIR spectrum of CIP,
a band around 3400 cm−1 represent the vibrational frequency of stretching of the N–H bond of the
imino moiety on the piperazine group of CIP. Absorption bands at 1633 cm−1 and 1080 cm−1 represent a
primary amine (N–H) bend of the pyridone moiety and the C–F functional group, respectively. On the
other hand, the FTIR spectrum related to the CIP-adsorbed nanoadsorbent is, in turn, related to the
addition of the nanocomposite to the CIP solution. The broad peaks at 3463 cm−1 are attributed to
the stretching vibration of O–H bonds. O–H bonds were weaker and shifted down in the presence of
ferrite nanoparticles. Similarly, the slight shift at around 1641 cm−1 may be related to the interaction
of carboxylic groups of polymer with the amino group of CIP (Figure 6). Also, by comparing the
FTIR spectra, the intensity of the peaks after adsorption has increased in comparison to those before
adsorption, due to the presence of ferrite nanostructures in the CIP solution.
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Figure 6. FTIR spectra of CIP, and P(St-b-AAc)/Fe3O4 (before and after adsorption).

3.2. Data Analysis

For the efficacy evaluation of antibiotic removal of ciprofloxacin using composite P(St-b-AAc),
a composite design (one of the response surface methods) was used, and the effects of initial antibiotic
concentration parameters, pH, adsorbance dose and reaction time were investigated. The response
rate is presented in Table 2. The validity of the presented models was analyzed by ANOVA.

Table 2. Operational parameters and their efficacy in the removal of Ciprofloxacin antibiotic in different
methods of performing runs.

Removal (%) D (Time (min)) C (Nano(g)) B (pH) A (Initial Concentration) Run

73.11 1 1 1 −1 1
62.45 0 0 0 0 2
79.04 1 1 1 −1 3
99.5 0 0 0 −2 4
71.06 0 0 0 0 5
65.45 0 0 0 0 6

62 1 −1 0 1 7
89.73 0 2 1 0 8
60.91 1 1 1 1 9
57.03 −1 1 1 1 10
45.76 −1 −1 1 1 11
55.32 1 −1 1 1 12
66.7 −1 1 −1 1 13
66.6 0 0 0 0 14
72.8 1 −1 1 −1 15
53.68 −1 −1 −1 1 16
58.52 −1 −1 1 −1 17
67.5 −1 1 1 −1 18
57.74 −2 0 0 0 19
81.32 −1 1 −1 −1 20
56.45 0 0 −2 0 21
45.2 0 0 0 2 22
67.51 0 0 0 0 23
70.75 0 0 0 0 24
76.63 1 −1 −1 −1 25
51.12 0 −2 0 0 26
40.65 0 0 2 0 27
71.59 2 0 0 0 28
84.24 1 1 −1 −1 29
72.2 −1 −1 −1 −1 30
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In Table 3, the parameters A, B, C and D are the main effect of independent variables, which are the
initial concentration of ciprofloxacin, pH, adsorbent dose, and contact time, respectively. The variable
AB represents the effect of the initial concentration of ciprofloxacin (factor A) and pH (factor B),
and variable A2 represents the square effect of factor A on the desired response.

Table 3. ANOVA for Response Surface Quadratic Model.

Source
Sum of
Squares

p Value
F Value

Mean
Square df

Prob > F

Model 4492.14 0.0001 8.06 320.87 14
A-Nano 353.88 0.0093 8.89 353.88 1 significant

B-pH 113.35 0.1121 2.85 113.35 1
C-Concentration 822.02 0.0004 20.66 822.02 1

D-Time 70.22 0.2039 1.76 70.22 1
AB 1.32 0.8579 0.033 1.32 1
AC 27.36 0.4199 0.69 27.36 1
AD 12.83 0.5785 0.32 12.83 1
BC 4.88 0.731 0.12 4.88 1
BD 16.16 0.5335 0.41 16.16 1
CD 1 0.8762 0.025 1 1
Aˆ2 159.99 0.0633 4.02 159.99 1
Bˆ2 318.55 0.0127 8.01 318.55 1
Cˆ2 150.96 0.0704 3.79 150.96 1
Dˆ2 2.42 0.8086 0.061 2.42 1

Residual 596.83 39.79 15
Lack of fit 541.99 0.0459 4.94 54.2 10
Pure Error 54.83 10.97 5 significant
Cor. Total 5088.97 29

The proposed model is presented as a modified model by removing non-significant variables via
preserving the main effects of variables from the model for the antibiotic elimination efficacy in the
following equation:

Y(%) = 67.11− 9.43X1 − 4.7X2 + 6.26X3 + 3.71X4 − 3.9X2
2 (3)

In this regard, X1, X2, X3 and X4 are coded values of the initial concentrations of antibiotics, pH,
adsorbent dose and reaction time. The linear regression is another test that was used to validate
the model [48]. In this test, the coefficient of determination (R2 = 0.8753), the adjusted coefficient of
determination (R2

adj = 0.8493) and the prediction coefficient (R2
pred = 0.7955) were calculated and

reported. Also, in each model, there is very little difference between the values of R2, R2
adj and R2

pred

is observed.

The Effect of Variables on the Process

In order to study the effects of each variable and the interactions or duplicate effects of variables
on the response generated by the model, the graphs were based on the polynomial model of the model,
using the test design software. According to Equation (3), the initial concentration of antibiotics has
the most significant effect on the removal process, with a coefficient equal to 9.94 and the reaction time
smallest effect than other parameters with a coefficient of 3.71. The effect of independent variables
on the efficacy of antibiotic removal is shown in Figures 7–9. Figure 7 shows the effect of the initial
concentration of antibiotic and the pH of the solution. As shown from Figure 7, with the increase
of antibiotic concentration, the removal efficiency decreases. In particular, with an increase of the
antibiotic composition from 16.25 to 25 mg/L, the removal efficiency is reduced from 76.13 to 57.34%,
respectively. The ideal efficiency was found to be at pH 6, while at pH > 6 and/or pH < 6, the efficiency
is reduced.
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Figure 7. The simultaneous effect of two variables; initial concentration of antibiotic and pH of solution;
adsorbent dose of 2 mg/L and reaction time of 37.5 min.

 

 

Figure 8. The simultaneous effect of two primary antibiotic and adsorbent dose variables: pH = 7 and
reaction time of 37.5 min.

 

 

Figure 9. The simultaneous effect of the two initial variables of antibiotic concentration and reaction
time: pH = 7 and the adsorbent dose is 2 mg/L.
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The effect of the initial concentration of antibiotics, and the amount of adsorbent, are presented
in Figure 8. By increasing the amount of adsorbent effluent, the efficiency increases; for example,
when the antibiotic concentration is used at a minimum level and the adsorbent content is 5.5 mg/L,
the removal efficiency is approximately 76%. If the concentration is constant and the adsorbent amount
is equal to 2 mg/L, the removal efficiency is 95.9%.

The effect of initial CIP concentration and the reaction time are shown in Figure 9. According to
the graph, when the antibiotic concentration reaches maximum, and in after 26.5 min, 70.11% of the
antibiotic is removed. But when the response time reaches the 2+ level (equal to 48.75 min), removal
efficiency is increased to 98.77%.

4. Discussion

The contact time is an important factor that directly influences the whole process. In the present
work, for a concentration of 5 mg/L, the adsorption process reaches equilibrium at about 37 min,
and then shows a relatively stable trend. The effect of the pollutant’s initial concentration is affecting a
lot the adsorption process. In this paper, the pollutant’s initial concentration was studied, ranging from
5 to 50 mg/L. As shown in Figure 7, the initial CIP concentration had a negative effect on the elimination
efficiency, and by increasing the ciprofloxacin concentration from 16.25 to 25 mg/L, the elimination
efficiency decreased from 84 to 57%. The decrease in removal efficiency when increasing initial
concentration can be explained by the fact that the active sites are constant with a constant amount of
adsorbent dose, but as the concentration of the adsorbent increases, the pollutant molecules (in the
medium—water) saturate the available adsorption sites, thereby, the removal efficiency is lowered [49].
Bajpai et al. observed that by increasing the initial concentration of ciprofloxacin from 10 to 20 mg/L,
the adsorption capacity increased from 3.74 to 11.32 mg/g [50].

4.1. Effect of pH Solution

In the purification processes, including adsorption, pH plays an important role. The Solution’s pH
can affect the adsorbent’s surface load, the degree of ionization of various pollutants, the separation of
functional groups on active adsorbent sites, as well as the structure of the antibiotic molecule; in effect,
the solution’s pH affects the chemical environment of the aqueous and adsorption surface bonds.
The pH changes were applied to the range of 4–10, and its effect on the removal efficiency was then
analyzed. The removal process had the highest percentage at pH 6.2–7, while with the increase of pH,
the removal efficiency decreased.

The effect of pH on the ciprofloxacin molecule has shown that in pH less than 6.2, the surface
of the molecule appears cationic and positive due to the protonation of amino groups. At pH values
higher than 8.6, the ciprofloxacin molecule is converted into anionic form, due to the loss of the proton
from the carboxylic group in the antibiotic structure. In the range of 6.2 to 8.6, the deprotonation of
carboxyl groups leads to negative carboxylate production. However, the amino group of proteins has a
positive charge. In other words, it has a positive and a negative “head”. The stabilization and behavior
of ciprofloxacin molecule from 6.2 to 7.8 have also been investigated [51]. Since the pH value at pHpzc

at the isoelectric absorption point is 7.5, and is negatively charged at higher pH values, given that at pH
values above 7.5, both the adsorbent and the antibiotic molecule are both negatively charged. At a pH
of less than 6.2, the adsorbent and the antibiotic have positive charge, so in this range, the adsorption
process occurs slower and reaches at minimum removal rate at pH = 6.2-6.8, because the unnamed
bands reach the maximum electrostatic gravity.

4.2. Effect of Adsorbent’s Dose

Based on the findings of this study, the adsorbent dose was the most important factor affecting
the efficiency of ciprofloxacin elimination. The study of the effect of adsorbent mass on adsorption
processes is one of the most important issues to be considered. Adsorption dose was applied to the
range of 1 to 3 mg/L, and its effect on the effectiveness of ciprofloxacin antibiotic removal was measured.
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Depending on the results obtained using constant concentrations of antibiotics, the increase in the dose
of the adsorbent improves the removal efficiency. As shown in Figure 8, when the concentration of
antibiotic is constant and equal to 16.25 mg/L, and the amount of adsorbent is 1.5 mg/L, the removal
efficiency is 75.97%—and when the amount of adsorbent reaches 2 mg/L, the removal efficiency
is improved, reaching 95.91%; at a constant concentration of antibiotic, by increasing the dose of
adsorbent, the ratio of active sites on the adsorbent’s surface is high relative to the adsorbing molecules
(pollutants), resulting in increased elimination efficiency. On the contrary, in low adsorbent amounts,
the ratio of active sites to the adsorbent molecules is lower, and the adsorption decreases.

On the other hand, with the increase of adsorbent above the optimal amount, the adsorption
capacity decreased below the maximum level of 15.25 mg/g, which is also due to the fact that by
increasing the adsorbent dose, the total capacity of the active sites present in the adsorbent level is
completely covered. If not, its adsorption capacity is reduced. This can be the use of available surface
in the form of unsaturated attributed adsorbent. The results show that the adsorption pattern in the
non-saturable adsorbent form causes undesirable use of existing spaces; this issue is very important in
the design of the process economics, particularly in scaling-up.

In this study, 5 mg/L of antibiotic and 2 mg/L of adsorbent were introduced as the optimum
amount, at maximum efficiency, with application of 2 mg/L of adsorbent, despite the increase in
adsorbent content, other increase in cleavage removal efficiency has not shown any increase. In other
words, the removal rate remains constant. It can be concluded that this amount of adsorbent adsorbs
all the antibiotics in the solution. Therefore, the antibiotic concentration in the solution is so low that it
is no longer “able to be adsorbed” easily. A study by Peasant et al. also showed that with the increase
in the adsorbent dose (chitosan/zeolite composite), the dye removal increases, due to the increasing
number of adsorption sites, while the increase of adsorbent’s dose reduces the adsorption capacity
(from the maximum of 17.77 mg/g) [52].

4.3. Effect of Contact Time

An important issue when using the adsorption system is providing an effective contact time under
specific conditions. In this paper, contact time was applied to the range of 15 to 60 min, and its effect on
the ciprofloxacin antibiotic removal. Figure 7 shows that the adsorption process reaches equilibrium at
different times. For a concentration of 5 mg/L, the adsorption process reaches equilibrium at about
37 min, and then shows a relatively stable trend. By increasing contact time, the probability of colliding
with adsorbent molecules is also increased, and the efficiency of removal increased. Chang et al. (2012)
obtained the equilibrium time for tetracycline removal by Monte Myrnolite for 8 h [53]. In another
study by Liu et al. who removed tetracycline using zeolite= by increasing contact time, resulted in the
removal efficiency also increased, and the time of equilibrium was 120 min [54].

4.4. Kinetics and Adsorption Isotherms

The adsorption kinetics depends on the adsorbent chemical and physical properties, which influence
the adsorption mechanism. In this study, we have used different kinetic and isotherm adsorption models
such as pseudo-first order, pseudo-second order, Langmuir, and Freundlich (Table 4).

The pseudo-first and pseudo-second order kinetic equations are shown in Figure 10. Adsorption
kinetics were used to determine the control mechanism of adsorption processes. Thus, in this figure,
the experimental points were not shown, and only theoretical ones are presented. Based on Table 5,
the best fitting was achieved with pseudo-second order equation (R2 = 0.9984).
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Table 4. Equations used in this study.

Equation Expression

Pseudo-first-order [55]

log
(

qe − qt

)

= log
(

qe

)

− t k1
2.303

• qe is the amount of mass absorbed in equilibrium state (mg/g)
• qt is equal to (mg/g) the amount of mass absorbed at time t
• k1 is the equilibrium of the first-order kinetic velocity (min−1)

Pseudo-second-order [56]

t
qt

= 1
k2qe

2 + t 1
qe

• k2 is the constant of the equilibrium velocity of the quadratic
kinetic equation (g mg−1 min−1)

Freundlich [57]

ln
(

qe

)

= ln(KF) +
1
n ln(Ce)

• Ce is the equilibrium concentration in the solution after adsorption
(mg/L)

• n and KF are the Freundlich constants

Langmuir [58]

Ce
qe

= 1
qmb + Ce

qm

• qm represents absorption capacity (mg/g)
• b is the Langmuir constant (L/mg)
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Figure 10. (Up triangle): pseudo-first order kinetic equation; (down triangle) pseudo-second order
kinetic equation.

Table 5. Parameters and related kinetic coefficients.

Kinetic Constant Rate R2 Kinetic Model

0.0320 min−1 0.7862 Pseudo-first order
1.91 g mg−1 min−1 0.9984 Pseudo-second order

The isotherm of adsorption describes how the adsorbent and adsorbate interact. In this study,
the experimental results were fitted to Freundlich and Langmuir isotherms. The Langmuir model is
valid for single-layer adsorption on adsorbent surface, with limited and uniform adsorption locations,
while the Freundlich isotherm is based on single-layer adsorption on heterogeneous adsorption sites
with unequal and non-uniform energies. Figure 11 shows the relative isotherms.
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Figure 11. Equilibrium results fitted to (a) Langmuir isotherm and (b) Freundlich isotherm.

In Freundlich isotherm, when KF increases, the adsorbent material adsorbed higher amounts of
pollutant, and the value of n between 1 and 10 reflects the proper adsorption process. The parameters
and coefficients are briefly summarized in Table 5. In this study, the calculated KF value is 4.75, and the
value of n is 2.79, which is within the specified range. Therefore, the adsorption of ciprofloxacin on the
adsorbent is well fitted to Langmuir model (Table 6), but it is fact that the data may suggest the presence
of non-specific or multi-type interactions between the adsorbate molecules and the adsorptive sites.

Table 6. Parameters and correlation coefficients of isotherm models.

qm = 15.52 mg/g b = 0.689 L/mg R2 = 0.9918 Langmuir isotherm

KF = 4.75 (mg1-n Ln/g) n = 2.79 R2 = 0.9845 Freundlich isotherm

A major concern regarding any synthesized adsorbent material is answering why this material was
synthesized instead of another structure-type material? To respond, it is of fundamental importance
to mention some facts. Nanoparticles have a unique combination of properties, such as small size,
large surface area, catalytic potential, large number of active sites, high chemical reactivity; all of
the above give nanoparticles high adsorption capacity [59]. Also, magnetic nanoadsorbents can be
applied as cost-saving and effective materials to separate the materials (solid) from the liquid-phase
(water) after the end of the adsorption process. Moreover, the relatively simple isolation of magnetic
materials from the solution can aid to their regeneration and reuse [60]. Therefore, the magnetic
nanoadsorbents can be good candidates for water/wastewater treatment. Based on the above,
Poly(vinylimidazole-co-divinylbenzene) magnetic nanoparticles have been used for the adsorption
of fluoroquinolones from aqueous environments [61]. Wang et al. also synthesized the easy to
separate magnetic chalcogenide composite KMS-1/L-Cystein/Fe3O4 using L-cystein to connect KMS-1
and Fe3O4 nanoparticles for ciprofloxacin removal from aqueous solutions [62]. Table 7 shows a
brief comparison of some other adsorbent materials tested for the removal of CIP. However, similar
experimental conditions should be kept in order to compare two adsorbents (even for the treatment
of the same pollutant). Parameters affecting adsorption are the contact time, the solutions’ pH,
the initial concentration of the pollutant, temperature, adsorbate volume, agitation speed, the solution’s
ionic strength, and adsorbent dosage. Any change to the abovementioned conditions will lead to
different results, and the comparison can be made for adsorbent/adsorbate systems of the same study.
Also, based on the interaction groups, a possible mechanism of adsorption is illustrated in Figure 12.
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Table 7. CIP adsorption capacities comparison from aqueous solutions using various adsorbents.

Adsorbent Qm (mg/g) Reference

Carbon nanotubes 135 [29]
Kaolinite 6.99 [29]
Bamboo-based carbon modified 153.17 [63]
Graphene oxide 379 [64]
Ca2+-montmorillonite 330 [65]
Multi-walled nanotubes 194 [66]
Iron hydrous oxide 25.76 [67]
Aluminum hydrous oxide 14.72 [67]
Bentonite 147 [68]
Birnessite 80.96 [69]
Montmorillonite 137.7 [70]
Al-PILC 17.78 [71]
Polystyrene nanocomposites P(St-b-AAc)/Fe3O4 15.52 This study
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Figure 12. Possible adsorption interaction.

4.5. Aspects

It is known that activated carbon is a very popular adsorbent material, with the demand for virgin
activated carbon expanding, since demand from water and wastewater treatment facilities has been
steadily increasing. Together with the increase of wastewater treatment applications, the demand
and production of activated carbon is also increasing. The largest quantities of activated carbon
consumption are observed the U.S.A, Japan and then Europe [72]. Antibiotics are being detected in
the aquatic environment. There are different ways for antibiotics to enter the aquatic environment
with WWTP considered to be one of the main points of entrance. Even treated wastewater effluent can
contain antibiotics, since WWTP cannot eliminate the presence of antibiotics. Compared to other tertiary
treatments, adsorption can be a sustainable option for antibiotic removal from wastewaters. Activated
carbon is used in the pharmaceutical for the removal of unwanted compounds [72]. Activated
carbon possesses a plethora of disadvantages [73], such as high capital cost, ineffectiveness and
non-selectivity against vat/disperse dyes. Furthermore, saturated carbon regeneration is expensive
and leads to adsorbent loss. Depending on the demand, cost, and the nature of the pollutant to be
adsorbed, the adsorbents are either disposed or regenerated for future use. Used adsorbents are
considered hazardous waste, causing environmental and societal problems in various countries [74].
Heat accumulation and toxic adsorbates desorption could create hazardous conditions. In addition,
odor can be caused by the dumping of adsorbents.

Since regeneration costs can be quite high, the reduction of consumption costs is the key
to sustainable and industrial benefits. Substantial studies regarding the activated carbon-based
adsorption of pollutants onto have been conducted, but research on regeneration methodologies
remains limited [75]. Adsorbent regeneration capability cost analysis is necessary for the economic
and environmental assessment of the adsorption process. For the spent adsorbent stabilizing or proper
disposal seem to be difficult. The regeneration process of adsorbents from the points of view of
sustainability and the environmental involves recovering valuable adsorbates, while reducing the
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need of virgin adsorbents, and this is extremely important. Studies on novel adsorbents, at full-scale
adsorption systems, should be considered for potential industrial applications.

5. Conclusions

Antibiotics are still being detected in the effluents of WWTP, and adsorption seems to be a
sustainable option for antibiotics removal from waters. Poly(St-b-AAc) diblock copolymers were
prepared using the RAFT technique. This copolymer with acrylic acid group was adsorbed onto
the surface of Fe3O4 nanoparticles, through the interaction with hydroxyl groups on the Fe3O4

nanoparticles’ surface. A magnetic nanocomposite ranged in 30 nm was then prepared. The VSM
analysis showed the saturation magnetization (26 emu/g for P(St-b-AAc)/Fe3O4). The removal process
was performed using P(St-b-AAc)/Fe3O4 to remove ciprofloxacin antibiotic from synthetic sewage.
The effects of parameters such as initial concentration of antibiotic, pH, soluble dose and reaction time
were studied. The primary concentration of antibiotics with the highest negative effect and adsorbent
dose showed the most positive effect in the removal process. The results also indicated that 97.5% of
antibiotics were removed under optimal conditions, which include an initial antibiotic concentration
of 5 mg/L, pH 7, and an adsorbent dose of 2 mg/L for 37.5 min. The adsorption of CIP was better
fitted to Langmuir isotherm (R2 = 0.9995), while the kinetics were better fitted to second-order kinetic
equation (R2 = 0.9973). Future work should include multi-component pharmaceutical adsorption with
continuous adsorption of wastewaters, taking into account adsorbent regeneration.
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Abstract: In this work, magnetic yeast (MY) was produced through an in situ one-step method. Then,
MY was used as the core and the antibiotic sulfamethoxazole (SMX) as the template to produce
highly selective magnetic yeast-molecularly imprinted polymers (MY@MIPs). The physicochemical
properties of MY@MIPs were assessed by Fourier-transform infrared spectroscopy (FT-IR),
a vibrating sample magnetometer (VSM), X-ray diffraction (XRD), thermogravimetric analysis
(TGA), specific surface area (SBET) determination, and scanning electron microscopy (SEM).
Batch adsorption experiments were carried out to compare MY@MIPs with MY and MY@NIPs
(magnetic yeast-molecularly imprinted polymers without template), with MY@MIPs showing a better
performance in the removal of SMX from water. Adsorption of SMX onto MY@MIPs was described
by the pseudo-second-order kinetic model and the Langmuir isotherm, with maximum adsorption
capacities of 77 and 24 mg g−1 from ultrapure and wastewater, respectively. Furthermore, MY@MIPs
displayed a highly selective adsorption toward SMX in the presence of other pharmaceuticals,
namely diclofenac (DCF) and carbamazepine (CBZ). Finally, regeneration experiments showed that
SMX adsorption decreased 21 and 34% after the first and second regeneration cycles, respectively.
This work demonstrates that MY@MIPs are promising sorbent materials for the selective removal of
SMX from wastewater.

Keywords: antibiotics; emerging contaminants; pharmaceuticals; wastewater treatment; polymeric
adsorbents; magnetization

1. Introduction

Antibiotics are intensively used as human and veterinary medicines for the treatment and
prevention of infectious diseases [1]. Among them, sulfamethoxazole (SMX) is a sulfonamide
bacteriostatic antibiotic that has been commonly used during the last 80 years to treat urinary tract
infections due to its low cost and broad spectrum of activity to treat bacterial diseases [2,3]. However,
the widespread and indiscriminate use of SMX, as of other antibiotics, constitutes a huge potential threat
to human health and contaminates natural ecosystems by affecting aquatic and soil organisms [4,5].
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Recently, SMX has been detected in effluents of sewage treatment plants (STP), and also in surface and
groundwater [6,7]. Indeed, it is known that pharmaceuticals (including SMX) can reach the aquatic
environment in their unchanged or transformed forms mainly through discharge of effluents from
municipal STP [7]. According to the statistics, more than 20,000 tons of SMX enter the environment
worldwide every year, resulting in concentrations that range from 0.001 to 5.0 µg L−1 in untreated or
treated wastewater [8–10]. Therefore, the problem of environmental contamination by SMX is of great
concern as pathogen resistance is highly documented and has been induced even by low levels of
antibiotics [11].

To solve the above-mentioned problems, substantial research efforts have been directed worldwide
to develop sustainable treatments for the removal of antibiotics, including SMX, from contaminated
waters, such as membrane separation, adsorption processes, photocatalysis, and chemical oxidation [12].
Among these treatments, adsorption-based processes have been highlighted to be efficient, easy to
implement and, furthermore, avoid the generation of transformation products [13–15]. However,
the application of these processes is quite challenging due to the characteristic features of
contaminated wastewaters, namely, large discharge flux, complex composition, and very low antibiotic
concentrations [16]. Increasing the adsorbent specificity has been proposed as a strategy to address
these challenges and improve the efficiency of the adsorptive removal of antibiotics from such complex
matrices [17].

Molecularly imprinted technology (MIT) involves the creation of tailor-made selective binding
sites in a polymeric matrix with memory of the shape, size, and functional groups of the template. Thus,
molecularly imprinted polymers (MIPs) have become increasingly attractive as adsorbent materials
due to their capacity to selectively bind specific targets and to their promising characteristics, such
as low cost, easy synthesis, high stability to harsh chemical and physical conditions, and excellent
reusability [18,19]. In recent years, MIPs, whose application of the extraction and analysis of organic
contaminants in environmental water samples is well-established [20], have been successfully used for
the adsorptive removal of pharmaceuticals, including antibiotics, from contaminated water [21–24].
In the specific case of SMX adsorption by MIPs, few works have been published, with most of them
aiming at the analytic quantification of this antibiotic. For example, Qin et al. [5] used Fe3-O4-chitosan
MIPs for SMX selective extraction and determination in aqueous samples, with the produced materials
having attained a maximum adsorption capacity of 4.32 mg g−1. Zhao et al. [25] prepared core–shell
MIPs on the surface of magnetic carbon nanotubes (MCNTs@MIP) for SMX, the resulting material
having a maximum SMX adsorption capacity from aqueous solution of 864.9 µg g−1. However, to the
best of our knowledge, the removal of SMX from complex wastewaters using MIPs has just been
assessed by Valtech et al. [19]. Among the materials produced by these authors [18], those having
the largest maximum adsorption capacity (6.5 × 10−5 mol g−1 (16.5 mg g−1)) performed similarly to a
commercial activated carbon in terms of removal, but presented higher selectivity toward SMX in the
presence of other pharmaceuticals and better regeneration ability.

Despite the above-mentioned advantages and applications, the preparation of MIPs by
conventional MIT has two main drawbacks: (1) The imprinted polymer matrices are thick and, thus,
hold a small number of recognition sites per unit volume; and (2) the template molecules are deeply
embedded in the matrix, so there is a diffusion barrier for them, the mass transfer rate is low, and binding
to the recognition sites is somehow hampered [26]. Surface molecular imprinting has been proved
to improve mass transfer, recognition, and binding ability relative to MIT [27]. Among solid-support
substrates used for the surface molecular imprinting process, microbial nano-magnetic materials are
alternative supporters that have many advantages compared to inorganic materials [28]: (1) They are
easy to obtain and short generations can be artificially cultured [29]; (2) there are many surface chemical
functional groups and so modification steps can be avoided, reducing secondary pollution; (3) cells
can guide the regulation of the growth process of inorganic materials [30]; (4) microbial cells have a
variety of structures and can provide a rich array of templates for nanomaterials by template-assisted
synthesis; and (5) magnetic properties allow for a simple after-use separation of the materials.
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Yeasts, which belong to the fungus kingdom, are relatively large eukaryotic and single-celled
microorganisms (diameters typically measuring 2.0–4.0 µm). Their cell wall includes glucan, mannan,
chitin protein, and a small amount of lipids, and it has many surface chemical groups such as carboxyl
(–COOH), carbonyl (–C=O), amino (–NH2), hydroxyl (–OH), and phosphoryl (–P=O) groups. Moreover,
yeast is very cheap, easy to obtain, and environmentally friendly. These advantages make yeasts
appropriate and widely used as supports for bio-nanocomposites [31].

In the above-described context, the objectives of this study were to: (1) Prepare a bio-nanocomposite
of yeast-Fe3O4 (magnetic yeast, MY) using an in situ one-step preparation of nano-Fe3O4; (2) use
MY as the core to synthesize magnetic yeast-molecularly imprinted polymers (MY@MIPs) by a
surface-imprinted polymerization method with MIPs as the shell and SMX as the template molecule;
(3) characterize the resulting materials by Fourier-transform infrared spectroscopy (FT-IR), a vibrating
sample magnetometer (VSM), X-ray diffraction (XRD), thermogravimetric analysis (TGA), specific
surface area (SBET) determination, and scanning electron microscopy (SEM); (4) test the removal
performance of MY@MIPs toward SMX and compare it with those of MY and MY@NIPs (magnetic
molecularly imprinted polymers without template); and (5) explore the selective sorption capacity
of MY@MIP in a real complex matrix (wastewater collected at a STP) and in the presence of other
pharmaceuticals (diclofenac and carbamazepine).

2. Materials and Methods

2.1. Chemicals and Materials

Yeast cells (CICC 30225) were obtained from the China Center of Industrial Culture Collection
(CICC). Iron salts used to produce MY were ferric chloride hexahydrate (FeCl3·6H2O) and
ferrous chloride tetrahydrate (FeCl2·4H2O), purchased from Sigma-Aldrich (Stenheim, Germany).
In addition, 2-vinyl pyridine (2-vpy), ethylene glycol dimethacrylate (EGDMA), acetonitrile (ACN),
and azo-bis-isobutyronitrile (AIBN), which were also purchased from Sigma-Aldrich (Stenheim,
Germany), were used for MIT. Other reagents used in this work included ammonium hydroxide,
toluene (99.8%, Aldrich), ethanol (99.9%, Riedel-de Haën), methanol (99.99%, Fischer Chemical),
and acetic acid (p.a., Merck). Ultrapure water was obtained from a Milli-Q water purification system
(Millipore). SMX was purchased from TCI Europe (>98%); carbamazepine (CBZ; Sigma-Aldrich, 99%);
diclofenac (DCF, TCI Europe, >98%). All solutions were stored at 4 ◦C immediately after preparation.

2.2. Materials Preparation

2.2.1. Preparation of Magnetic Yeast (MY)

Nano-Fe3O4 was loaded onto the yeast cell surface by a one-step method as described by
Tian et al. [32]. Briefly, the yeast cells were cultured in ultrapure water with glucose. After reaching
the exponential growth phase (6–10 h), the yeast cells were collected by centrifugation (4000 rpm).
Then, collected cells (1.0 g) were suspended in 40 mL of 0.125 M FeCl3 solution in a three-necked flask
and stirred for 1 h at room temperature. After that, 0.6 g of FeCl2·4H2O was added under nitrogen
atmosphere and stirred for another 1 h. The mixture was then heated in a water bath at 80 ◦C for
15 min, and the pH was adjusted to approximately 11 with 25% (w/v) ammonium hydroxide. Stirring
was kept for 30 min and then stopped to age for 1 h. The resulting magnetic yeast (MY) was then
washed, separated by applying a magnetic field, and then dried in an oven (35 ◦C, 4 h).

2.2.2. Preparation of Magnetic Yeast-Based Molecularly Imprinted Polymer (MY@MIPs)

MY was treated as the core and the MIPs as the shell. The process used for the production of
MY@MIPs was as follows: 1 mg of SMX (template molecule) and 4 mmol of 2-vpy (monomer) were
dissolved in 60 mL of ACN/toluene (3/1; v/v). This solution was then self-polymerized for 8 h at room
temperature (25 ◦C). Subsequently, 100 mg of MY (polymer supporter), 0.36 mmol of AIBN (initiator),
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and EGDMA (crosslinker) were added into the polymerized solution (template:monomer:crosslinker,
1:4:20), which was ultrasonicated for 10 min. The mixture was heated and maintained at 60 ◦C for 24 h
under stirring with nitrogen protection. At last, the MY@MIPs were washed with methanol/formic
acid (9/1; v/v) for 12 h and purified for 24 h by a Soxhlet extraction method (the extraction solution was
methanol). Meanwhile, the MY@NIPs were also produced by following the above-described procedure
but in the absence of the template.

2.3. Characterization of MY, MY@MIPs, and MY@NIPs

Fourier-transform infrared spectra of the produced materials were obtained in a Shimadzu-IRaffinity-1
equipment, using an ATR module (FTIR-ATR), under a nitrogen purge. The measurements were
recorded in the range 500–4000 cm−1, 4.0 of resolution, 256 scans, and applying atmosphere and
background correction.

A vibrating sample magnetometer (VSM EV9) with an oscillatory applied magnetic field (H)
to a maximum of 22 kOe was used to determine the saturation magnetization (MS). The MS was
calculated by plotting the magnetic moment versus the applied magnetic field, and it corresponded to
the plateau value of the magnetic moment reached divided by the sample mass (10 mg). The sample
was encapsulated in an acrylic cylindrical container (5.85 mm of diameter and 2.60 mm of height),
which was coupled to the lineal motor of the VSM EV9 instrument, centered between the two polar
heads of the electromagnet used to fluctuate the magnetic field. The instrument was calibrated with a
disk of pure nickel (8 mm of diameter) using a procedure that establishes the determination of the
magnetic field, applied at around 1 Oe, while the dispersion of the magnetic moment is inferior to 0.5%.

X-ray diffraction (XRD, 5–90◦) was measured on a D8-Focus X-ray diffractometer (Bruker Optics)
with a test rate of 10◦·min-1. The results were analyzed by Jade program (9.0) and Origin (9.0).

Thermogravimetric analysis (TGA) was performed in a thermogravimetric balance Setsys
Evolution 1750, Setaram, TGA mode (S type sensor). The samples were heated at a heating rate of
10 ◦C min−1, under nitrogen atmosphere, from room temperature to 105 ◦C and from 105 ◦C to 900 ◦C,
maintaining constant temperature until total stabilization of the sample mass at the end of both stages
(approximately 30 min).

The SBET and micropore volume (W0) were determined by nitrogen adsorption isotherms, acquired
at 77 K using a Micromeritics Instrument, Gemini VII 2380, after outgassing the materials overnight at
120 ◦C. SBET was calculated from the Brunauer–Emmett–Teller equation in the relative pressure range
0.01–0.1. Pore volume (Vp) was estimated from the amount of nitrogen adsorbed at a relative pressure
of 0.99.

The surface morphology of the materials was analyzed by scanning electron microscopy (SEM)
using a Hitachi S4100. The images were obtained at magnifications of 500, 3000, and 10,000×.

2.4. Adsorptive Removal of SMX by the Produced Materials

The produced materials (MY, MY@MIPs, MY@NIPs) were used as adsorbents for the removal of
SMX under batch operation conditions. Summarizing, the materials were put in contact with a 5 mg L−1

SMX solution in polypropylene tubes, which were shaken in a head-over-head shaker (80 rpm) for a
predetermined period of time at controlled temperature (32 ◦C). The corresponding adsorbent material
was separated from the suspension liquid by an external magnetic field. At last, the concentration
of SMX in the liquid phase was measured by micellar electrokinetic chromatography (MEKC), using
a methodology adapted from Silva et al. (2019) [33]. The experiments were conducted in triplicate,
and control experiments without adsorbent were run in parallel. The performance of the materials was
evaluated by carrying out kinetic, equilibrium, pH, selectivity, and regeneration/reutilization studies,
described in detail in the next subsections.
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2.4.1. Kinetic Adsorption Studies in Ultrapure Water

In the kinetic study, tubes containing 250 mg of adsorbent material (MY, MY@NIPs, or MY@MIPs),
together with 10 mL of a 5 mg L−1 SMX solution in ultrapure water, were incubated and shaken
as described above. After shaking during defined periods of time (t, min), at intervals from 0 to
24 h, the materials were separated from the aqueous phase and the remaining SMX concentration in
solution was measured by MEKC. At each time, the corresponding value of the adsorbed concentration
(qt, mg·g−1) was determined as follows:

qt =
C0 −Ct

Cm
(1)

where Ct (mg L−1) is the residual SMX concentration at time t, C0 is the initial SMX concentration
(mg L−1), and Cm is the adsorbent dosage (mg·L−1).

When adsorption equilibrium was attained, the percentage of adsorption R (%) was determined as:

R (%) =
C0 −Ce

C0
× 100% (2)

where Ce (mg·L−1) is the residual SMX concentration at equilibrium.

2.4.2. Equilibrium Adsorption Studies in Ultrapure Water

For the equilibrium studies, the corresponding adsorbent material (MY, MY@NIPs, or MY@MIPs),
with doses ranging from 50 to 2000 mg L−1, was added to 10 mL of a 5 mg L−1 solution of SMX in
ultrapure water. Tubes with the mixtures were shaken for 16 h, which allowed equilibrium to be
reached. The materials were recovered from the suspension by the application of a magnetic field and
the residual concentration of SMX was determined by MEKC. Then, for the different doses of material,
the adsorbed concentration at the equilibrium (qe, mg·g−1) was determined as follows:

qe =
C0 −Ce

Cm
(3)

where Ce (mg L−1) is the SMX concentration in the liquid phase at equilibrium.

2.5. Adsorptive Performance of MY@MIPs

From the results of the above-mentioned kinetic and equilibrium studies in ultra-pure water,
the most efficient material for removal of SMX was MY@MIPs. Thus, in order to assess the practical
application of this material, further studies were carried out on the adsorptive performance of MY@MIPs
under different experimental conditions.

2.5.1. Kinetic and Equilibrium Adsorption Studies in STP Effluent

The kinetic and equilibrium procedures described in Section 2.4. were carried out using MY@MIPs
for the adsorptive removal of SMX from a real matrix, namely the effluent from a STP. In this case,
5 mg L−1 solutions of SMX were prepared using a STP effluent instead of ultrapure water. The effluent
was collected from an urban STP in Aveiro (Portugal) that is designed to serve 159,700 population
equivalents. This STP consists of primary and biological treatment stages. For this work, water was
collected at the outlet of the biological decanter, as this is the final treated effluent that is discharged
from the STP into the aquatic environment. Immediately after collection, the effluent was filtered
through 0.45 µm, 293 mm Supor® membrane disk filters (Gelman Sciences) and stored at 4 ◦C until use,
which occurred within a maximum of 15 days. The collected effluent had a pH of 7.99, conductivity of
3.03 mS cm−1, and total organic carbon content of 21.5 mg L−1.
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2.5.2. pH Study

Adsorption studies on the effect of pH were carried out at 32 ◦C with the initial conditions of
C0 = 5 mg L−1 in ultrapure water and Cm = 300 mg L−1. Experiments were carried out at three different
pHs, namely 4, 7, and 8 (pH was adjusted by adding HCl or NaOH, 1 M). After shaking during
16 h, MY@MIPs were separated from the liquid suspensions, the residual concentration of SMX was
analyzed by MEKC, and the corresponding qe (mg g−1) at each pH was determined using Equation (3).

2.5.3. Selective Adsorption

To study the selective capacity of MY@MIPs toward SMX, diclofenac (DCF) and carbamazepine
(CBZ) were used as competing species in the adsorption experiments. These pharmaceuticals were
selected due to their high global frequency of occurrence in wastewater, surface water, and groundwater
and their recalcitrant properties, with low removal rates after conventional STP treatments [34].
The concentration of DCF and CBZ in ultrapure water solution was the same as that of SMX (5 mg L−1),
the Cm was 300 mg L−1, the incubation temperature was 32 ◦C, the pH was 4, and shaking was
maintained during 16 h. Then, the residual concentration of SMX at equilibrium was analyzed and the
corresponding qe (mg g−1) was determined with Equation (3).

2.5.4. Regeneration and Reutilization

In order to evaluate the adsorptive performance after regeneration, after SMX saturation in
ultrapure water, MY@MIPs were regenerated and then tested for the adsorption of SMX in four
subsequent cycles. For the regeneration, saturated MY@MIPs were washed by methanol/acetic acid
(9/1, v/v) through Soxhlet extraction during 72 h. Then, the regenerated material was used in adsorption
experiments as described in previous sections (shaking during 16 h at 32 ◦C with the initial conditions
of C0 = 5 mg L−1 in ultrapure water and Cm = 300 mg L−1). The residual concentration of SMX at the
equilibrium was analyzed and the corresponding R (%) was determined as for Equation (2).

3. Results

3.1. Preparation of MY

In this study, an in situ one-step method was carried out to load nano-Fe3O4 particles on the
surface of yeast, which was used as a biological solid support. Under alkaline conditions, Fe2+ and
Fe3+ co-precipitated on the surface of yeast and then Fe(OH)2 or Fe(OH)3 was converted to nano-Fe3O4

at 80 ◦C, according to the following chemical reactions:

Fe2+ + 2OH−→ Fe(OH)2↓

Fe3+ + 3OH−→ Fe(OH)3↓

Fe(OH)2 + 2Fe(OH)3
80 ◦C
→ Fe(Fe2O4) ↓ +4H2O

The observation of MY by a high-power optical microscope (Olympus CX22, Japan) clearly showed
the loading of magnetic nanoparticles over yeast cells, as shown in Figure 1a. Meanwhile, Figure 1b
represents the picture of MY at the actual size. Compared to other methods used to anchor Fe3O4

nanoparticles on the surface of yeast biomass, such as cross-linking or electrostatic-interaction-driven
hypercoagulation, the one-step method applied here only took approximately 3.5 h, in opposition to
the referred methods, which can take up to 13.5 and 6 h, respectively [35], without considering the
time of washing and drying. Hence, the results suggest that the one-step method is an interesting
synthesis option.
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Figure 1. Optical microscopy photograph (500×) of magnetic yeast (MY) (a); actual size photograph of
MY (b).

3.2. Preparation of MY@MIPs

MY was used as support of a MIP-based material for the selective adsorption of SMX. Compared
to other support materials such as SiO2, carbon nanotubes, or Fe3O4-SiO2 used in the literature [36,37],
MY particles can act as support without the need of an intermediate chemical modification step and
can distinctly improve grafting efficiency.

The shell of MIPs was co-polymerized on the surface of MY. Hence, to synthetize MIPs with
affinity, selectivity, and appreciable removal capacity toward the target compound, the monomer and
crosslinker types and the ratio of the reagents should be taken into account. Normally, if the template
molecule has an alkaline chemical group, the monomer should be methacrylate (MAA), but if it has an
acidic group, the monomer should be vinyl pyrimidine (vpy) [38]. As SMX has an oxazole moiety
that displays acidity, 2-vpy was chosen as it has both a hydrogen-bond acceptor (N atom of pyridine)
and alkalinity [39]. In this work, the molar ratio of the mixture of template and monomer was 1:4,
as the monomer and template were in dynamic equilibrium, and it is not useful to add the monomer
indiscriminately. Indeed, an excessive monomer may increase the non-selective sites, resulting in a
selectivity decrease. On the other hand, during the synthesis of MIPs, in order to immobilize the
template into the polymer without changing the spatial configuration of pores in the polymer, this must
have a high rigidity. Therefore, it was necessary to use a crosslinker for increasing rigidity, EDGMA
being selected due to its appropriate cost and solubility. However, if the ratio of monomer to crosslinker
is too high, it will make the extraction of the template difficult due to the excessive rigidity of the
MIP. Considering the referred considerations and conclusions from other studies [40,41], the ratio of
monomer and crosslinker was selected to be 1:5.

3.3. Characterization of MY, MY@MIPs, and MY@NIPs

FTIR spectra of the produced materials (MY, MY@MIPs, and MY@NIPs), which were obtained in
order to shed some light about the chemical groups present on their surface, are depicted in Figure 2.
At 548 cm−1, a characteristic adsorption peak belonging to the Fe-O chemical bond was observed
for all materials. Compared to MY, MY@MIPs and MY@NIPs had some new peaks. Among them
were the absorption bands at 2363 and 2328 cm−1 (MY@MIPs) and at 2377 and 2337 cm−1 (MY@NIPs),
which were attributed to the stretching vibrations of -CN or -NC, respectively. The peak at 1758 cm−1

(MY@MIPs) or at 1727 cm−1 (MY@NIPs) belongs to the stretching vibration of C=O in the EGDMA ester
group and the carboxyl group, suggesting that EGDMA worked on the surface. Moreover, MY@MIPs
had new peaks at 1118 and 955 cm−1, which belonged to the symmetrical and asymmetric stretching
vibration of C-O in EGDMA, respectively, and reflected that it had a cross-linking polymerization on
the surface of MY@MIPs. In the spectra of MY@MIPs and MY@NIPs, adsorption peaks at 1350 or
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1340 cm−1 were due to N–H bending vibrations, while this peak was very weak in MY, indicating the
N–H bond of 2-vpy. Peaks at 1595 cm−1 (MY@MIPs) or 1572 cm−1 (MY@NIPs) were due to bending
vibrations of N-H.
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Figure 2. FTIR spectra of magnetic yeast (MY), magnetic yeast-molecularly imprinted polymers without
template (MY@NIPs), and magnetic yeast-molecularly imprinted polymers (MY@MIPs).

The magnetic properties of the MY, MY@MIPs, and MY@NIPs were studied by VSM at room
temperature, the MS of each material being shown in Table 1. The MS values were determined to be
between 26 and 34 emu g−1, which were compatible with good magnetization. Indeed, Figure S1,
within Supplementary Information, shows that MY@MIPs can be easily separated by an external
magnetic field, which is beneficial for the after-use separation of the saturated MY@MIPs from treated
water, achieving one of the major goals of this study.

Table 1. Physical characterization of the produced materials.

Materials SBET (m2 g−1) Vp (cm3 g−1) D (nm) MS (emu g−1)

MY 38.8 0.11 5.71 26.1
MY@NIPs 39.2 0.11 5.41 24.2
MY@MIPs 43.2 0.11 5.06 34.1

N2 adsorption at −196 ◦C; Vp = total pore volume; D = average pore diameter; MS = saturation magnetization.

The XRD spectrum of MY in the 2θ range of 20 to 80◦ is shown in Figure 3, where the (220),
(311), (400), (422), (511), and (440) planes of Fe3O4 may be observed at 2θ = 30.22◦, 35.40◦, 43.36◦,
53.68◦, 57.21◦, and 62.43◦. This pattern is consistent with the standard XRD data of Fe3O4 in the
JCPDS-International Centre for Diffraction Data (JCPDS Card: PDF#75-0033). Therefore, XRD results
evidenced that Fe3O4 was successfully loaded onto the yeast surface during the production of MY and
that, subsequently, surface molecular imprinting did not change the crystalline structure of magnetic
nanoparticles. Similar patterns confirming the effective loading of magnetite have been reported in the
literature on magnetic MIPs (MMIPs), including MMIPs produced for melamine analysis in milk [42],
PEGylated magnetic core−shell structure-molecularly imprinted polymers (PMMIPs) for the specific
adsorption of bovine serum albumin (BSA) [43], or core−shell MMIPs for the selective adsorption of
tetracycline [44].
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Figure 3. X-ray diffraction spectrum of MY.

The thermogravimetric (TG) and derivative thermogravimetric (DTG) curves of MY, MY@NIPs,
and MY@MIPs are shown in Figure 4. All the materials evidenced three main weight loss peaks:
The first at ~100 ◦C related to moisture; the second at ~300 ◦C related to the most thermolabile organic
fraction; and the third centered at ~700 ◦C related to less thermolabile organic or inorganic fractions.
For MY, a weight loss of approximately 62% was reached at 900 ◦C (Figure 4a); the second weight
loss peak is particularly accentuated in this material, as it is the one with the highest amount of yeast
per unit mass of material and, thus, yeast cells carbonized with increasing temperature. Meanwhile,
MY@NIPs (Figure 4b) and MY@MIPs (Figure 4c) suffered, globally, a lower weight loss than MY,
reaching 30% and 50% of weight loss, respectively, at 900 ◦C. This might be due to the introduction of
less thermolabile structures in the composition of these materials (such as the magnetic nanoparticles
and polymers).
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Figure 4. TG (full line) and DTG (dashed lines) curves of MY (a), MY@NIPs (b), and MY@MIPs (c).

The results of SBET are shown in Table 1. The SBET of each material was as follows: MY—38.8 m2 g−1,
MY@MIPs—43.2 m2 g−1, and MY@NIPs—39.2 m2 g−1. Similar SBET (47 m2 g−1) were determined
for magnetic sorbents with a metal–organic framework core and MIP shell [45]. Meanwhile, lower
SBET, between 6 and 11 m2 g−1, have been measured for magnetic sorbents based on the iron oxide
(Fe3O4) core and MIP shell [46,47]. Regarding the average pore diameter (D), it was 5.71, 5.41,
and 5.06 nm respectively for MY, MY@MIPs, and MY@NIPs. Therefore, the three produced materials
are mesoporous with no significant differences between them in terms of porosity.

The surface of MY, MY@MIPs, and MY@NIPs was examined by SEM (Figure 5). All the figures
suggested that the particles (either MY, MY@NIPs, or MY@MIPs) were elliptical, which is due to the
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use of yeast as support, as it has been observed to have an ellipsoid shape with uniform size [48]. As it
may be seen, MY@NIPs and MY@MIPs have a dispersed and comparatively smoother appearance
than MY, which is rough-faced due to the magnetic nanoparticles coating the smooth-faced yeast [49].
Moreover, under 3000×magnification, results showed that MY@MIPs had a better dispersion compared
to MY and MY@NIPs. Under 10,000×, MY@MIPs showed a bigger porosity than the other materials,
which may benefit the adsorption of SMX and improve the mass transfer rate from the aqueous phase.

Globally, the characterization results demonstrated the successful loading of Fe3O4 on the yeast
surface and the preparation of MIPs on the surface of MY.

 

−

−

Figure 5. Scanning electron microscopy (SEM) images of MY (a–c), MY@NIPs (d–f), and MY@MIPs (g–i).

3.4. Adsorptive Removal of SMX by the Produced Materials

3.4.1. Adsorption Kinetics

The kinetic results on the adsorption of SMX onto the produced materials are shown in Figure 6,
which evidences that, in all cases, the adsorbed concentration qt (mg g−1) rapidly increased until
360 min of contact and then slowly increased until becoming stable. Moreover, all the materials
performed quite similarly from a kinetic point of view.

Comparing the results obtained here to those reported in the literature, it may be said that a shorter
equilibrium time (around 20 min, at room temperature) was determined for the adsorption of SMX
onto core−shell MIPs on the surface of magnetic carbon nanotubes (MCNTs@MIP) by Zhao et al. [25].
Meanwhile, using MIPs on the surface of yeast (yeast@MIPs), Wang et al. [16] found that (at 298
to 318 K) 200 min were necessary to attain equilibrium for the adsorption of ciprofloxacin (CIP),
and Pan et al. [50] observed an equilibrium time around 375 min for the adsorption (at 303 K) of
cephalexin. In any case, it has been noticed that surface-imprinting improves the binding kinetics as
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compared to traditionally imprinted materials, which take longer (usually around 12–24 h) to attain
adsorption equilibrium [51].

 

 

q =  q × 1 − e( )

q =  k × q × t 1 + k × q × t
− − −

a b 

c 

Figure 6. Experimental kinetic results together with pseudo-first- and pseudo-second-order model
fittings for the adsorption of sulfamethoxazole (SMX) onto MY (a), MY@NIPs (b), and MY@MIPs (c) in
ultrapure water.

Pseudo-first-order [52] and pseudo-second-order [53] kinetic models were applied to describe the
adsorption kinetics of SMX onto the produced materials. The formulation of the models is as follows:

Pseudo-first-order
qt = qe ×

(

1− e(−k1t)
)

(4)

Pseudo-second-order

qt =
k2 × q2

e × t

1 + k2 × qe × t
(5)

where k1 (min−1) and k2 (g mg−1 min−1) are the pseudo-first-order and the pseudo-second-order
rate constants.

The non-linear fitting kinetic parameters are summarized in Table 2. According to the correlation
coefficient (R2) and concordance between experimental and fitted qe values, both models described the
SMX adsorption onto the produced materials, with the pseudo-second-order model describing slightly
better the results onto MY and MY@NIPs and the pseudo-first-order model onto MY@MIPs.
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Table 2. Kinetic parameters corresponding to the adsorption of SMX onto MY, MY@NIPs, and MY@MIPs
in ultrapure water.

Materials
Experimental Pseudo-First Order Model Pseudo-Second Order Model

qe (mg g−1) qe (mg g−1) k1 (min−1) R2 qe (mg g−1) k2 (g mg−1 min−1) R2

MY 10.6 ± 0.7 11.1 ± 0.9 0.993 ± 0.003 0.931 12.5 ± 0.8 0.009 ± 0.005 0.994
MY@NIPs 8.2 ± 0.2 8.1 ± 0.1 0.993 ± 0.002 0.978 9.5 ± 0.2 0.009 ± 0.005 0.988
MY@MIPs 19 ± 1 19 ± 1 0.992 ± 0.001 0.966 21 ± 1 0.001 ± 0.004 0.952

3.4.2. Adsorption Isotherm

Equilibrium results on the adsorption of SMX onto the produced materials are shown in Figure 7.
With the aim of describing these results, four isotherm models were used: Langmuir [54] and
Freundlich [55] isotherm models for the adsorption of SMX onto MY@MIPs; BET isotherm [56] for the
adsorption onto MY@NIPs; and Zhu−Gu isotherm [57] for the adsorption onto MY. The equations of
these models are as follows:

Langmuir isotherm

qe =
qm × b×Ce

1 + b×Ce
(6)

Freundlich isotherm
qe = k f × ce

1
n (7)

BET isotherm

qe =
qm × c×Ce

(1− c×Ce) × (1− c×Ce + c×Ce)
(8)

Zhu−Gu isotherm

qe =
qm ×

(

g×Ce ×
(

1
r + e×Ce

r−1
))

(1 + g×Ce) ×
(

1 + e×Ce
r−1

) (9)

where qm is the maximum adsorption capacity (mg g−1); b (L mg−1) is the Langmuir equilibrium
constant; kf (mg g−1 (mg L−1)−1/n) is the Freundlich constant; n is the degree of non-linearity in the
Freundlich isotherm; c is the BET constant, related to the energy of adsorption in the first adsorbed
layer; g is the Zhu−Gu constant related to the first adsorption step (the first layer of molecules on the
materials); e is the Zhu−Gu constant related to the subsequent layers adsorbed; and r is the aggregation
number in the Zhu−Gu isotherm.

Experimental results on the equilibrium of SMX adsorption onto the produced materials are
depicted in Figure 7 together with fittings to the above-mentioned isotherm models. From Figure 7,
it is evident that, contrarily to the adsorption onto MY@MIPs, in the case of MY and MY@NIPs, the qe

did not tend to stabilization. Furthermore, in the Ce range between 0 and 3 mg L−1, a lower qe occurred
for MY@NIPs than for MY. This may be related to the presence of chemical groups on the surface of
MY, which were able to bind SMX groups, but became inaccessible in MY@NIPs due to molecular
imprinting. In addition, a first stage with stabilization of qe at Ce around 3 mg L−1 may be observed
in the MY isotherm, which could be associated with the saturation of the chemical adsorption sites.
In the case of MY@MIPs, the isotherm showed an increase in qe with Ce with a stabilization trend from
Ce ~ 3 mg L−1. Furthermore, it should be noted that, at relatively low Ce, the qe values determined for
MY@MIPs are higher than those for MY and MY@NIPs, which points to their larger affinity for SMX.
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Figure 7. Experimental equilibrium results together with fittings to the considered models for the
adsorption isotherm of SMX onto MY (a), MY@NIPs (b), and MY@MIPs (c) in ultrapure water.

The fitted equilibrium parameters are shown in Table 3 together with the correlation coefficients
of the fittings (R2). In the case of SMX adsorption onto MY@MIPs, the Langmuir isotherm provided
the best fitting of equilibrium results with a higher R2 than the Freundlich model. From the results of
non-linear fittings for the different isotherm models, the values of qm for MY, MY@NIPs, and MY@MIPs
were, respectively, 23 ± 1, 3.8 ± 0.3, and 77 ± 3 mg g−1. These values indicate that molecularly imprinted
polymers with the template resulted in a substantial increase in the monolayer adsorption capacity,
SMX adsorbing onto the surface of MY@MIPs in a homogeneous distribution by occupying specific
sites. Similarly, equilibrium results on the adsorption of SMX onto the MCNTs@MIP produced by
Zhao et al. [25] also fitted the Langmuir isotherm, but with a considerably lower qm (0.87 mg g−1).
Indeed, compared to other materials used for the adsorption of SMX (Table 4), MY@MIPs are competitive
in terms of SMX adsorption capacity.
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Table 3. Equilibrium parameters corresponding to the adsorption of SMX onto MY, MY@NIPs,
and MY@MIPs from ultrapure water.

Materials Isotherm Model Parameters Fitted Values

MY

Zhu−Gu qm (mg g−1) 23 ± 1
r 0.834 ± 0.005
e 0.775 ± 0.005

R2 0.957

MY@NIPs
BET qm (mg g−1) 3.8 ± 0.3

c 0.205 ± 0.008
R2 0.979

MY@MIPs

Freundlich
kf (mg g−1 (mg L−1)−1/n) 26 ± 1

1/n 0.575 ± 0.003
R2 0.965

Langmuir
qm (mg g−1) 77 ± 3
b (L mg−1) 0.498 ± 0.003

R2 0.998

Table 4. Maximum Langmuir adsorption capacities (qm, mg g−1) of different MIPs used for the
adsorption of SMX.

Adsorbent (mg) qm (mg g−1) Experimental Conditions References

MIPs (100) 16.5 pH = 3; Time = 15 min; room temperature;
CSMX = 7500 µmol/L; V = 15 mL [19]

Fe3O4-chitosan
MIPs (10) 4.32 pH = 4; Time = 30 min; room temperature;

CSMX = 200 µg/mL; V = 10 mL [5]

Magnetic carbon
MIPs (15) 0.87 pH = 4; Time = 60 min; room temperature;

CSMX = 8 µg/mL; V = 20 mL [25]

Monolithic
MIPs (200) 0.02 pH = 3; Time = 30 min; room temperature;

CSMX = 4 µmol/L; V = 10 mL [58]

MY@MIPs (250) 77 pH = 4; Time = 360 min; room temperature;
CSMX = 5 mg/L; V = 10 mL This study

CSMX = Initial concentration of SMX.

3.4.3. Kinetic and Equilibrium Adsorption Studies from STP Effluent

In order to assess the practical applicability of MY@MIPs, kinetic and equilibrium experiments
were carried out in a real matrix, namely the effluent from a STP. The obtained results together with
fittings to the considered kinetic and equilibrium models are in shown in Figure 8, and the fitted
parameters are depicted in Table 5. As it may be seen, the pseudo-second-order and the Langmuir
isotherm models were those that best described the kinetic and equilibrium experimental results,
respectively. On the other hand, it is evident in Figure 8 that, under identical experimental conditions,
the adsorption velocity was slower and the qe values were lower for the STP effluent than they were
for ultrapure water. This was confirmed by the parameters in Table 5, especially by the comparatively
lower qm (24 ± 2 mg g−1) than in ultrapure water, which might be related to interferences due to the
complex composition of the STP effluent.
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Figure 8. Experimental results together with fittings to the considered models for the adsorption
kinetics (a) and adsorption equilibrium isotherm (b) of SMX onto MY@MIPs in sewage treatment plant
(STP) effluent.

Table 5. Kinetic and equilibrium parameters corresponding to the adsorption of SMX onto MY@MIPs
from the STP effluent.

Adsorption Models Parameters Fitted Values Experimental

Kinetics

Pseudo-first order qe (mg g−1) 11.9 ± 0.3 12.3 ± 0.2
k1 (min−1) 0.471 ± 0.004

R2 0.978

Pseudo-second order qe (mg g−1) 13.8 ± 0.7 12.3 ± 0.2
k2 (g mg−1 min−1) 0.009 ± 0.005

R2 0.979

Equilibrium

Freundlich kf (mg g−1 (mg L−1)−1/n) 8.5 ± 0.4
1/n 0.387 ± 0.008
R2 0.979

Langmuir qm (mg g−1) 24 ± 2
b (L mg−1) 0.609 ± 0.004

R2 0.989

3.5. pH Study

Results from the study of pH effects on the adsorption of SMX onto MY@MIPs are shown in
Figure 9. Under identical experimental conditions, except for the pH, decreasing qe values were
obtained at pH 4 > pH 7 > pH 9, thus indicating that SMX adsorption onto MY@MIPs was favored
under acidic conditions. This may be related to the pH influence on the status of not only the adsorbate
(by protonation/deprotonation) but also the adsorbent (by surface charge). For SMX, the pKa values
are 1.97 and 6.16 (Table S1, as Supplementary Information), which means that SMX is mostly positively
charged (protonated NH2 groups, NH3

+ groups) at pH < 1.97 but predominantly negatively charged
(deprotonated NH groups, N−) at pH > 6.16. Therefore, at the experimental pH 4, adsorption of SMX
in the non-ionic form was favored, while at pH 7 and 9, SMX was mostly present in the anionic form,
which partially hindered its adsorption. Indeed, the decrease in SMX adsorption from wastewater
(with pH > 7) has already been related to electrostatic repulsion between the negatively charged SMX
and the negatively charged surface of the waste-based adsorbents [59]. Moreover, the monomer used
in the synthesis of MIPs was 2-vpa and the pKa of pyridine was 5.21, which is, therefore, negatively
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charged when pH > 5.21. Thus, at the experimental pH 7, electrostatic repulsion forces between SMX
and MY@MIPs cannot be disregarded, these increasing at pH 9.
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Figure 9. Effect of pH on the percentage of SMX adsorption (R (%)) onto MY@MIPs.

3.6. Selective Adsorption

In order to find out the selectivity of MY@MIPs toward SMX, its adsorption was compared to
those of DCF and CBZ from their single solution and then from their ternary solution. The values
of percentage of adsorption (R (%)) for the single adsorption of each pharmaceutical are shown in
Figure 10a and for adsorption from their ternary solution in Figure 10b.

 

  

(a) (b) 

Figure 10. Percentage of adsorption (R (%)) of SMX, diclofenac (DCF), and carbamazepine (CBZ) onto
MY@MIPs from single solution (a) and ternary solution (b).

The results in Figure 10a evidence that MY@MIPs have a larger R (%) for SMX than for DCF or CBZ.
Furthermore, under identical experimental conditions but from the ternary solution of the considered
pharmaceuticals (Figure 10b), selective adsorption of SMX onto MY@MIPs occurred. Indeed, the R (%)
determined for SMX from the ternary solution was just slightly lower than from its single solution,
which points to the selectivity of MY@MIPs. Moreover, the results reflected that the adsorption of
MY@MIPs was SMX > DCF > CBZ.
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In this work, 2-vpy was the monomer and it was combined through –NH2. Moreover, considering
the structure and properties of SMX, DCF, and CBZ, which are depicted in Table S1, they all have
–NH2 and/or –NH groups. However, SMX has two amino groups: -NH and –NH2, which is probably
the main reason for its selective adsorption onto MY@MIPs under the presence of DCF and CBZ. For
DCF and CBZ, the pKa was 4 and 15.96 (Table S1), respectively. Meanwhile, the pKa value of 2-vpy
(monomer) is 5.21, which may explain why MY@MIPs had a better removal ability for DCF than for
CBZ. Selectivity toward SMX was also verified by Zhao et al. [25], who prepared MCNTs@MIP by using
SMX as the template molecule and copolymerization of vinyl end groups on the surface of MCNTs [25].
These authors demonstrated the selective adsorption of SMX under the presence of other sulfonamides
(SAs), namely sulfamethazine (SMZ), sulfamerazine (SMR), sulfadimethoxine (SDM), and sulfameter
(SME). Still, the adsorbed concentration of SMX from the quinary solution was lower than from its
single solution, which was ascribed to the close structure of the other SAs, which, therefore, could
competitively occupy the imprinted sites.

3.7. Regeneration and Reutilization

Saturation of the produced MY@MIPs with SMX was carried out as described in Section 2.4.1.
At that moment, R (%) calculated by Equation (2) was 92 ± 4%. Then, saturated MY@MIPs was
regenerated as indicated in Section 2.5.4. and reused for the adsorption of SMX until saturation. A total
of four regeneration/reutilization cycles were performed and the R (%) calculated for each of them are
shown in Table 6.

Table 6. SMX adsorption onto MY@MIPs in subsequent cycles after regeneration.

Cycles R (%)

SMX saturation 92 ± 4
1 73 ± 3
2 61 ± 2
3 58 ± 1
4 55 ± 2

As it may be seen, after cycles 1 and 2, the R (%) values decreased to 73 ± 3 and 61 ± 2%,
respectively. Such decreases (21 and 34%, respectively, in cycle 1 and 2) indicate that the regeneration
procedure affected the adsorption sites on the surface of MY@MIPs, which lost efficiency in the removal
of SMX. After cycle 2, just a slight decrease in R (%) occurred, its value being similar in cycles 3 and 4
(58 ± 1 and 55 ± 2%, respectively). Therefore, deterioration of MY@MIPs adsorptive properties was not
progressive with successive regenerations but occurred initially, with the performance remaining stable
after cycle 2. MIPs sorbents are known to be easily regenerated by washing with organic solvents,
with mixtures of methanol and acetic acid having been successfully employed to remove adsorbed
pharmaceuticals [60]. Using the same regeneration agent as in this work, namely methanol/acetic acid
(9/1, v/v), Dai et al. [61] regenerated MIPs synthesized for the adsorption of diclofenac and carried out
thirty cycles with ≥95% recovery. Likewise, Duan et al. [62] also used this mixture for the regeneration
of a multitemplate MIP, which was used in twenty regeneration/reutilization cycles, giving ≥95%
removal of ibuprofen, naproxen, ketoprofen, diclofenac, and clofibric acid. Wang et al. [48], who used
MIPs on the surface of yeast (yeast@MIPs), desorbed ciprofloxacin using the same mixture with losses
of only about 8.5% of initial capacity after five cycles. Therefore, the relatively larger deterioration of
the adsorptive performance observed in the present work may be related to the fact that magnetic
yeast was used here as MIPs support. Thus, further work is to be carried out on the regeneration of the
produced MY@MIPs, to maintain a high R (%) upon cyclic operation.
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4. Conclusions

This work developed an efficient strategy to prepare yeast-Fe3O4 (magnetic yeast, MY) and then
used molecularly imprinted technology (MIT) to modify MY. The characterization of the produced
magnetic yeast-molecularly imprinted polymers (MY@MIPs) showed that elliptical and monosized
imprinted polymeric nanospheres with a surface area of about 43.2 m2 g−1 were successfully produced.
Sulfamethoxazole (SMX) adsorption studies using MY@MIPs indicated that the equilibrium was
attained in 360 min either in ultrapure water or in a sewage treatment plant (STP) effluent. The Langmuir
isotherm model provided the best fitting of equilibrium results and pointed to the monolayer and
favorable adsorption of SMX onto MY@MIPs. In addition, the fitted parameters of the Langmuir
isotherm model indicated that the maximum SMX adsorption capacity of MY@MIPs was 77 and
24 mg g−1 in ultrapure water and STP effluent, respectively. The pH study pointed out that hydrogen
binding was underneath the SMX adsorption onto MY@MIPs. Moreover, MY@MIPs showed successful
selective adsorption of SMX from ternary solution under competition by other pharmaceuticals, namely
diclofenac (DCF) and carbamazepine (CBZ). Finally, regeneration implied a reduction in SMX removal
by MY@MIPs in the first two cycles, then tending to stabilization. Overall, it may be concluded that the
MIPs-coated magnetic yeast designed here could be an alternative adsorbent for the selective removal
of SMX from complex matrices such as wastewaters.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4360/12/6/1385/s1,
Table S1: Physico-chemical properties of the pharmaceuticals used in this study (Source: Drugbank), Figure S1:
MY@MIPs in the presence (a) and absence (b) of an external magnetic field.
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Abstract: In this study, activated carbon microsphere (SLACM) was prepared from powdered sodium
lignosulfonate (SL) and polystyrene by the Mannich reaction and ZnCl2 activation, which can be
used to remove Cr(VI) from the aqueous solution without adding any binder. The SLACM was
characterized and the batch experiments were conducted under different initial pH values, initial
concentrations, contact time durations and temperatures to investigate the adsorption performance
of Cr(VI) onto SLACM. The results indicated that the SLACM surface area and average pore size
were 769.37 m2/g and 2.46 nm (the mesoporous material), respectively. It was found that the reduced
initial pH value, the increased temperature and initial Cr(VI) concentration were beneficial to Cr(VI)
adsorption. The maximum adsorption capacity of Cr(VI) on SLACM was 227.7 mg/g at an initial pH
value of 2 and the temperature of 40 ◦C. The adsorption of SLACM for Cr(VI) mainly occurred during
the initial stages of the adsorption process. The adsorption kinetic and isotherm experimental data
were thoroughly described by Elovich and Langmuir models, respectively. SL could be considered as
a potential raw material for the production of activated carbon, which had a considerable potential
for the Cr(VI) removal from wastewater.

Keywords: activated carbon microsphere; sodium lignosulfonate; Cr(VI); adsorption

1. Introduction

Water pollution has become a global issue because of its increasing impact on human and animal
health. The presence of heavy metals in industrial water is not only causing severe damage to human
and animal health, but it is also damaging aquatic life [1–3]. The effluents from a variety of industrial
processes such as metallurgy, petroleum refining, batteries, and electroplating are responsible for
introducing these heavy metals into aquatic environments [4,5]. These heavy metals include chromium
(Cr), cadmium (Cd), lead (Pb), mercury (Hg), and other heavy metal ions and compounds [6–8].
These heavy metals are insistent and non-degradable in nature, but they are soluble in the aquatic
environment; therefore, they can be easily absorbed into living cells [9]. At the same time, contamination
of water by heavy metals is also considered one of the main reasons for the non-availability of potable
water in developing and underdeveloped countries [10]. Among all of the heavy metals, Cr is one of the
main 16 toxic metals considered detrimental for human health [11]. Cr(III) is a human micronutrient,
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while Cr(VI) is extremely toxic and is a strong oxidizing agent [12]. The presence of Cr(VI) in water
can cause severe diseases, such as kidney circulation, dermatitis and lung cancer [13,14]. Therefore,
removal of Cr(VI) from aquatic environments is indispensable for public health, as well as for the
protection of the environment and aquatic life. Moreover, strict environmental mechanisms and the
enactment of legal standards is necessary to avoid excessive discharge of Cr(VI) into potable water
sources [15]. The Environmental Protection Agency (EPA) has recommended that the maximum
concentration of Cr(VI) in drinking water not exceed more than 0.05 mg/L [12].

Many techniques, such as adsorption, membrane filtration, electrodialysis ion exchange, reduction,
reverse osmosis and biological removal have been developed to remove Cr(VI) from aquatic
environments [13,16,17]. Among them, adsorption is one of the most effective methods and is
suitable for use in developing countries by using adsorbents [18]. Adsorption is a green and low-cost
wastewater treatment technique, especially useful for heavy metal ions and hydrophilic compounds
such as chromium, lead, ammonium ions and antibiotics [10,19–21]. The adsorbent generally has an
abundant pore structure, while simultaneously having chemical functional groups on the surface,
and it can be easily modified through increased surface charge [18]. In terms of removing chromium
ions from wastewater, the adsorbent used by the adsorption method has a lower cost than the ionic
exchange resins used by membrane filtration and the membranes used by electrodialysis ion exchange;
furthermore, adsorption is easier to perform than reduction and reverse osmosis, and it has a higher
processing efficiency and more extensive application fields than biological removal. In general,
compared to other methods, activated carbon absorption has been proved to be a preferable technique
for the removal of Cr(VI) from wastewater due to its higher efficiency, lower operating cost, higher
adsorption capacity, easier operation, and non-hazardous technique. Thus, the activated carbon
adsorption process has been developed and applied extensively [21,22].

Currently, the raw material to produce activated carbon comes from conventional fossil fuels
such as coal and petroleum. With the development of renewable energy sources, the exploration of
novel and effective adsorbents based on renewable sources has also received more attention than
ever before due to the growing concerns about environment and increasing cost of fossil fuels [23].
Keeping in mind the environmental and industrialization concerns, it is necessary to develop activated
carbons from low-cost and abundant precursors. During the last few years, many researchers have
used adsorbents made of different types of renewable biomasses such as tobacco stems [24], longan
seed [4], rice straw [25], juniperus procera sawdust, avocado kernel seeds and papaya peels [26],
activated carbon derived from leucaena leucocephala [27], and sterculia guttata shell [28], and the
results of these studies indicates that these adsorbents are helpful in achieving sufficient removal of
Cr(VI) from wastewater. However, the cost of these adsorbents was found to be higher, due to which
these adsorbents are not being used at commercial scale.

Therefore, a novel, cost-effective and efficient activated carbon is highly needed for proper and
cost-effective treatment of wastewater at larger scales. The SL is an inevitable by-product of the paper
and pulp industry. Currently, most of the SL generated by the paper and pulp industry is burnt or
dumped into open lands and drains, which is not only causing an increase environmental pollution,
but also wastes a valuable resource. It is necessary to achieve high-value utilization of SL, rather
than wasting it. In addition to high carbon content, SL contains oxygenic functional groups such
as carboxyl and phenol hydroxyl [29]. Moreover, some researchers have also found that SL and its
derivatives have remarkable electrochemical performance and the potential to adsorb certain heavy
metals, including toluene, and some other pollutants [30,31]. However, the problem associated with
SL as an adsorbent is its high solubility in water, due to which it is difficult to remove powder SL from
aqueous solution after the adsorption process, which can cause secondary pollution. That is a common
reason for limiting powder SL application as adsorbing material. To solve the separation problem of
powder SL after adsorption from solution, magnetic lignosulfonate was fabricated based on magnetic
separation technique [32]. However, beyond that, changing the macroscopic character of SL from
powder to granular to prepare granular activated carbon is a valuable research direction for solving
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the separation problem, as well as for improving the adsorption properties of SL. The activated carbon
prepared by conventional methods from SL is also powdered. However, the powdered activated
carbon is very difficult to apply in wastewater treatment, because it is dispersed in the water and very
hard to separate after adsorption. If the powdered activated carbon is to be applied commercially, then
it must be prepared into granular activated carbon by means of a binder. However, the application of
binder is costly and environmentally unfriendly. Therefore, a new preparation method for activated
carbon microspheres from SL needs to be developed. Because the SL has good reaction activity, it
could be used to react with basis materials such as polystyrene to generate large particles of adsorption
material with easy recovery and separation, in order to realize high-value industrial utilization of
SL as an adsorption material. The SL also has lower cost than many other fossil fuels as a kind of
renewable biomass resource with vast reserves. Therefore, the SL that is considered to be waste in the
paper and pulp industry and is generally dumped into the open environment, causing an increase in
environmental pollution, can be used as a renewable precursor to substitute traditional fossil fuels for
the production of activated carbon, which can then be used as a low-cost adsorbent for the removal of
heavy metals from polluted aquatic environments.

Keeping in mind the acute need for low-cost and efficient renewable adsorbents in the wastewater
treatment sector and the promising behavior of adsorbents prepared from biomass, in this study
the SLACM was developed, aiming to remove Cr(VI) from wastewater. The preparation of SLACM
was done in two steps, i.e., the preparation of activated carbon precursor from powdered SL and
polystyrene by Mannich reaction without the addition of any binder, and the ZnCl2 activation of the
precursor. The effects of the adsorption process on the adsorption capacity of SLACM for Cr(VI) were
investigated according to batch experiments carried out under different initial pH, initial concentration,
contact time, and temperature. The prepared SLACM was characterized with respect to its pore
volume, surface area, and sorption efficiency, and the transformation of structure and properties
before and after Cr(VI) adsorption was compared. On the basis of the ability to remove Cr(VI) in the
solution experiments, adsorption kinetics, and isotherm fitting, the potential of using SLACM for the
purification of wastewater was evaluated.

2. Materials and Methods

2.1. Materials

The SL was purchased from Shanghai Macklin Biochemical Co., Ltd., Shanghai, China. The SL
was composed of 41.63% carbon, 28.32% oxygen, and 24.39% sodium, as well as small amounts
of silicon. The chloromethylated polystyrene was used as the base material in the preparation.
chloromethylstyrene-divinylbenzene-styrene copolymer (CMPS) was purchased from Tianjin Xingnan
macromolecule technology Co., Ltd., Tianjin, China. 1,3-diaminopropane (C3H10N2, MW 74.13) was
purchased from Shanghai Macklin Biochemical Co., Ltd. Tetrahydrofuran (C4H8O) was purchased
from Beijing Chemical Co., Ltd. Beijing, China. Formaldehyde (HCHO) was purchased from Xilong
Scientific Co., Ltd., Guangdong, China. ZnCl2 was purchased from Shanghai Macklin Biochemical
Co., Ltd., Shanghai, China. Methyl orange was purchased from shanghai D&B biological science
and technology Co., Ltd., Shanghai, China. Deionized water was used for all the experiments. All
chemicals and materials were of analytical grade and were used without further purification.

2.2. Preparation of SLACM

The preparation of SLACM was done in two main steps, i.e., preparation of activated carbon
precursor from powdered SL and polystyrene by Mannich reaction and the ZnCl2 activation of
the precursor. The preparation process diagram of SLACM was shown in Figure 1. The substrate
material CMPS need to be amination pretreated before reaction. The CMPS was first swollen 2 h with
tetrahydrofuran (3 mL/g) and then amination treated for 12 h in the 50 ◦C with 1,3-diaminopropane
(5 mL/g). After that, the SL and amino CMPS ware generate large particles of adsorbent resin
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microsphere (ARM) by Mannich reaction in solution catalyzed by formaldehyde at a mass ratio of
1:1. The Mannich reaction of SL and amino CMPS continuously proceed for 12 h in the 90 ◦C water
bath. The ARM samples are shown in Figure 2a. The ARM was oxidized for 30 min at 180 ◦C before
the impregnation process to obtain pre-oxidized adsorbent resin microsphere (PARM) as an activated
carbon precursor. A suitable amount of PARM was added to the activator aqueous solution (50 wt.%),
and the solution was stirred continuously at room temperature to prepare a uniform solution. ZnCl2
was used as an activating agent during the impregnation process with an impregnation ratio of 1:1
of activated carbon precursors to activator respectively. After 12 h of the impregnation process, the
samples were dried at 105 ◦C for 6 h in an oven. The impregnated activated carbon precursors were
put into a porcelain boat in a horizontal tube furnace and heated with nitrogen (99.99%) protected.
During the activation process, the temperature was initially increased from room temperature to the
activation temperature of 600 ◦C by using a heating rate of 10 ◦C/min, and then the temperature was
kept constant at 600 ◦C for 2 h. After this, the samples were cooled to room temperature under nitrogen
atmosphere. Finally, the samples were washed 2–3 times with rare hydrochloric acid (0.5 mol/L) and
deionized water in sequence until the pH of filtrate became neutral and then dried at 105 ◦C for 12 h to
obtain dry SLACM. The SLACM samples are shown in Figure 2b.

 

 

(a) (b) (c) 

Figure 1. The preparation process diagram of SLACM: (a) Amination of CMPS; (b) Mannich reaction
of SL and ACMPS; (c) Activation processes.

 

  
(a) (b) 

Figure 2. (a) The ARM sample picture; (b) The SLACM sample picture.

2.3. Characterizations of SLACM

The surface morphology of SLACM samples was observed by scanning electron microscopy
(SEM, Hitachi S-4800, Hitachi, Japan) at an accelerating voltage 5.00 kV and the element
chemistry configuration was analyzed by SEM with energy dispersive spectrometry (EDS) system.
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The microstructures of the SLACM samples was characterized by transmission electron microscope
(TEM, FEI TF30, Hillsboro, OR, USA). A physisorption analyzer (Quantachrome autosorb-IQ, Boynton
Beach, FL, USA) was used to determine the specific surface area, pore volume and other pore
characteristics of SLACM samples. The SLACM samples pulverized to carbon powder were treated
by vacuum degassing 3 h at 200 ◦C at first, and then N2 adsorption and desorption isotherms were
measured at 77 K. The specific surface area and pore volume of SLACM samples were analyzed by
the BET method according to the N2 adsorption and desorption isotherms. The BET equation was
applied to N2 adsorption data from 0.06 < P/P0 < 0.25 to determine surface area and total pore volume
was measured at P/P0 = 0.985. The surface functional groups of SLACM were characterized before
and after adsorption by using a Fourier transform infrared spectrometer (FT-IR, Thermo Scientific
Nicolet iS10, San Jose, CA, USA) in the range from 4000 to 400 cm−1 at 4 cm−1 resolutions with 64 scans.
The crystalline structure of SLACM specimen was investigated by X-ray diffraction (XRD, Bruker D8
ADVANCE diffractometer) with Cu Kα radiation (λ = 0.15417 nm) in the range of 2θ = 10–90 at a step
rate of 0.02. The mass change of activated carbon precursors was measured by the thermogravimetric
analysis (TG) (STA449C, Selb, Germany) under an N2 atmosphere from 30 to 800 ◦C at the rate of
10 ◦C/min.

2.4. Adsorption Experiment

All batch experiments were carried out in 250 mL Erlenmeyer flasks with 100 mg SLACM and
50 mL Cr(VI) solution in order to study the adsorption capacity of adsorbent on Cr(VI). Several
experimental parameters which may affect the absorption efficiency of SLACM were studied, including
initial pH, contact time, temperature and initial concentration of Cr(VI). When the SLACM and Cr(VI)
solution was taken in the flasks, HCl solution (0.1 mol/L) and NaOH solution (0.1 mol/L) was used to
adjusted the initial pH of the solution to setting value. The Erlenmeyer flasks were then placed on a
150-rpm shaking table to determine the adsorption capacity of SLACM according to setting different
contact time and temperature. After the designated time of adsorption, the mixture was separated
using a 0.45 µm filter. The filtrate absorbance was measured by UV-Vis spectrophotometer, and Cr(VI)
concentration was calculated according to the diphenyl carbohydrazide spectrophotometric method
(Chinese National Standards GB/T 7467-87). All the adsorption experiments were repeated 3 times and
the average values were used as final results.

The adsorption capacity qt and qe of Cr(VI) onto SLACM were calculated as follows:

qt =
(Ci −Ct)V

M
, (1)

qe =
(Ci −Ce)V

M
, (2)

where qt (mg/g) is the adsorption capacity at time t, qe (mg/g) is the adsorption capacity at equilibrium,
Ci (mg/L) is the initial concentration of Cr(VI), Ct (mg/L) is the concentration of Cr(VI) at time t,
Ce (mg/L) is the concentration of Cr(VI) at equilibrium, V (L) is the volume of suspension of Cr(VI), M
(g) is the dry weight of the SLACM.

2.4.1. Effects of Initial pH on Adsorption

The effects of initial pH on the Cr(VI) adsorption were studied by adding SLACM to flasks with
150 mg/L Cr(VI) solution under the similar experimental conditions. The pH value of the solution was
then adjusted to 1.0, 2.0, 3.0, 4.0, 5.0, 6.0, 7.0, 8.0 and 9.0 by using HCl solution (0.1 mol/L) and NaOH
solution (0.1 mol/L). All the samples were shaken in a shaking table for 12 h (30 ◦C, 150 rpm).
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2.4.2. Adsorption Kinetics

The adsorption kinetics of Cr(VI) on the SLACM was studied by using a contact times ranging
from 2 min to 24 h with initial Cr(VI) concentration of 150 mg/L and pH value 2. The agitation speed
and the contact temperature of the shaking table were kept constant at 150 rpm and 30 ◦C, respectively.

2.4.3. Adsorption Isotherm

Adsorption isotherms are usually used to describe the distribution of metal ions between the
liquid phase and the solid phase [33]. Adsorption isotherms were performed for 20, 30 and 40 ◦C
by using initial Cr(VI) concentrations, pH, contact time, and a shaking speed of 100 to 600 mg/L, 2,
12 hand 150 rpm, respectively.

3. Results and Discussion

3.1. Characterization

The pore structure of activated carbon is an important factor influencing adsorption capacity. The
specific surface area and pore volume of SLACM sample was evaluated by the BET method according
to Nitrogen adsorption isotherms measured at 77 K. The porous structure parameters of SLACM are
shown in Table 1. It is clear from the table that the BET surface area of SLACM is 769.37 m2/g and the
total pore volume is 0.47 cm3/g. The chromium ions could be trapped in the pores of SLACM due to
the radiuses of chromium ions were less than the pore size of the adsorbent [33]. The well-developed
BET surface area and the total pore volume mean that the absorption performance of SLACM is good
and it can be used as a substitute to conventional adsorbents. The average pore size of SLACM was
found to be 2.46 nm, and thus it belongs to the mesoporous materials.

Table 1. Porous structure parameters of SLACM.

Sample SBET (m2/g) Smic (m2/g) Vtot (cm3/g) Vmic (cm3/g) Dp (nm)

SLACM 769.37 639.28 0.47 0.26 2.46

The surface microstructure and fracture micro appearance of SLACM was characterized using
SEM and TEM, the surface microstructure of SLACM, fracture micro appearance of crushed SLACM
before and after adsorption, the TEM images of SLACM before and after adsorption are presented
in Figure 3. As shown in Figure 3a, the SLACM was a regular sphere and the diameter of most
particles was around 0.5–1.5 mm. Due to its larger size, the activated carbon can be separated out more
easily from solution after adsorbing than the powdery SL. Thus, the recycling properties as well as
convenience of use of the activated carbon were improved significantly. There were a lot of different
size clearances and cracks present on the SLACM surface, as shown in Figure 3b, and these were the
main channels through which the adsorbate could enter inside [10]. The well-developed pore structure
should be responsible for the adsorption of Cr(VI) onto SLACM. It was also found by the fracture micro
appearance of inner side of SLACM that the abundant pores and cavity structure confirmed the high
specific surface areas of adsorbent, this could also be supported by the porous structure parameters of
SLACM. The TEM image confirms that the SLACM before adsorption is hollow, and this observation
is in line with SEM fracture surface image. As can be seen from Figure 3d,f, the pores of SLACM were
blocked, and obvious attachment appeared on the sample surface after Cr(VI) adsorption. The EDS
spectrum of the SLACM before and after Cr(VI) adsorption and EDS elemental mapping patterns
of C, N, O and Cr of SLACM after Cr(VI) adsorption were shown in Figure 4. It was observed that
carbon, nitrogen and oxygen were the major elements in SLACM and that carbon, nitrogen, oxygen
and chromium were the major elements on SLACM after Cr(VI) adsorption. The elements of nitrogen
and oxygen have a greater promoting effect in the adsorption which could enhance the adsorption
efficiency of SLACM for Cr(VI) [34]. The SLACM after adsorption showed distinct peaks of chromium
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present on the surface and the EDS mapping reveals that the chromium was evenly distributed over
SLACM surface. Therefore, EDS analysis confirmed the adsorption of Cr(VI) onto SLACM.

 

   

   

Figure 3. (a,b) SEM images of SLACM surface before Cr(VI) adsorption of 100 and 1 k; (c) SEM image
of SLACM fracture surface before Cr(VI) adsorption of 20 k; (d) SEM image of SLACM fracture surface
after Cr(VI) adsorption of 20 k; (e,f) TEM images of SLACM before and after Cr(VI) adsorption.

 

   

   

Figure 4. (a) EDS spectrum of SLACM before Cr(VI) adsorption; (b) EDS spectrum of SLACM after
Cr(VI) adsorption; (c–f) EDS elemental mapping patterns of C, N, O and Cr after Cr(VI) adsorption.

The thermal behavior of the CMPS, ARM and PARM was analyzed under nitrogen atmosphere.
The TG and derivative thermogravimetric (DTG) curves of SL, CMPS, ARM and PARM are illustrated
in Figure 5. The SL has a high residual mass rate after heating and a low peak value of DTG than
others. A high residual mass rate is positive for preparing of SLACM. Compared with CMPS, the
maximum weight loss temperature (Tmax) of AR was reduced more significantly. This is due to the
destruction of part of long chain structure or aromatic substitution during the graft polymerization
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of SL and CMPS, the protection of lignin was break down [35]. For these reasons, the residual mass
rate of ARM is much less than that of SL and CMPS. The residual mass rate of PARM has a larger
increase compared to ARM, probably because of partial structural carbonization or pyrolysis in ARM
during the oxidation process [36]. Keeping in mind the larger increase in the residual mass rate of
PARM, it can be concluded that a higher yield SLACM can be prepared by using PARM as raw material
compare to ARM. It is also clear from Figure 5 that the residual mass rate of all the samples did not
decrease when the temperature was higher than 600 ◦C, which suggests that the activation temperature
should not be increased to higher than 600 ◦C during the preparation of SLACM. Thus, the activation
temperature for SLACM was found to be lower than activated carbon production from other studies in
the literature [33,37–39], which can save a large amount of energy during production process.

 

 
(a) (b) 
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Figure 5. (a) The TG curves of SL, CMPS, ARM and PARM; (b) The DTG curves of SL, CMPS, ARM
and PARM.

The structural variation of the SLACM samples and other materials were analyzed by FT-IR and
the recorded spectra are shown in Figure 6a. The wide peak at 3423 cm−1 corresponding to stretching
of aliphatic and phenolic −OH groups was observed in all of the samples, especially SL. The peaks
at 1593 and 1444 cm−1 were typical of aromatic C–C stretching and C–H bending in SL. The peak
intensity of SL at 3423 and 1593 cm−1 was much stronger than ARM, which meant aromatic phenolic
-OH groups in SL were combined with aminated CMPS after Mannich reaction. After the pre-oxidation,
new peaks appeared in PARM. The peak around 2929 cm−1 was attributed to the stretching vibration
of saturated hydrocarbon –CH3, –CH2– and the methyl or methylene in aliphatic groups. The peak at
1660 cm−1 was attributed to the stretching vibration of amide –CO–N [31]. This may be because the
–NH oxidizes in AR and reaction produced -CO-N groups. The peak at 1103 cm−1 was attributed to the
antisymmetric stretching vibration of S–O in SO3− groups, and the SO3− group was from SL [32]. This
indicates that SL was successfully grafted onto aminated CMPS. After activation, the peak amount of
SLACM was significantly less than PARM and the peak intensity was obviously weaker than PARM.
This was because some chemical bonds of PARM were broken down at higher temperature, such as
alken-CH3, aliphatic ether –C–O–, and the benzene ring replacing op (CH), and forming graphitized
carbon materials [31]. Some small weak peaks appeared at 3423 and 1593 cm−1 on the SLACM curve.
These results show that SLACM contains a variety of functional groups including phenols, alcohols,
alkenes, amines, etc. The main functional groups are in good agreement with biomass-activated
carbon from others [31,40]. The oxygen-containing functional groups of SLACM determine the surface
acidity-basicity and the adsorption performances. After adsorption of Cr(VI), these peaks of SLACM-Cr
were not obvious, indicating an interaction between the Cr (VI) and SLACM.
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Figure 6. (a) The FT-IR spectra of samples; (b) The XRD curves of samples.

The XRD spectra representing the crystalline structures of PARM, SLACM, SLACM-Cr (after
adsorption of Cr(VI)) are shown in Figure 6b. The results show that PARM has an amorphous wide peak
at 18.28◦. The wide peak of the SLACM decreased and moved to the right compared to PARM. This
illustrates that the distance of crystal face of SLACM decreased and the graphitization degree increased
after activation at high temperature [33,41]. The diffraction peaks of SLACM occurred at 31.72◦, 34.35◦,
36.2◦, 56.54◦. This is because the crystal structure of samples changed at higher temperature, main
performance for small particle graphite structure and undefined structure. The diffraction peaks
of SLACM-Cr disappeared after the Cr(VI) adsorption. This was due to fact that the Cr(VI) was
adsorbed successfully by SLACM as a physical or chemical form and the adsorbate Cr(VI) damaged
the crystal structures.

3.2. Effect of Initial pH on Adsorption

The initial pH of the solution is an important parameter that influences the adsorption capacity of
the adsorbent for metal ions [42]. The effect of initial pH on the adsorption capacity of SLACM for
Cr(VI) was tested, and the results are shown in Figure 7a. It is clear from the results that adsorption
capacity of SLACM for Cr(VI) is strongly dependent on the initial pH of the solution. Moreover,
the adsorption capacity of SLACM continuously decreases as the pH increases from 2.0 to 9.0. This
result is comparable with other consequences reported in the literature [43]. Cr(VI) exist in the form
of oxyanions in solution, and the existence form of Cr(VI) ion depends mainly on the solution pH
value. The predominant Cr(VI) existence forms are dichromate (Cr2O7

2−) and hydrogen chromate
(HcrO4−) when the pH of the aqueous solutions was in range of 2.0–6.0. When the pH exceeded 7.0,
chromate (CrO4

2−) was the main Cr(VI) species [33,37]. The initial pH of the solution simultaneously
affects the adsorbent surface charge and degree of ionization [44]. At lower pH, the functional groups
on the surface of the SLACM were protonated by plentiful hydrogen ions, and there was a strong
electrostatic interaction between the negatively charged Cr(VI) and the positively charged SLACM. The
strong electrostatic interaction was very favorable for adsorbing dichromate and hydrogen chromate.
Cr(VI) could be reduced to Cr(III) with the SLACM surface charge provided by the oxygen-containing
functional groups, such as -C-O- and -OH. The Cr(VI) was adsorbed by complexation or reduced may
be described by the following reactions (Equations (3)–(6)) [13,33]. The adsorbed Cr(VI) was reduced
to Cr(III) by the electron-donor groups of the porous carbon from corn straw was also proved by Ma et
al. [33]. Therefore, the highest adsorption capacity of SLACM for Cr(VI) was the 75.25 mg/g when
the initial pH of solution was 2.0. As the initial pH of the solution increased, the protonation degree
of the SLACM surface functional groups decreased and gradually converted to negatively charged.
There exists competitive adsorption between OH- and chromate, which interferes with the binding
site on the adsorbents; the OH- content in solution increased, and the competitive adsorption was
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found to be stronger at higher pH values. Electrostatic repulsion and competitive adsorption caused a
decrease in the adsorption capacity of SLACM for Cr(VI); therefore, the adsorption capacity of SLACM
for Cr(VI) dropped to 19.42 mg/g when the pH was raised to 9.0. Moreover, Cr(VI) and the –COOH
group of SLACM may have an ion exchange reaction (Equation (7)). These results indicate that the
Cr(VI) removal behavior was affected by the initial pH of solution, and pH 2.0 was applied to the
following adsorption experiments to obtain the optimal adsorption performance in this study.

RO− + Cr6+ → RO− . . .Cr6+ (3)

3ROH + Cr2O2−
7 + 4H+ → 3RO + HCrO−4 + Cr3+ + 3H2O (4)

3ROH + HCrO−4 + 4H+ → 3RO + Cr3+ + 4H2O (5)

3C−O−+3HCrO−4 + 5H+ → 3C−O + 3R . . .Cr3+ + 4H2O (6)

3R−COOH + Cr6+ → R−COO− . . .Cr6+ + H+ (7)

 

𝑅𝑂 + 𝐶𝑟 → 𝑅𝑂 … 𝐶𝑟3𝑅𝑂𝐻 + 𝐶𝑟 𝑂 + 4𝐻 → 3𝑅𝑂 + 𝐻𝐶𝑟𝑂 + 𝐶𝑟 + 3𝐻 𝑂3𝑅𝑂𝐻 + 𝐻𝐶𝑟𝑂 + 4𝐻 → 3𝑅𝑂 + 𝐶𝑟 + 4𝐻 𝑂3𝐶 − 𝑂 − +3𝐻𝐶𝑟𝑂 + 5𝐻 → 3𝐶 − 𝑂 + 3𝑅 … 𝐶𝑟 + 4𝐻 𝑂3𝑅 − 𝐶𝑂𝑂𝐻 + 𝐶𝑟 → 𝑅 − 𝐶𝑂𝑂 … 𝐶𝑟 + 𝐻

  
(a) (b) 

𝑞  =  𝑞 1 − 𝑒
𝑞  =  

Figure 7. (a) Effect of initial pH on adsorption capacity of SLACM for Cr(VI); (b) Effect of time on
adsorption capacity of SLACM for Cr(VI).

3.3. Adsorption Kinetics

To evaluate the kinetic behavior of adsorption process of SLACM for Cr(VI), the adsorption time
of SLACM in solution was set as 2 min to 24 h. The adsorption velocity of SLACM for Cr(VI) was
different at different time points during the adsorption process, but eventually it all balanced out.
The adsorption kinetics were determined in order to study the relationship between the adsorption
capacity and adsorption time during the adsorption process, and were significant in explaining the
adsorption process in view of the order of the rate constants. The relationship of adsorption capacity
of SLACM for Cr(VI) and adsorption time are shown in Figure 7b. As can be seen, the adsorption
capacity of SLACM for Cr(VI) increased rapidly in the first hour and was 70.84 mg/g after 1 h. The
increase in adsorption capacity slowed down between 1 and 6 h, and then the adsorption capacity
gradually reached equilibrium. The equilibrium adsorption capacity was 74.38 mg/g. The pseudo
first-order (PFO), pseudo second-order (PSO) and Elovich models were applied to the experimental
data to evaluate the adsorption kinetics, in order to understand the controlling mechanisms of the
Cr(VI) sorption on SLACM [7,27]. These models are given as the following equations, respectively.

PFO : qt = qe

(

1− e−k1t
)

, (8)

PSO : qt =
q2

e k2t

1 + qek2t
, (9)
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Elovich : qt =
1
β

ln(1 + αβt), (10)

where qt (mg/g) is the adsorption capacity at t time, qe (mg/g) is the adsorption capacity at t time
at equilibrium, t (h) is adsorption capacity time, k1 (min−1) is the PFO equilibrium rate constant, k2

(g/mg·min) is the PSO equilibrium rate constant, α and β are Elovich constants. The adsorption kinetic
constants and dynamic fitting parameters were summarized in Table 2. The fitted results in Table 2
show that the Elovich model is in better agreement with the experimental results when explaining
adsorption rate than the PFO and PSO models, indicating the better suitability of Elovich model for
describing the adsorption kinetics of Cr(VI) onto SLACM. Therefore, the adsorption type of Cr(VI)
onto SLACM was determined to be predominantly chemisorption, which was consistent with heavy
metal ion adsorption results using different solid adsorbents, as described in other literature studies [7].
The adsorption of SLACM includes mass transfer of Cr(VI) to the external and internal surface of
adsorbent, particle diffusion, active site adsorption of adsorbent and other multi-stages adsorption
process [40]. The adsorption process can be divided into several stages. The Cr(VI) in solution firstly
diffused to the SLACM surface then it entered inside the adsorbent through pores. The adsorbate was
adsorbed by pore structures and the active sites on external and internal surface of SLACM during
these processes. The available active sites on the surface was sufficient and the pore structure was
not completely filled during the initial stages of adsorption process, the mass transfer resistance of
Cr(VI) was small. This was due to the presence of a greater driving force provided by the higher
initial concentration of Cr(VI), which increased the probability of collisions between Cr (VI) and the
active sites. Therefore, the adsorption process has a high adsorption rate at the beginning. The active
sites on the surface were inhibited and the pore structure was filled gradually through the process of
adsorption. Therefore, the interactions between Cr(VI) and active sites decreased and the mass transfer
resistance of adsorbate increased. As shown in the curve in Figure 7b, the adsorption rate decreased
and the adsorption capacity of SLACM for Cr(VI) gradually reached to the equilibrium state.

Table 2. Adsorption kinetics model parameters of SLACM for Cr(VI).

Model Parameters Value

PFO
qe 71.1
KL 106.75
R2 38.83

PSO
qe 72.03
K2 3.59
R2 73.12

Elovich
α 5.81
β 0.54

R2 95.63

3.4. Adsorption Isotherm

SLACM was brought into contact with different concentrations of the solution (50–600 mg/L) in
order to evaluate the effect of initial concentration on the adsorption capacity of SLACM for Cr(VI).
Adsorption isotherms were used to evaluate the adsorption type and study the adsorption behavior
under different equilibrium condition. The Langmuir model and Freundlich model were used to fit
equilibrium experimental data of Cr(VI) adsorption on SLACM at temperatures of 20, 30 and 40 ◦C [37].
The isotherm models can be explained as follows.

This is an example of an equation:

Langmuir : qe =
KLCeqm

1 + KLCe
, (11)
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RL =
1

1 + KLC0
, (12)

Freundlich : qe = KFC
1
n
e , (13)

where qe (mg/g) is the maximum adsorption capacity, Ce (mg/L) is the equilibrium Cr(VI) concentration,
qm (mg/g) is monolayer adsorption capacity, KL (L/mg) is the Langmuir affinity constant, KF (L/mg)
is the Freundlich constant related to the adsorption capacity of the adsorbent and n is an empirical
constant related to the adsorption intensity which varies with the heterogeneity of material.

The experimental data and non-linear fitting curves are shown in Figure 8. The fitting results and
correlation coefficients are shown in Table 3. The Langmuir isotherm model is generally applicable to
monolayer adsorption onto a homogeneous surface with a finite number of identical and equivalent
sites. Meanwhile, it was supposed that the interaction forces between different adsorbates, between
adsorbed molecules and adsorbent surface-active sites does not exist. The Freundlich isotherm model
is generally applied to multilayer adsorption with interaction forces between different adsorbates,
between adsorbed molecules and adsorbent surface-active sites [7]. As can be seen from the results
in Table 3, Langmuir adsorption model has a higher correlation coefficient, and it can be better fitted
to the adsorption type of SLACM for Cr(VI) than Freundlich model. Therefore, the isotherm model
fitting results indicate that the adsorption process of SLACM for Cr(VI) was monolayer adsorption.
The separation factor (RL) is an important parameter for Langmuir isotherm model, which can be used
to evaluate whether the adsorption process is favorable (0 < RL < 1), linear (RL = 1), or unfavorable
(RL > 1) [37]. In this test Cr(VI) concentration range (50–600 mg/L), the RL values decreased from
0.1 to 0.0092 at 20 ◦C, from 0.0833 to 0.0075 at 30 ◦C, and from 0.0588 to 0.0052 at 40 ◦C. All of the
RL values were greater than 0 but less than 1, and which were decreases with higher Cr(VI) initial
concentration and higher adsorption temperature. The results indicate that the adsorption process
of Cr(VI) onto SLACM was favorable in the concentration range studied, the higher Cr(VI) initial
concentration and higher temperature was beneficial for adsorption. The equilibrium data fitted well
with the Langmuir isotherm models, and the maximum adsorption capacity of Cr(VI) on SLACM was
around 227.7 mg/g initial pH 2, 40 ◦C. The Cr(VI) adsorption capacities of the other adsorbents from
biomass waste are listed in Table 4. within comparison with others, it can be seen that the SLACM had
excellent adsorption capacity for the Cr(VI) removal from aqueous solution, and thus it could be a
promising adsorbent.

 

𝑞  =  𝐾 𝐶𝑞 𝐶𝑞 𝐾 𝐾𝑛

𝑅 𝑅 𝑅 𝑅𝑅  𝑅

 
(a) (b) 

 

Figure 8. (a) Adsorption isotherm of Cr(VI) onto SLACM and Langmuir isotherm models fitting curves;
(b) Adsorption isotherm of Cr(VI) onto SLACM and Freundlich isotherm models fitting curves.
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Table 3. Adsorption isotherm parameters and correlation coefficients of SLACM for Cr(VI).

Temp ◦C
Langmuir Freundlich

qm mg/g KL L/mg R2 KF L/mg 1
n L/mg R2

20 172.41 0.18 99.22 67.80 0.18 84.45
30 206.13 0.22 98.59 75.09 0.21 89.59
40 218.19 0.32 96.27 85.05 0.21 89.03

Table 4. The Cr(VI) adsorption capacities of the other adsorbents from biomass waste. Data from
[33,34,39,44,45].

Adsorbent Precursor Activating Agend qmax (mg/g) pH Temp ◦C Reference

Mixed waste tea / 94.34 2.0 30 [44]
Coffee ground / 87.72 2.0 30 [44]
Algal bloom CO2 96 1.0 20 [39]

Glucose KOH 332.53 2.0 25 [45]
Corn straw KOH 175.44 3.0 25 [33]

Glucose monohydrate H2O 117.2 2.0 30 [34]
SL ZnCl2 227.7 2.0 40 This work

4. Conclusions

Activated carbon microsphere was prepared from powdered SL without adding any kind of binder.
The preparation process consisted of activated carbon precursor preparation by Mannich reaction and
ZnCl2 activation. The results of the study indicated that the SLACM had excellent adsorption capacity
for the removal of Cr(VI) from aqueous solution. It was found that the SL had a good Mannich reaction
with aminated CMPS in creating ARM, and the ARM with good thermal stability was beneficial to
the SLACM preparation. SLACM comprises tiny spherical particles with a well-developed porous
structure. As a mesoporous material, the surface area and average pore size of spherical SLACM with
a porous structure are 769.37 m2/g and 2.46 nm, respectively. The adsorption capacity of SLACM
for Cr(VI) is greatly dependent on solution pH, and the acidity of the solution is beneficial to Cr(VI)
adsorption. The adsorption kinetic results showed that the adsorption of SLACM for Cr(VI) mainly
occurred during the initial stages of the adsorption process; the Elovich model was in better agreement
with the experimental data to describe adsorption process than the PFO and PSO models. In the range
of test temperatures, the adsorption capacity increased with increasing temperature. The equilibrium
data fitted well with the Langmuir isotherm models, and the maximum adsorption capacity of Cr(VI)
on SLACM was around 227.7 mg/g at an initial pH value of 2 and a temperature of 40 ◦C. Therefore,
the SL could be considered to be a potential raw material for the production of activated carbon in
removing the Cr(VI) from wastewater. The SLACM prepared in this work provides the possibility of
wastewater treatment in the future.
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