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Preface

Water contamination via heavy metal ions, organic pollutants, and pathogens is a severe

threat worldwide, disturbing or threatening both human health and ecosystems even in very small

concentrations. Thus, improving water quality is a crucial topic, with both social and economic

benefits.

In recent years, the use of nanostructured materials to improve water purification systems

has been increasingly considered. Nanostructured materials are promising candidates since their

nano-scaled nature leads to important features. Nanomaterials have been tested for the treatment

of water contaminated by different classes of pollutants, such as dyes, pharmaceuticals, pesticides,

pathogens, as well as industrial and domestic wastes.

On the other hand, advanced oxidation processes, including photocatalysis and plasma, are

considered advantageous pollutant destruction methods.

In this context, this Special Issue explores recent developments of nanostructured materials and

advanced oxidation processes. It highlights cutting-edge research activities focusing on the synthesis,

characterization, and implementation of both organic and inorganic nanostructured materials with

applications related to water remediation.

Christos A. Aggelopoulos

Editor
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Editorial

Nanostructured Materials and Advanced Processes for
Application in Water Purification

Christos A. Aggelopoulos

Laboratory of Cold Plasma and Advanced Techniques for Improving Environmental Systems, Institute of
Chemical Engineering Sciences, Foundation for Research and Technology Hellas (FORTH/ICE-HT),
26 504 Patras, Greece; caggelop@iceht.forth.gr

Water pollution is a major environmental problem that has a significant impact on
human and animal health and the ecosystem. Most pollution is caused by human activities,
and pollutants can be categorized into inorganic, organic, biological and radioactive [1].
Thus, the critical issue of improving water quality has several social and economic benefits.

During the last decade, the field of nanotechnology has extensively developed, con-
tributing to a significant impact on water purification. The use of nanomaterials has led to
impressive findings in the field of water remediation, with a high efficiency for the removal
of various pollutants, cost effectiveness and reusability. Thus, nanostructured materials,
due to their unique physicochemical characteristics, such as catalytic activity; high physical,
chemical and thermal stability; large specific surface area; high chemical reactivity; strong
electron ability, etc., have gained the attention of many researchers. Different classes of
nanomaterials can be used in water purification either as adsorbents, photocatalysts and/or
antibacterial agents [2–5]. More specific, nanostructured materials used as adsorbents
(nanosorbents), nanoparticles (e.g., Pd, Au, Cu, Fe3O4, TiO2, ZnO, Ag, etc.) and nanocat-
alytic membrane systems are more efficient and less time-consuming than other treatment
methods, environmentally friendly and consume a low amount of energy [4].

This Special Issue focuses on nanostructured materials and their applications in ad-
vanced water purification processes. This Special Issue contains fifteen articles and one
communication that address the synthesis, modification and regeneration of novel nano-
materials for their applications to remediate water contaminated by various pollutants.

The first paper published in this Special Issue by Xiang et al. [6] illustrates the prepa-
ration of Fe3O4@C nanoparticles for the decolorization of high concentrations of methylene
blue. According to the obtained results, an easy method for producing Fe3O4@C nanoparti-
cles with excellent catalytic reactivity is presented, representing a promising approach for
the industrial production of Fe3O4@C nanoparticles used to treat high concentrations of
dyes in wastewater. The second paper by Zia et al. [7] presents the synthesis of silver/iron
oxide nanocomposites (Ag/Fe3O4) for the efficient and specific removal of iodine anions
from contaminated water. The findings presented in this study offer a novel method for
desalinating radioiodine in various aqueous media. The next paper by Narath et al. [8]
proposes a facile green synthetic method for the synthesis of zinc oxide nanoparticles (ZnO
NPs) using the bio-template Cinnamomum tamala (C. tamala) leaves extract. According to the
obtained results, the synthesized ZnO NPs exhibit excellent photocatalytic activity against
dye molecules, through a green protocol. The fourth paper by Shrestha [9] illustrates the
usage of wood dust of Dalbergia sisoo (Sisau) derived from activated carbon (AC) as an ad-
sorbent material for the removal of rhodamine B dye from an aqueous solution. According
to the author, this study successfully addressed a local problem of wastewater pollution
from garment and textile industrial effluents using the locally available agro-waste of
Dalbergia sisoo. Khan et al. [10] investigated the removal of nano-CuO from pure water and
montmorillonite clay (MC) suspensions, using poly aluminum ferric chloride (PAFC) and
cationic polyacrylamide (PAM) via the coagulation–flocculation–sedimentation (C/F/S)

Nanomaterials 2023, 13, 654. https://doi.org/10.3390/nano13040654 https://www.mdpi.com/journal/nanomaterials1
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process. Moreover, PAFC and PAFC/PAM flocculation performance was investigated
through a parametric analysis. The findings presented in this paper provide insights into
enhanced flocculation and the coagulation of CuO in drinking water containing clay parti-
cles. Balarak et al. [11] found that activated porous carbon prepared from Azolla filiculoides
(AF) (AFAC) could be a potential low-cost adsorbent of azithromycin (AZM) from aqueous
solutions. In the next paper by Liou, Chen and Yang [12], amino-functionalized nanoporous
Santa Barbara amorphous-15 (SBA-15) was fabricated by employing sodium silicate as
a precursor and successfully applied as a high-efficiency adsorbent for the removal of
tannic acid from aqueous media. Shalabayev et al. [13] reported the successful synthesis
of CdS nanoparticles using cadmium acetate and sodium sulfide as Cd and S precursors,
respectively. Moreover, the effect of using sodium thiosulfate as an additional sulfur pre-
cursor was also investigated (combined milling) as well as the antibacterial potential of
mechanochemically prepared CdS nanocrystals on reference strains of E. coli and S. aureus.
The results presented, demonstrated that solvent-free and sustainable mechanochemical
synthesis can easily produce semiconductor nanocrystals in a multidisciplinary application.
In the paper by Peñaranda et al. [14], three different magnetic microreactors based on torus
geometries (i.e., one-loop, two-horizontal-loop, and two-vertical-loop microreactors) were
designed, manufactured, and tested to increase the enzyme-based transformation of dyes
by laccase bio-nanocomposites, improve particle suspension, and promote the interaction
of reagents. Taken together, these results indicate that the novel microreactors introduced
in this study have the potential to efficiently process wastewaters contaminated with dyes
in a continuous mode, with potential for large-scale operations. Primo et al. [15] present
two green synthesis routes that were used for the synthesis of Ag/ZnO nanoparticles,
using cassava starch as a simple and low-cost effective fuel and aloe vera as a reducing and
stabilizing agent. The results indicate that Ag/ZnO nanoparticles synthesized via green
chemistry are a promising candidate for the treatment of wastewaters contaminated by
bacteria (E. coli), due to their easy preparation, low-cost synthesis, and disinfection effi-
ciency. Magro et al. [16] successfully developed sensors based on nanostructured thin films
deposited on ceramic substrates with gold-interdigitated electrodes to detect azithromycin,
clarithromycin, and erythromycin in concentrations ranging between 10−15 M and 10−5 M
in mineral and river water matrices. Ramírez-Rodríguez et al. [17] proposed a novel method
to fabricate a hybrid adsorbent membrane of whey protein isolate (WPI) and polycaprolac-
tone (PCL) by electrospinning, finding promising results for the removal heavy metal ions
(e.g., chromium ions) from water. Khan et al. [18] focus on the synthesis of a nanocomposite
material (ZnO–CuO/g–C3N4) using a solution method for the successful extraction of
arsenic (III), pointing out that a ZnO–CuO/g–C3N4 nanocomposite can be a potential
candidate for the enhanced removal of arsenic from water reservoirs. Zhang et al. [19],
prepared a new catalyst, copper oxide/graphene oxide–diatomaceous earth (CuO/GO-DE)
using the ultrasonic impregnation method, which had excellent catalytic activity towards
ciprofloxacin degradation. Tóth et al. [20] presented the effect of different phosphate
sources on the synthesis and photocatalytic activity of Ag3PO4 for pollutants degrada-
tion. These authors concluded that Ag3PO4–based materials could be reliably used for
the degradation of methyl orange (MO) as they mostly retain their photoactivity during
the second recycling test. In the final paper by Giannoulia et al. [21], halloysite nanoclay
(HNC) was examined as an adsorbent for the individual and simultaneous removal of
antibiotic enrofloxacin (ENRO) and methylene blue (MB) from aqueous solutions, alongside
its successful regeneration via cold atmospheric plasma (CAP) bubbling. In addition, CAP
bubbling induced chemical modifications on the HNC surface, increasing its adsorption
capacity when applied to new adsorption cycles.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.
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express our acknowledgments to the referees for reviewing the manuscripts.
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Mechanisms of Individual and Simultaneous Adsorption of
Antibiotics and Dyes onto Halloysite Nanoclay and
Regeneration of Saturated Adsorbent via Cold Plasma Bubbling

Stefania Giannoulia 1,2, Irene-Eva Triantaphyllidou 1, Athanasia G. Tekerlekopoulou 2

and Christos A. Aggelopoulos 1,*

1 Laboratory of Cold Plasma and Advanced Techniques for Improving Environmental Systems,
Institute of Chemical Engineering Sciences, Foundation for Research and Technology Hellas (FORTH/ICE-HT),
26504 Patras, Greece

2 Department of Sustainable Agriculture, University of Patras, 2 G. Seferi St., 30100 Agrinio, Greece
* Correspondence: caggelop@iceht.forth.gr; Tel.: +30-2610965205

Abstract: Halloysite nanoclay (HNC) was examined as an adsorbent for the individual and simulta-
neous removal of antibiotic enrofloxacin (ENRO) and methylene blue (MB) from aqueous solutions,
alongside its regeneration via cold atmospheric plasma (CAP) bubbling. Initially, batch kinetics
and isotherm studies were carried out, while the effect of several parameters was evaluated. Both
ENRO and MB adsorption onto HNC was better described by Langmuir model, with its maximum
adsorption capacity being 34.80 and 27.66 mg/g, respectively. A Pseudo-second order model fitted
the experimental data satisfactorily, suggesting chemisorption (through electrostatic interactions) as
the prevailing adsorption mechanism, whereas adsorption was also controlled by film diffusion. In
the binary system, the presence of MB seemed to act antagonistically to the adsorption of ENRO. The
saturated adsorbent was regenerated inside a CAP microbubble reactor and its adsorption capacity
was re-tested by applying new adsorption cycles. CAP bubbling was able to efficiently regenerate
saturated HNC with low energy requirements (16.67 Wh/g-adsorbent) in contrast to Fenton oxidation.
Most importantly, the enhanced adsorption capacity of the CAP-regenerated HNC (compared to
raw HNC), when applied in new adsorption cycles, indicated its activation during the regeneration
process. The present study provides a green, sustainable and highly effective alternative for water
remediation where pharmaceutical and dyes co-exist.

Keywords: adsorption; nanoclays; halloysite; methylene blue; enrofloxacin; regeneration; cold
atmospheric plasma

1. Introduction

Water pollution is regarded as a serious environmental problem with particularly
negative impacts on modern societies [1]. Pharmaceuticals and dyes are usually present in
aquatic systems and are responsible for adverse ecological and human health effects. In
particular, the degradation-resistant properties of antibiotics lead to severe public health
issues, including some types of cancer, skin problems, allergies, and other serious health
problems [2]. Dyes cause non-esthetic pollution and eutrophication whilst at the same time
reducing light penetration and photosynthetic activity. Thus, it is vital to remove both
classes of pollutants from wastewater before disposal [3].

Many treatment techniques have been proposed for the simultaneous removal of
pollutants, such as ion exchange, reverse osmosis, liquid membrane separation, adsorption,
ozonation, photo-catalysis, coagulation, etc. [4–6]. Among these techniques, adsorption
is one of the most efficient, easy-to-apply and cost-effective techniques. According to the
literature, many adsorbents (e.g., clay minerals, biosorbents, polymers, etc.) have been
already considered for the removal of dyes and antibiotics [7–13]. In the last decades,
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halloysite (HNC), a natural aluminosilicate nano-clay mineral (Al2(OH)4Si2O5·nH2O),
has gained increasing attention due to its better adsorption performance compared to
non-porous micron-sized kaolinite. This is mainly attributed to its morphology, chemical
composition and the structural arrangement of its functional groups [14]. Indicatively for
antibiotics, where the references are limited, tetracycline has been examined with vari-
ous halloysite-based adsorption materials, with a maximum adsorption capacity ranging
from 20.5 to 54.9 mg/g [15–17]; oxytetracycline has a maximum adsorption capacity of
54.9 mg/g [18] and ciprofloxacin a maximum adsorption capacity of 25.09 mg/g [19] and
21.7 mg/g [20]. The ultrahigh maximum adsorption capacity of 1297 mg/g for tetracycline
and 1067.2 mg/g for chloramphenicol was achieved by in situ KOH activation of halloysite
nanotubes [21]. In contrast to antibiotics, there is extensive literature on dye removal using
halloysite and halloysite-based adsorbents. Regarding methylene blue, which is intensely
studied as it is one of the most widely used dyes in many industries (e.g., paper, textile,
chemical, pharmaceutical, etc.), the maximum adsorption capacity ranged from 29.33 to
689.66 mg/g [22].

Most studies to date focus on the adsorption of a single pollutant, and fewer have
been published on the simultaneous adsorption of different classes of pollutants [23,24].
However, wastewater effluents are composed of mixtures of pollutants, and the challenge
of simultaneously removing them remains. Furthermore, a key disadvantage of the adsorp-
tion method is the disposal of saturated adsorbent which can lead to secondary pollution.
Conventional adsorbent regeneration methods are mainly achieved through chemical and
thermal techniques, each having many disadvantages, such as the use of additional chemi-
cals, increased energy consumption, and the requirement of high temperatures, etc. [25].
Recently, cold atmospheric plasma (CAP) is considered as an effective, environmentally
friendly and low-energy regeneration process [26–30]. The effectiveness of CAP on adsor-
bent regeneration is attributed to the high oxidation potential of plasma-generated reactive
oxygen and nitrogen species (RONS) such as 1O2, ·OH, O, ·O2

−, O3, NO2
–, NO3

–, ONOO–,
H2O2, etc. [31,32].

In this study, the individual and simultaneous adsorption of pharmaceuticals and dyes
onto HNC was thoroughly investigated; CAP bubbling was evaluated for the regeneration
of saturated HNC, while CAP-regenerated HNC was compared with raw HNC for several
adsorption cycles. Fluoroquinolone antibiotic enrofloxacin (ENRO) was selected as the
model antibiotic contaminant, being mainly represented in veterinary studies [33,34] with
limited assimilation by the organism and partial metabolism [33,35]. To the best of our
knowledge, this is the first time that HNC has been used as an adsorbent for ENRO removal
from water. Methylene blue (MB) was selected as the model dye, being the most frequently
used industrial dye characterized as toxic, carcinogenic, and non-biodegradable. Batch
experiments were conducted to evaluate the effect of adsorbent dosage, contact time,
initial pollutants concentration and pH on the removal efficiency. HNC was thoroughly
characterized by various techniques, such as the Brunauer–Emmett–Teller method (BET)
and attenuated total reflectance-Fourier transform infrared spectroscopy (ATR-FTIR). The
adsorption isotherms and kinetic parameters were determined, providing information on
the adsorption mechanisms, whereas the potential reuse of HNC was evaluated through
saturation experiments. Finally, the saturated adsorbent was regenerated inside a novel
plasma microbubble reactor and its adsorption capacity was re-tested by applying new
adsorption cycles.

2. Materials and Methods

2.1. Materials

Halloysite nanoclay (HNC, Al2Si2O5(OH)4•2H2O, M.W. = 294.19 g/mol), antibi-
otic enrofloxacin (ENRO, C19H22FN3O3, M.W. = 359.39 g/mol) and methylene blue (MB,
C16H18CIN3S•2H2O, M.W. = 373.90 g/mol) were purchased from Sigma-Aldrich (Saint Louis,
MI, USA). The main properties of HNC, MB and ENRO are described in Table S1. Com-
pressed dry air, used as plasma feeding gas during HNC regeneration, was supplied by
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Linde (Athens, Greece). All chemicals used in the present study were of analytical grade
and for the preparation of all solutions, triple distillation (3D) was used.

2.2. Batch Adsorption Experiments

Adsorption experiments were performed in tightly sealed glass bottles, placed on
a rotor, at a speed of 18 rpm and a constant temperature of 28 ◦C within an incubator
(Witeg, GmbH, Wertheim, Germany). A parametric study was carried out, and the effect
of the adsorbent dosage, initial pH of the solution, contact time and initial pollutants’
concentration on adsorption capacity of HNC was investigated. To that end, various
adsorbent dosages (i.e., 0.5, 1, 2, and 3 g/L), pollutants’ initial concentrations ranging from
10 to 150 mg/L, and pH values ranging from 2.0–11.0 were considered. Concerning the
binary system, one pollutant was kept constant at 40 mg/L while the other was added
at varying concentrations, i.e., 10, 20, 40, 80, 120 and 150 mg/L. Batch experiments were
performed until the adsorbent’s saturation.

At the end of each experiment, samples were collected, centrifuged for 1 min at
12,000 rpm, and analysed by a UV–Vis spectrophotometer (Shimadzu, UV-1900, Kyoto,
Japan). For the UV/Vis analysis, the characteristic absorption bands of MB and ENRO at
663 and 272.5 nm, respectively were monitored for the quantification of the pollutants in
the solutions.

The HNC adsorption capacity at equilibrium, qe (mg/g), the adsorption capacity at
a specific time t, qt (mg/g) and the pollutants removal efficiency, R (%), were calculated
according to Equations (1), (2) and (3), respectively:

qe =

(
C0 − Ce

m

)
× V (1)

qt =

(
C0 − Ct

m

)
× V (2)

R (%) =

(
C0 − Ce

C0

)
× 100 (3)

where V is the volume of the artificially polluted water (L), m is the adsorbent mass (g) and Co,
Ce and Ct are the initial, equilibrium and at a specific time t concentration (mg/L), respectively.

2.3. Regeneration of Saturated HNC and Application on New Adsorption Cycles

The regeneration of saturated HNC was tested through different methods, i.e., Fenton
oxidation, CAP bubbling and air bubbling. For the regeneration of the saturated raw HNC
by Fenton oxidation, the saturated raw HNC (10 mg) was mixed with 25 mL of FeCl3/H2O2
solution (CFe = 10−2 M and 3% H2O2) at room temperature for two days and then washed
with distilled water.

Concerning the regeneration process based on CAP bubbling, the saturated raw HNC
(30 mg) was inserted into a plasma reactor with 50 mL of 3D water. The CAP-regeneration
system consisted of a specially designed plasma microbubble reactor driven by a nanosec-
ond pulse generator (NPG-18/3500) and a discharge characterization system. The power
supply was able to produce positive high voltage nanopulses of very short rising time
(~4 ns). The detailed experimental setup along with a schematic diagram of the plasma
microbubble reactor is presented in Figure 1. Briefly, the reactor consisted of a rod-like high
voltage (HV) stainless-steel electrode placed between an inner quartz tube and an outer
quartz tube. The plasma feeding was injected between the two dielectrics and entered
the aqueous phase through 10 microholes located at the base of the outer dielectric tube,
resulting in the production of underwater plasma bubbles inside the reaction tank [36].
The ground electrode was a stainless-steel mesh attached at the outer surface of the re-
action tank. The air flow rate was controlled by a mass flow controller (Aalborg GFC17,
Orangeburg, NY, USA) and kept constant during the adsorbent regeneration experiments
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at 3 L/min. The duration of adsorbent regeneration by plasma was 30 min, under constant
pulse voltage (28 kV) and frequency (200 Hz).

 
Figure 1. Schematic representation of the experimental setup used to regenerate HNC adsorbent by
cold atmospheric plasma (CAP) bubbling.

Finally, in order to ensure that there was no desorption of the adsorbed pollutants
through air bubbling, saturated raw HNC was inserted into the microbubble reactor and
subjected to air bubbling (without plasma ignition) for 30 min.

According to the experimental results, the optimum regeneration method was selected
(i.e., CAP bubbling) and the regenerated HCN (1st regenerated HNC) was subjected to
new adsorption cycles until its saturation. After the saturation of the 1st regenerated
HNC, a new regeneration treatment was applied, resulting in the second-time regenerated
HNC (2nd regenerated HNC) and new adsorption cycles followed until saturation. All
experiments were conducted in duplicate.

2.4. Characterization of the Adsorbent

The physicochemical properties of the raw adsorbent and the corresponding ones
after adsorption experiments and/or regeneration were studied. For the determination
of specific surface area, the Brunauer–Emmett–Teller (BET) method was employed. The
ATR/FTIR spectra of the raw adsorbent and after the adsorption of MB and ENRO were
recorded using a Bruker Optics ATR spectrometer (Alpha-P Diamond/Bruker Optics
GmbH, Billerica, MA, USA). The ATR/FTIR spectra of ENRO and MB were also recorded
for comparison and appropriate peak assignment. The point of zero charge (pHpzc) was
determined according to the solid addition method of Balistieri and Murray (1981) [37].
Briefly, the pH of 15 mL aqueous solutions was adjusted at a range 1.0–12.0 (pHi) using HCl
or NaOH 1 M, accordingly, following the addition of the adsorbent. The vials were then
placed in the incubator (28 ◦C) and rotated (18 rpm) for 24 h until equilibrium (as confirmed
by pH stabilization). After that point, samples were centrifuged, filtered, and subjected to
pH measurement, indicating the final pH (pHf). The pHpzc was determined by the cross
point of the curve plotting ΔpH = pHi − pHf versus pHi. For all pH measurements, a
multiparameter analyser was used (Consort C1020, Turnhout, Belgium).
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3. Results and Discussion

3.1. Characterization of Halloysite
3.1.1. BET Analysis

The surface area of the adsorbents is indicative of their sorption capabilities due to the
micropores and channels present in their structure, and their tiny particle size and surface
roughness [38]. The specific surface area of the HNC was calculated by the BET method for
the low relative vapor pressure N2 adsorption isotherm. According to the results obtained,
the HNC used in the present study has a relatively high specific surface area, 69 m2/g, and
a particle size of 30–70 nm (Figure S1), these are in accordance with those reported in the
literature [39–41].

3.1.2. Point of Zero Charge

The surface of HNC is mainly covered by tetrahedral Si–O, while the inner and the
edges are mainly covered by octahedral Al–OH. For pH values higher than the point of
zero charge (pHpzc), the charge balance is negative, while for pH values lower than pHpzc,
the charge balance is positive [40]. According to Bretti et al., (2016) [42], at pH 2.0, Si–OH
and Al–OH are fully protonated. From this pH, the Si–OH are gradually deprotonated, and
at pH of about 6.5 are totally deprotonated, and their outer surface reaches the maximum
negative charge. The inner surface at pH 2.0 has the highest positive charge, and starting
from pH 6.0 is gradually deprotonated. According to the results obtained in the present
study, there are two cutting points at the curve of ΔpH versus pHi (Figure S2). The first
one is at pH = 2.5, mainly due to Si–O, and a second one at pH = 4.5, mainly due to
Al–OH. Moreover, Sverjensky (1994) [43] has reported that the pHpzc of Si–O and the
Al2Si2O5(OH)4 crystal structure is 2.9 and 4.5, respectively. The pH of aqueous solutions of
MB and ENRO is 6.2, so at this pH, the HNC outer surface is negatively charged, and the
inner positively charged.

3.1.3. FTIR Analysis before/after Adsorption and for the Evaluation of the
Regeneration Process

To identify any potential alterations in the surface chemistry of the materials during
the adsorption/regeneration process, the adsorbents’ spectroscopic characterisation was
carried out using ATR-FTIR. The ATR/FTIR spectrum of HNC (Figure S3) exhibits all
its characteristic peaks. In brief, the peaks at 3692 and 3626 cm−1 are attributed to the
stretching vibrations of the inner-surface Al–OH groups, and the peaks at 752, 797, 907,
1004, 1118 and 1109 cm−1 are assigned to the stretching mode of apical Si–O [44,45].

In Figure 2, the ATR/FTIR spectra of HNC before and after the adsorption of ENRO (a)
and MB (b) and after the regeneration of HNC with CAP are presented; the ATR/FTIR
spectra of ENRO and MB are also presented for comparison. In both cases, the adsorption
onto HNC is indicated in the spectra. More specifically, the HNC spectra before and after
the adsorption of ENRO (Figure 2a) are similar, with the only difference an additional peak
existing on the IR spectrum after the adsorption; this peak is one of the most intense peaks
of the ENRO IR spectrum (i.e., 1506 cm−1 assigned to the C=C stretching vibration of the
aromatic ring) [46]. The effectiveness of the CAP regeneration process is also verified, since
this peak is disappeared from the spectrum after the regeneration of the HNC with CAP
(grey highlighted area). In the case of MB (Figure 2b), the extended adsorption onto HNC is
also evidenced through IR spectroscopy. In particular, after the adsorption, three additional
peaks (i.e., 1595, 1392/1352sh/1332 cm−1 attributed to the CH=N group, and –CH2 or
–CH3 stretching) are noticed [47]. It is interesting to note that after the CAP regeneration of
HNC, the intensity of these peaks is significantly decreased (blue highlighted areas), but
did not vanish, which is in accordance with the UV/Vis analysis of the evaluation study
concerning regeneration with CAP (Section 3.7).
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Figure 2. The ATR/FTIR spectra of (a) pristine HNC, ENRO, HNC after adsorption of ENRO and
HNC after CAP regeneration, and (b) pristine HNC, MB, HNC after adsorption of MB and HNC after
CAP regeneration in the selected spectral window. Grey and blue highlighted areas point out the
differences in representative peaks for raw and regenerated HNC for ENRO and MB, respectively.

3.2. Effect of Experimental Parameters
3.2.1. Effect of Initial pH

The solution pH is considered a crucial parameter in the adsorption process, as it
affects the charge of the adsorbent and thus its adsorption capacity. Concerning HNC,
each nanotube consists of 15 to 20 aluminosilicate layers and in each layer; the Si–O and
Al–OH groups are disposed on the external and internal surface, respectively. Because
of that, the inner surface is charged positively and the outer negatively, according to the
pH value [42]. In the present study, adsorption experiments were performed within a pH
range of 2.0–11.0 for both pollutants (MB and ENRO) (Figure 3).

Figure 3. Effect of pH on MB and ENRO removal efficiency (CMB = 40 mg/L, CENRO = 40 mg/L,
CHNC = 2 g/L, pH 2–11, T = 28 ◦C, contact time 1 h).
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As may be seen in Figure 3, the removal efficiency of MB was not affected at all,
remaining at 100% regardless of the pH value. This phenomenon can be attributed to
the fact that since the halloysite nanotubes’ external surface is negatively charged at a
pH range 2–12 [48,49], strong electrostatic interactions are developed with the positively
charged dye molecules, since MB is a cationic dye. Similar results have been reported by
Zhao and Liu (2008) [50], using raw halloysite nanoclay, noting also that the adsorption
equilibrium was achieved faster by increasing pH, since at higher pH values the outer
negative charger is significantly increased.

In the case of ENRO, when the pH increased from 2 to 7, the removal efficiency
intensely increased from 10% to 95% (at pH 6.2), and with a further increase of pH, the re-
moval efficiency drastically decreased to lower than 10%. ENRO is a zwitterionic molecule,
with pKa1 = 5.9 due to the carboxyl acid group and pKa2 = 7.7 due to the basic tertiary
amine. When the pH of the solution is lower than pKa1, the cationic form of ENRO (ENRO+)
is dominant, while at pH higher than pKa2, a basic anionic form of ENRO (ENRO−) dom-
inates. When the pH value is between pKa1 and pKa2, the intermediate zwitterion form
(ENRO±) dominates [51–53]. According to the results obtained (Figure 3), a gradual in-
crease in ENRO adsorption on HNC was observed as the pH increased from 2 to 6. The
ENRO+ was able to form ionic interactions with the negatively charged external surface of
HCN. Although the pKa1 value of ENRO is about 6.0, the amount of the absorbed ENRO
on HCN reached its maximum at pH = 6.2 and remained up to pH = 7.0. Within this
pH range, the ENRO+ form decreases rapidly and zwitterionic form ENRO± becomes
dominant in the solution, suggesting that the protonation of the piperazinyl group in
ENRO± contributes to the adsorption mechanism of ENRO on HCN, maybe through the
adsorption at the inner layer of the nanotube which is positively charged in this pH range.
A significant decrease in ENRO adsorption on HNC was observed with further increase
in the pH. Within this range of pH, the anionic form of ENRO (ENRO−) is dominant, so
ionic interactions cannot take place with the adsorbent external surface, while the inner
layer of the halloysite nanotube bears no positive charge. At such high pH values, the
low adsorption of ENRO− on HNC could possibly be attributed to the formation of cation
bridging promoted by ions present [54–56]. To date, there are no research articles in the
literature reporting the use of HNC as an adsorbent for removing ENRO. Nevertheless, the
use of montmorillonite and kaolinite as adsorbents for ENRO has been reported, exhibiting
common features with HNC such as structure, composition and genesis [57,58]. The results
presented in the present paper are in accordance with the results reported in the literature,
using montmorillonite and kaolinite as adsorbents and showing a common adsorption
pH-dependent mechanism for ENRO [56,59,60]. Taking into consideration that the original
pH of the aqueous solutions of the pollutants was 6.2 and the optimum pH value for the
adsorption process was between 6 and 7, a pH value of 6.2 was selected for the subsequent
experiments, since no pH adjustment was necessary.

3.2.2. Effect of HNC Dosage

In Figure 4, the removal efficiency of MB (C = 40 mg/L) and ENRO (C = 40 mg/L) in
the single system, and of both pollutants (MB + ENRO, CMB 40 + CENRO 40 mg/L) in the
binary system, using different dosages of HNC (i.e., 0.5, 1.0, 2.0 and 3.0 g/L) is presented. It
is obvious that for both pollutants and their mixture, the removal efficiency was increased
by increasing the HNC dose from 0.5 to 3.0 g/L. In the case of MB in the single system,
the removal efficiency increased from 37 to 99.8% when the HNC dosage increased from
0.5 to 2 g/L and reached 100% for 3 g/L of HNC (Figure 4a). Regarding ENRO in the
single system, the removal efficiency was increased from about 10 to 93% by increasing
the dose of HNC from 0.5 to 3 g/L (Figure 4b). This phenomenon can be attributed to the
increase on the available active sites for adsorption in the same volume. The higher the
HNC dosage, the greater the total available adsorbent area and therefore the higher the
number of the adsorption active sites of HNC, either for MB or ENRO [61,62].
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Figure 4. Effect of HNC dosage on removal efficiency and adsorption capacity for (a) MB(s.s.)

(Co = 40 mg/L, pH = 6.2, contact time 1 h) (b) ENRO(s.s.) (C0 = 40 mg/L, pH = 6.2, contact time 1 h,
T = 28 ◦C) (c) MB(b.s.) (binary system, C0 MB = 40 mg/L, C0 ENRO = 40 mg/L, pH = 6.2, contact time 1 h,
T = 28 ◦C) and (d) ENRO (b.s.) (binary system, C0 MB = 40 mg/L, C0 ENRO = 40 mg/L, pH = 6.2, contact
time 1 h, T = 28 ◦C).

A similar trend was noticed also in the binary system. Nevertheless, it was observed
that even though the removal efficiency of MB was not affected by the presence of ENRO in
the solution, and reached up to 100% for 3 g/L of HCN (Figure 4c), for ENRO the presence
of MB led to reduced removal efficiency, reaching up to 85% for 3 g/L of HCN (Figure 4d)
instead of the 93% reached at the single system (Figure 4b). This can be attributed to
the fact that during the adsorption process in a multicomponent system, the presence of
some molecules can affect the adsorption of other molecules, either in an antagonistic or
synergistic manner (see discussion below) [63].

Thus, in both single and binary systems, the removal efficiency increased with in-
creasing adsorbent dosage, while the adsorption capacity of HNC was reduced (Figure 4).
Similar results were reported by Liu et al. (2011) [61] who concluded that the optimum
adsorbent dose was 2 g/L, and by Luo et al. (2011) [62], who reported that the optimum
dose was 4 g/L. In the present study, an HNC dosage of 2 g/L was selected as the optimum
value for further experimental procedure, since in this case, the adsorption is efficient for
MB, ENRO and MB + ENRO without unnecessary use of excess adsorbent.

3.2.3. Effect of Contact Time

The effect of contact time on the adsorption capacity of MB, ENRO and their binary
system onto HNC is presented in Figure 5. The adsorption capacity for both pollutants
(Figure 5a) increased rapidly within the first 20 min and remained constant until 1 h of ad-
sorption. The same trend was observed for both pollutants in the binary system (Figure 5b).
In all cases, the equilibrium was reached after about 20–30 min of contact time. Similar
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results have been reported for MB adsorption onto HNC by Zhao and Liu (2008) [50], who
reported that the adsorption reached equilibrium after 30 min of contact time. Concerning
ENRO, there is no published research work on its adsorption onto HNC up to date. Nev-
ertheless, it has been reported by Duan et al. (2018) [20] that ciprofloxacin, an antibiotic
from the group of fluoroquinolones sharing a common structure with ENRO, exhibited
high adsorption efficiency, using HNC as an adsorbent and reaching equilibrium at 60 min.
Moreover, Wan M. et al. (2013) [56] reported that 93% of the maximum absorbed ENRO
was achieved within 15 min for all the tested clay minerals, including montmorillonite.

Figure 5. Effect of contact time on the amount adsorbed onto HNC of (a) single system, MB and
ENRO (C0 = 40 mg/L, pH = 6.2, CHNC = 2 g/L, T = 28 ◦C) and (b) binary system (C0 MB = 40 mg/L,
C0 ENRO = 40 mg/L pH = 6.2, CHNC = 2 g/L, T = 28 ◦C).

3.2.4. Effect of Initial Pollutant Concentration

The initial pollutant concentration has a significant impact on the effectiveness of
the adsorption process. The removal efficiency as a function of the initial pollutant con-
centration at single and binary systems is presented in Figure 6. In the single system
(Figure 6a), the removal efficiency for both MB and ENRO decreased when the initial
concentration of the pollutant increased. Specifically, experimental results for MB showed
that removal efficiency decreased from 100% (for initial concentration ranging between
10–40 mg/L) to 36% (for initial concentration equal to 150 mg/L). The results were sim-
ilar for ENRO, in which removal efficiency decreased from 97–92% (concertation range
10–40 mg/L) to 44% (concentration 150 mg/L). This can be attributed to the availability of
adsorption sites on HNC for MB and ENRO. As the initial concentration of the pollutants
increases, the available adsorption sites are limited and subsequently, the removal efficiency
decreases [64].

The influence of different initial MB concentrations on removal efficiency, while the
concentration of ENRO is kept stable at 40 mg/L, is presented in Figure 6b. From the
results obtained, it was noticed that when the concentration of ENRO remained stable at
40 mg/L, the removal efficiency of MB was similar to that of the single system, mostly for
the low MB concentrations. Specifically, MB removal efficiency was 100% for an initial
concentration range of 10–40 mg/L and reached up to 25% for an initial concentration of
150 mg/L. ENRO removal efficiency was similar to the that achieved in the single system in
the presence of low MB concentration (95% in the presence of 10 mg/L MB), but gradually
decreased when the MB initial concentration increased, reaching up to 20% in the presence
of 150 mg/L of MB. The negatively charged surface of HNC facilitates high adsorption of
cationic molecules such as MB, ENRO+ and the zwitterionic ENRO± that are present in the
solution at experimental pH value; however, by increasing the concentration of MB, the
available sites become limited and the absorption of MB is favored compared to ENRO+

and ENRO±.
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Figure 6. Effect of the initial concentration of MB and ENRO on the removal efficiency of the
pollutants by HNC in single (a) and binary (b,c) systems. Conditions: (a) various concentrations of
ENRO and MB, i.e., 10, 20, 40, 80, 120 and 150 mg/L (b) CENRO = 40 mg/L and various concentrations
of MB, i.e., 10, 20, 40, 80, 120 and 150 mg/L and (c) CMB = 40 mg/L and various concentrations of
ENRO, i.e., 10, 20, 40, 80, 120 and 150 mg/L (pH = 6.2, CHNC = 2 g/L, T = 28 ◦C).

In Figure 6c, the influence of different initial ENRO concentrations on removal effi-
ciency while the concentration of MB is kept stable at 40 mg/L is presented. In this case,
MB removal efficiency was similar to that of the single system, reaching up to 100%; it
did not seem to be significantly influenced by the presence of high ENRO concentrations,
since at 150 mg/L of ENRO it reached up to 90% removal efficiency. On the other hand,
ENRO removal efficiency in the presence of MB decreased compared to the single system.
According to these results, the electrostatic interactions between the negatively charged
surface of HNC and the cationic dye MB are strong, and the adsorption is not influenced
by the presence of ENRO, even at high concentrations, while ENRO removal efficiency is
influenced by the presence of MB.

3.3. Adsorption Isotherms Models

The adsorption data of the single system were fitted to Freundlich and Langmuir
isotherm models in order to elucidate the adsorption mechanism that takes place. Prior
to applying the isotherm models, the HNC adsorption capacity at equilibrium, qe (mg/g)
was plotted versus Ce at equilibrium (mg/L) according to the obtained experimental data
(Figure 7).
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Figure 7. Adsorption isotherm of the single system for ENRO and MB (pH = 6.2, CHNC = 2 g/L, T = 28 ◦C).

According to Figure 7, the amount of MB and ENRO that was adsorbed per adsorbent
mass, qe (mg/g), increased as a function of the initial concentrations of both pollutants.
This tendency agrees with previous publications [65]. The qe value increased rapidly within
the first 5 min and reached its maximum value after ~30 min for both pollutants, being
33.57 and 27.18 mg/g for ENRO and MB, respectively. The increase in qe as a function of
the initial MB and ENRO concentration could be attributed to the higher concentration of
MB and ENRO which increases the driving force for the mass transfer process, promoting
the MB and ENRO molecules to be adsorbed onto the adsorbents’ surface [65].

According to the Freundlich isotherm model, the adsorption occurs by multilayer
sorption on a heterogeneous surface [66]. The linearized form of the Freundlich equation is
expressed as follows [67]:

logqe = logK +
1
n

logCe (4)

where K ((mg/g)(L/mg)1/n) is the Freundlich adsorption constant related to the maximum
adsorption capacity of the adsorbent and 1

n is a constant related to the adsorption intensity,
varying with the heterogeneity of the adsorbent [68]. When 1

n values are within the range
0.1–1.0, the adsorption process could be considered favorable [69].

According to the Langmuir model, adsorption takes place only at specific homogenous
sites with no lateral interaction between the adsorbed molecules, assuming a monolayer
adsorption motif. The Langmuir model assumes that all active sites are identical and equally
energetic, and interactions between molecules that have been adsorbed are prevented [70].
The linearized Langmuir equation is described by the following equation [11]:

Ce

qe
=

1
Qb

+
Ce

Q
(5)

where qe (mg/g) is the amount of pollutant adsorbed per unit mass of adsorbent at equilib-
rium, Ce (mg/L) is the equilibrium concentration of the pollutant in solution, Q (mg/g) is
the maximum adsorption capacity of the adsorbent corresponding to monolayer coverage
and b (L/mg) is the Langmuir adsorption constant which determines the affinities of bind-
ing sites and the sorption free energy. The dimensionless constant separation factor, RL, is
an indicator of the adsorption capacity:

RL =
1

1 + bC0
(6)

where C0 (mg/L) is the initial pollutant concentration in aqueous solution. The adsorption
process is considered favorable when 0 < RL < 1 and unfavorable when RL > 1.

In Table 1, the calculated Langmuir and Freundlich isotherm constants, along with the
correlation coefficients (R2) are presented. Based on the R2 values, the Langmuir model fits
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almost perfectly to the experimental data for both pollutants (ENRO and MB), indicating
that monolayer adsorption is probably taking place. The maximum monolayer adsorption
capacities for ENRO and MB were found to be 34.80 and 27.66 mg/g, respectively, being
very close to the experimental values for both pollutants. The RL and 1

n values revealed the
favorable character of the adsorption in both cases (0 < RL < 1 and 1

n < 1), indicating that
the adsorption bond/interaction between the adsorbent and the adsorbate is strong. For MB,
similar results have been published by Du and Zheng (2014) [71] and Jiang et al. (2014) [72],
who reported that the Langmuir isotherm model fitted better to the experimental data
when raw HNC was used as adsorbent, achieving a maximum adsorption capacity of
97.56 and 38.73 mg/L, respectively. Concerning ENRO, the isotherm model that perfectly
fit the experimental results was Langmuir, and similar results have been reported in a
study by Rivagli et al. (2014) [73], in which raw montmorillonite and kaolinite were used
as adsorbates.

Table 1. Parameters of the isotherm models for MB and ENRO adsorption onto HNC, in single
system, expressed in linear form.

Organic Pollutant
Langmuir Freundlich

qe, exp (mg/g) Q (mg/g) b (L/mg) RL R2 K (mg/g) (L/mg)1/n 1
n R2

MB 27.18 27.66 2.465 0.03–0.002 0.990 17.108 0.163 0.820
ENRO 33.57 34.80 0.268 0.27–0.02 0.993 9.067 0.324 0.937

3.4. Kinetic Adsorption Models

The adsorption kinetic study is regarded as a beneficial resource for adsorption studies
since it contributes to the design of a suitable adsorption process, controlling the operation
and any other practical aspect. In this study, four different adsorption kinetic models were in-
vestigated for both single and binary systems: pseudo-first-order (PFO), pseudo-second-order
(PSO) and the Elovich and Weber–Morris intraparticle diffusion models.

The PFO equation is described by the following equation [74]:

ln(qe − qt) = lnqe − k1t (7)

where k1 (1/min) is the rate constant. According to the PFO kinetic model, the adsorbate is
assumed to be adsorbed onto a single surface site at a time [74]. For both systems, single
and binary, the PFO model did not satisfactorily fit the data either for MB or for ENRO
(Table 2, Figures S4 and S8). In the case of the single system, the correlation coefficients
(R2) were found to be 0.914 and 0.836 for MB and ENRO, respectively, while the predicted
adsorption capacity, qe,cal, was not relatively close to the qe,exp for both pollutants. The same
motif was observed for the binary system, where R2 was found to be 0.949 and 0.924 for
MB and ENRO, respectively, and the predicted adsorption capacity, qe,cal, was found to be
not so close to the qe,exp for both pollutants. Thus, the PFO kinetic model failed to describe
the experimental data for both systems and for both pollutants; therefore, the PSO kinetic
model was also tested, as described by the following equation [65]:

t
qt

=
1

k2q2
e
+

t
qe

(8)

where k2 (g/mg·min) is the rate constant. According to the PSO kinetic model, the adsorbate
is adsorbed on two surface sites at time t, and the rate-limiting step is surface adsorption
which involves chemisorption of the adsorbate on the adsorbent [75]. According to the
results presented in Table 2 (Figures S5 and S9), in contrast to the PFO, the adsorption of
MB and ENRO onto HNC is described perfectly by the PSO kinetic model for both systems
(single and binary), indicating that chemisorption plays an important role in the process.
R2 was found to be 0.999 for MB and ENRO in the single system, while at the binary system,
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it was 0.999 and 0.994 for MB and ENRO, respectively. Moreover, the predicted adsorption
capacities, qe,cal, were close to the qe,exp for both pollutants in both systems.

Table 2. Kinetic parameters for the adsorption of MB and ENRO onto HNC for single and binary system.

Pseudo-First-Order Pseudo-Second-Order Elovich Intraparticle Diffusion Model

qe ,exp
(mg/g)

qe ,cal
(mg/g)

k1 × 10−3

(1/min)
R2 qe ,cal

(mg/g)
k2 × 10−3

(g/mg·min)
R2 α

(mg/g·min)
1/b

(mg/g)
R2 Kid

(mg/g·min0.5)
C

(mg/g)
R2

Single system

MB 20.96 10.811h 0.1251h 0.9141h 21.461h 31.2 1h 0.9991h 322.221h 2.4601h 0.9681h 7.6352min 3.4512min 0.9812min

1.68825min 11.99725min 0.95925min

0.0511h 20.5641h 11h

ENRO 18.56 2.5371h 104.761h 0.8361h 18.651h 138.441h 0.9991h 1.25 × 10− 6 1h 0.7471h 0.9061h 5.0042min 9.8682min 0.9202min

0.3061h 17.89211h 0.9511h

Binary system

MB 20.20 4.6721h 57.61h 0.9491h 20.341h 43.161h 0.9991h 322.221h 2.4601h 0.9681h 1.3005min 13.6525min 0.9395min

0.3701h 17.2971h 0.9021h

ENRO 13.64 3.371h 28.81h 0.9241h 13.411h 42.251h 0.9941h 15.9 × 104 1h 0.7911h 0.9171h 0.4781h 9.6421h 0.9501h

In order to further verify the significance of chemisorption in the process, the Elovich
kinetic model was used, as it is regarded as one of the most useful models for describing
chemical adsorption. The Elovich model is expressed by the following equation [76]:

qt =
1
b

ln(ab) +
1
b

ln t (9)

where a (mg/g min) is the initial adsorption rate and 1/b (mg/g) indicates the available
sites for chemisorption. The Elovich model fitted the experimental data of MB and ENRO
well enough for both systems (single and binary) (Table 2, Figures S6 and S10), indicating
that a great number of active sites are available for interactions with HNC.

Finally, in order to evaluate the diffusion of MB and ENRO within the adsorbents’
pores, the data were fitted by the Weber–Morris intraparticle diffusion model [77]:

qt = Kidt1/2 + C (10)

where qt is the adsorption capacity (mg/min) of HNC for the pollutants at time t, kid
is the rate constant of intra-particle diffusion (mg/g·min0.5) and C (mg/g) is a constant
that is related to the thickness of the boundary layer. The experimental data of the single
system showed that MB and ENRO curves were not linear, and could be divided into three
linear regions for MB and two for ENRO (Table 2, Figure S7), meaning that the adsorption
process is also controlled by film diffusion [78]. Therefore, a multilinear fitting was used to
plot the data for three different linear regions. The first adsorption step is related to the
transportation of the adsorbate from the solution to the external surface of the adsorbent,
a process that is controlled by the film–liquid diffusion. The second step describes the
diffusion of the adsorbate from the external surface to the pore structure (pore diffusion),
and finally, the third one is attributed to the final equilibrium stage. In both pollutants
(Figure S7), the linear fitting of the first stage did not pass through the origin (C = 0), which
is an indication concerning the boundary layer resistance between adsorbent and adsorbate,
while the deviation from this point is proportional to the boundary layer thickness. In
the first region (0.5 min to 2 min), for both MB and ENRO, the experimental data were
effectively fitted, and the plot qt versus t1/2 was linear, indicating that both pollutants were
transferred from the solution to the halloysite’s external surface through film diffusion.
In the second region, which for MB is from 2 to 25 min and for ENRO from 2 min to 1 h,
the Kid is significantly reduced. For MB, it dropped from 7.635 to 1.688 mg/g·min1/2, and
for ENRO from 5.004 to 0.306 mg/g·min1/2, meaning that the diffusion of MB and ENRO
inside the pores of halloysite is relatively low [11]. During these two stages, MB and ENRO
molecules were diffused and adsorbed onto HNC through electrostatic interactions [79].
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The third region for MB (25 min to 1 h) is attributed to the final equilibrium stage, and the
Kid is even lower (0.051 mg/g·min1/2). In the case of the binary system, the experimental
data showed that the MB curve was not linear and could be divided into two linear regions,
while for ENRO a single-step process occurred (Table 2, Figure S11).

3.5. Interaction Mechanism in the Binary System

In a multicomponent system that may contain two or more contaminants, the ad-
sorbate molecules may interact in different ways. The mechanism is explained based on
the ratio of the adsorption capacity of each component in the multicomponent system to
the adsorption capacity of the adsorbent in the single system, Q,multicomponent:Q,single. The
possible interactions among the adsorbate molecules are [80,81]:

The possible interactions among the adsorbate molecules are [80,81]:

(a) Antagonistic interaction: The adsorption capacity of an adsorbent decreases in a
solution containing other components (Q,multicomponent:Q,single < 1).

(b) Synergistic interaction: The adsorption capacity of an adsorbent increases when it is
in association with other components (Q,multicomponent:Q,single > 1).

(c) Non-interaction: The adsorption capacity is independent of the absence or presence
of other components in a solution (Q,multicomponent:Q,single = 1).

In order to calculate the Q for each pollutant in the binary system, the extended
Langmuir isotherm was applied, described by the following equation [80]:

qe1 = Q1
b1Ce1

1 + (b1Ce1 + b2Ce2)
(11)

where Q (mg/g) is the maximum adsorption capacity and b (L/mg) the Langmuir constant
related to the adsorption energy fitting parameters for each component.

Table 3 displays the interactive effects of MB and ENRO in the binary system. The
calculated ratio for ENRO is less than one, indicating that its adsorption capacity in the
binary system is decreased by the presence of MB. On the other hand, the calculated ratio
for MB is slightly higher than 1, indicating that there is either synergistic or no interaction at
all, and its adsorption capacity in the binary system is either enhanced or not influenced by
the presence of ENRO. This could be attributed to the high negative charge on the external
surface area of halloysite resulting in higher MB adsorption, since it has stronger cation
character compared to ENRO at the investigated pH of the solution; however, further
elucidation should be the subject of further research work.

Table 3. Interaction effect of MB and ENRO adsorption onto HNC in the binary system.

Pollutant Adsorbent Q,binary/Q,single Interaction Effect

MB HNC 1.08 Synergistic or non-interaction
ENRO HNC 0.64 Antagonistic

3.6. Analysis of the Adsorption Mechanisms

The adsorption mechanism could be based either on chemisorption, physisorption, or
both processes. Experimental data obtained in the present study, i.e., adsorption studies,
ATR/FTIR and BET analysis contributed to the elucidation of the adsorption mechanism.

The HNC used in the present study has a specific surface area of 69 m2/g, and particle
size of 50 nm, indicating that the enclosure of a molecule inside the adsorbate is feasible
through physisorption. Moreover, at the pH of the experimental procedure (6.2), the
external surface of HNC poses a negative charge and the inner positive, while MB is
positively charged and ENRO exists in zwitterionic form (ENRO±), indicating that both
pollutants can interact with the adsorbent through electrostatic interactions. The Langmuir
isotherm and PSO kinetic model indicated that the main adsorption mechanism is based on
monolayer chemisorption of the pollutants onto HNC driven by electrostatic interactions,
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while the Weber–Morris model revealed that the intraparticle diffusion was controlled by
film diffusion. In Figure 8, the possible adsorption mechanism of MB and ENRO onto HNC
is presented.

 

Figure 8. Possible adsorption mechanism of MB and ENRO onto HNC.

3.7. Towards the Sustainability of the Process through the Regeneration of Adsorbent

Recovery and sustainable management of used adsorbents are two of the most sig-
nificant problems of the adsorption-treatment process. In order to be reused, several
technologies have been investigated for their regeneration, including desorption, pho-
todegradation, and biodegradation of the adsorbed molecules. Cold atmospheric plasma
(CAP) has emerged as an interesting alternative over conventional regeneration methods
due to exhibiting high regeneration efficiency and low energy consumption [29,82]. As
reported in the literature, the CAP method has been effectively used for the regeneration of
waste tea, which has been used for the adsorption of the methylene blue [29].

In the present study, CAP bubbling, Fenton oxidation and air bubbling were applied
to the saturated raw HNC. When the saturated HNC was treated by CAP bubbling, its
removal efficiency was almost completely restored for both pollutants (Figure 9). Specifi-
cally, the removal efficiency reached up to 88.5% and 81% for MB (Figure 9a) and ENRO
(Figure 9b), respectively, revealing the potential of HNC to be reused. The removal ef-
ficiency of regenerated HNC through Fenton oxidation reached up to 32% and 47% for
MB (Figure 9a) and ENRO (Figure 9b), respectively, which was significantly lower than
the CAP-regenerated HNC. The application of air bubbling (without CAP) showed that
the desorption of the pollutants was negligible. According to the results, it is obvious
that CAP bubbling achieved almost complete restoration of the saturated HNC, reaching
removal efficiency values, for both pollutants, similar to the raw HNC. This behavior was
also verified by spectroscopic analysis (Section 3.1.3) of the HNC after CAP regeneration,
where the MB and ENRO characteristic peaks that were noticed during adsorption were
minimized or vanished.

After the first CAP regeneration of the saturated raw HNC, namely 1st CAP-regenerated
HNC, new adsorption cycles were applied up to saturation, followed by new regener-
ation resulting in 2nd CAP-regenerated HNC and new adsorption cycles up to discern
the removal efficiency. According to the results presented in Figure 10, it is impressive
that the removal efficiencies for both pollutants for 1st CAP-regenerated HNC and 2nd
CAP-regenerated HNC are significantly increased during the adsorption cycles compared
to the raw HNC.

Indeed, for ENRO (Figure 10b), at the second adsorption cycle, raw HNC achieved a re-
moval efficiency of up to 37%, whilst in the same cycle, 1st CAP-regenerated HNC reached
up to 72%, and 2nd CAP-regenerated HNC 45%. The third cycle of 1st CAP-regenerated
HNC was also impressive, achieving 50% of removal efficiency compared to the 10% of
the raw HNC (Figure 10b). Similar results were obtained for MB (Figure 10a). In partic-
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ular, the second cycle of adsorption for 1st CAP-regenerated and 2nd CAP-regenerated
HNC reached up to 65%, while the corresponding value for raw HNC was 20%. Great
enhancement was also noticed during the third and fourth adsorption cycles, where the
raw HNC achieved removal efficiency of up to 5% and 1%, respectively, while for the 1st
CAP-regenerated HNC was 38% and 20% and for 2nd CAP-regenerated HNC 45% and 30%,
respectively. It is noteworthy that in the case of MB the removal efficiencies of the third
and the fourth adsorption cycles of 2nd CAP-regenerated HNC were higher compared to
the respective cycles of 1st CAP-regenerated HNC (Figure 10a). The enhancement of the
removal efficiency of the CAP-regenerated HNC compared to the raw could be attributed
to the chemical activity of plasma-generated species, e.g., 1O2, ·OH, O, ·O2

−, O3, H2O2, etc.,
which effectively modified the adsorbent. Similar results have been reported [29,83,84],
attributing the enhancement of the removal efficiency to the increment of the available
adsorption sites through the surface oxidation induced by the plasma-generated species;
the reactive species that are attached to the natural adsorption site could act beneficially,
enhance the adsorption capacity of the adsorbent and be effectively re-used for several
adsorption cycles.

 
Figure 9. Removal efficiency for (a) MB and (b) ENRO after three adsorption cycles and regeneration
of saturated HNC by applying air bubbling, CAP bubbling and Fenton oxidation (CENRO = 40 mg/L,
CMB = 40 mg/L, pH = 6.2, CHNC = 2 g/L, T = 28 ◦C).

Figure 10. Adsorption cycles of raw, 1st CAP-regenerated HNC and 2nd CAP-regenerated HNC, for
(a) MB and (b) ENRO (CENRO = 40 mg/L, CMB = 40 mg/L, pH = 6.2, CHNC = 2 g/L, T = 28 ◦C).
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In conclusion, CAP bubbling not only effectively regenerated the adsorbent but also
induced chemical modifications on its surface that were favorable for its adsorption capac-
ity, even after several cycles; in contrast, the raw HNC’s adsorption capacity decreased
dramatically after the first adsorption cycle. At the same time, the ENRO and MB con-
centrations that might have been transferred from the solid phase to the aqueous solution
during the regeneration experiments were completely eliminated by CAP bubbling; the
latter was confirmed by UV-Vis measurements of the aqueous solution after regeneration
experiments (data not shown). In contrast to chemical regeneration, in which the pollution
is transferred from the adsorbent to the chemical solution, the present study presents a
completely green process that does not result in any secondary pollution. Moreover, the
power consumption during the regeneration of the saturated HNC was ~1 W, and thus the
energy requirement is ~16.67 Wh/g of adsorbent, which is among the lowest compared to
others in the literature [85], possibly due to the combination of HV nanopulses and plasma
bubbles. Therefore, CAP bubbling provided a unique green solution, simultaneouslyex-
hibiting three different important functionalities: the regeneration of the adsorbent, its
activation during the regeneration process and the elimination of the residual pollutant
concentration in the water used for its regeneration.

4. Conclusions

The present study reports the efficiency of HNC adsorbent on the removal of the
antibiotic ENRO and the cationic dye MB from artificially polluted water in a single and
binary system. Several operating parameters were examined, and it was found that contact
time, adsorbent dosage, pH and pollutant concentration affected the efficiency of the
process. In the single system, both pollutants adsorbed onto HNC very quickly (10–20 min),
whereas the same trend was observed for both pollutants in the binary system in which
equilibrium was reached after ~20–30 min. Concerning pH, the natural pH of ENRO and
MB solution (pH = 6.2) exhibited the maximum removal efficiency for both pollutants, as at
this pH, the charges of the outer and inner surfaces of HNC and the pollutants favor the
formation of electrostatic interactions. MB and ENRO adsorption onto HNC were better
described by the Langmuir isotherm model and the PSO kinetic model for both pollutants
in the single and the binary system, indicating that the process is controlled mainly by
monolayer chemisorption through electrostatic forces. The maximum adsorption capacity
Q was found to be 34.80 and 27.66 mg/g for ENRO and MB, respectively. Furthermore, the
intraparticle diffusion model revealed that the adsorption of both pollutants onto HNC was
mainly controlled by film diffusion. Regarding the simultaneous adsorption of pollutants,
the presence of MB seems to have an antagonistic effect for ENRO adsorption onto HNC,
while the presence of ENRO does not affect the adsorption of MB, revealing a synergism
or non-interaction.Cold atmospheric plasma (CAP) bubbling regenerated the saturated
HNC much more effectively compared to Fenton oxidation, with relative low energy cost
(16.67 Wh/g-adsorbent). Moreover, the CAP-regenerated HNC was effectively applied
to new adsorption cycles, achieving increased removal efficiencies for both pollutants
compared to the raw HNC. Therefore, CAP bubbling induced chemical modifications on
HNC surface that were favourable for its adsorption capacity even after several cycles in
contrast to the raw HNC, whose adsorption capacity decreased dramatically after the first
adsorption cycle. Finally, complete elimination of MB and ENRO, transferred from the solid
phase to the aqueous solution during the regeneration process, was achieved. The present
study could be considered a sustainable, green and cost-effective solution towards the
remediation of wastewater in which pharmaceuticals and dyes are present. Our next steps
include the elucidation of the interaction mechanism between the two pollutants as well as
the combination of HNC adsorbent with CAP for the removal of emerging contaminants,
such as perfluoroalkyl substances (PFAS), from water.
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Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/nano13020341/s1, Figure S1: High-Resolution Transmission Electron
Microscopy (HR-TEM) image for HNC; Figure S2. ΔpH versus pHi for HNC; Figure S3. The
ATR/FTIR spectrum of halloysite in the spectral region 500–4000 cm−1; Figure S4. Pseudo-first
order reaction kinetics for the adsorption of ENRO and MB on HNC in the single system; Figure S5.
Pseudo-second order reaction kinetics for the adsorption of ENRO and MB on HNC in the single
system; Figure S6. Elovich kinetic parameter for the adsorption of ENRO and MB on HNC in the
single system; Figure S7. Intra-particle diffusion model curves for the adsorption of MB and ENRO
on HNC, for the single system; Figure S8. Pseudo-first order reaction kinetics for the adsorption of
ENRO and MB on HNC in the binary system; Figure S9. Pseudo-second order reaction kinetics for
the adsorption of ENRO and MB on HNC in the binary system; Figure S10. Elovich kinetic parameter
for the adsorption of ENRO and MB on HNC in the binary system; Figure S11. Intra-particle diffusion
model curves for the adsorption of MB and ENRO on HNC, for the binary system; Table S1: Molecular
structure and physicochemical properties of MB and ENRO.
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Abstract: The widespread use of Ag3PO4 is not surprising when considering its higher photostability
compared to other silver-based materials. The present work deals with the facile precipitation method
of silver phosphate. The effects of four different phosphate sources (H3PO4, NaH2PO4, Na2HPO4,
Na3PO4·12 H2O) and two different initial concentrations (0.1 M and 0.2 M) were investigated. As
the basicity of different phosphate sources influences the purity of Ag3PO4, different products were
obtained. Using H3PO4 did not lead to the formation of Ag3PO4, while applying NaH2PO4 resulted
in Ag3PO4 and a low amount of pyrophosphate. The morphological and structural properties
of the obtained samples were studied by X-ray diffractometry, diffuse reflectance spectroscopy,
scanning electron microscopy, infrared spectroscopy, and X-ray photoelectron spectroscopy. The
photocatalytic activity of the materials and the corresponding reaction kinetics were evaluated by the
degradation of methyl orange (MO) under visible light. Their stability was investigated by reusability
tests, photoluminescence measurements, and the recharacterization after degradation. The effect
of as-deposited Ag nanoparticles was also highlighted on the photostability and the reusability of
Ag3PO4. Although the deposited Ag nanoparticles suppressed the formation of holes and reduced
the degradation of methyl orange, they did not reduce the performance of the photocatalyst.

Keywords: silver phosphate; reusability; precipitation method; photoluminescence; photocatalysis

1. Introduction

Since the discovery and first application attempts of photocatalysis, numerous materi-
als, such as TiO2-based semiconductors and composites, other metal oxides, and salts have
been investigated regarding their degradation of organic pollutants [1]. However, even the
TiO2-based ”flagships” (such as P25 [2] or other commercial titania) have severe limitations
due to their relatively wide band gap, poor quantum efficiency, and/or fast recombination
rate of photoexcited electron–hole pairs.

Nanomaterials 2023, 13, 89. https://doi.org/10.3390/nano13010089 https://www.mdpi.com/journal/nanomaterials25
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Silver-based semiconductors are promising candidates among the newer claimants
to reach the throne of large-scale industrial applications due to their strong visible light
response. One of their main benefits is that they can provide Ag nanoparticles that can
be deposited in situ on the surface of catalysts. Depending on the light source applied
during photocatalytic processes, deposited nanoparticles can act as charge separators
(mostly under UV irradiation) or electron carriers (under visible light irradiation). Many
photocatalysts (especially the Ag-based ones) are susceptible to photochemical corrosion,
resulting in poor stability [3]. However, deposited nanoparticles can be effectively used to
prevent the photocorrosion of semiconductors [4].

The application of Ag3PO4 as a photocatalytic material was first reported by Yi and
coworkers [5]. Their investigation focused on water-splitting and degrading organic
contaminants in wastewater by utilizing visible light. Ma et al. [6] focused on the structural
peculiarities of Ag3PO4. They found that it can be characterized by a body-centered cubic
structure (where all oxygen atoms are adjacent with three Ag and a P atom), a lattice
parameter of 6 Å, and the space group of P4-3n [7,8]. Its band gap energy is relatively
low (Eg ≈ 2.4 eV), which can be mainly modified by fine-tuning its morpho-structural
characteristics. During its synthesis, pH and the appearance of pyro- and polyphosphates
are key parameters. It is well known that two phosphoric acid molecules can easily
condensate, resulting in these phosphates. Since pH can strongly influence the formation
of oxo-acid-based Ag salts, it is not surprising that the type of phosphate precursor can be
decisive (as it can also strongly influence pH). Accordingly, several phosphate-containing
precursors have already been investigated, focusing on the morphology of the target
semiconductor, including NH4

+ [9], Na+ [10], and K+ [11] based agents. Besides precursors,
another decisive parameter is the applied synthesis pathway. Considering this aspect,
the main methods applied to synthesize Ag3PO4 salts have been precipitation [9,10,12],
ion-exchange [5,13], hydrothermal [14], ultrasonication [15], and other approaches [16]. It
has been found that semiconductors prepared by ion-exchange reactions can yield electron–
hole pairs with enhanced lifetime, resulting in higher photocatalytic efficiency [17]. Still, a
deeper insight into the electronic structure of Ag3PO4 is necessary to understand the origin
of the increased photocatalytic activity.

Thus, in this work, we focus on three main aspects related to the involvement of the
Ag3PO4 semiconductor in photocatalytic approaches as follows:

• The effect of different phosphate sources on the synthesis and photocatalytic activity
of Ag3PO4. For this purpose, H3PO4, NaH2PO4, Na2HPO4, and Na3PO4 · 12H2O were
used as phosphate sources. In this part, we propose a mechanism for the formation of
Ag3PO4.

• Investigation of the stability of Ag3PO4 via recharacterization and reusability mea-
surements.

• The effect of Ag nanoparticles on Ag3PO4, shown through the deposition mechanism
of Ag nanoparticles. This aspect was demonstrated by photoluminescence measure-
ments and their corresponding kinetic studies.

2. Materials and Methods

2.1. Materials

All chemicals were used as received: silver nitrate (AgNO3, 99.8%, Penta industry;
Prague, Czech Republic), methyl orange (MO, analytical reagent, Alfa Aesar; Tewksbury,
MA, USA), Milli-Q (MQ; Budapest, Hungary) water, phosphoric acid (H3PO4, 85%, VWR
Chemicals; Radnor, PA, USA), monosodium phosphate (NaH2PO4; >99.0%, Spektrum-3D;
Debrecen, Hungary), disodium phosphate (Na2HPO4; >99.0%, Sigma-Aldrich; Schnelldorf,
Germany), and trisodium phosphate dodecahydrate (Na3PO4·12H2O; analytical reagent,
Sigma-Aldrich, Schnelldorf, Germany).
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2.2. Methods
2.2.1. Synthesis of Ag3PO4 Semiconductors

A precipitation method was used [13,18] to synthesize Ag3PO4 microcrystals. Four
phosphate sources (MPO4: H3PO4, NaH2PO4, Na2HPO4, Na3PO4·12 H2O) and AgNO3
were used. The weight ratio of the precursors was: MPO4:AgNO3 = 3:2.

In each case, two different initial concentrations of phosphate sources were used (0.2 M
and 0.1 M). The aqueous solution of phosphate sources was stirred for 5 min then 1.247 g
of AgNO3 was added. A yellow suspension formed from the colorless and transparent
solution. After another 5 min of stirring, the suspensions were washed with 3 × 45 mL of
MQ water (for 10 min at 4400 RPM) and dried overnight at 40 ◦C.

The sample abbreviations used in the manuscript were conceived as follows:
Ag3PO4_source_concentration, where concentration is the initial concentration of the
used phosphate precursor (example: Ag3PO4_Na3PO4_0.1M denotes the sample that
was prepared using 0.1 M Na3PO4·12 H2O as the phosphate source). The word “after” was
added to the names to designate samples investigated after photocatalytic tests (example:
Ag3PO4_Na3PO4_0.1M_after).

2.2.2. Characterization and Instrumentation

The X-ray diffraction (XRD) measurements were performed on a Shimadzu 6000 X-ray
diffractometer (Kyoto, Japan) at an accelerating voltage of 40 kV (30 mA), operated with
CuKα radiation (λCuKα = 1.54 Å). The XRD patterns were recorded in 2θ range between 15
and 60◦, with scan speed 1◦·min−1.

Fourier transform infrared spectroscopy (FT-IR) measurements were performed on a
JASCO-6200 FT-IR spectrophotometer (Jasco, Tokyo, Japan) in the 4000–400 cm−1 wave-
length range, with 4 cm−1 spectral resolution, using the well-known KBr pellet technique.

The morphology of the samples was identified with a Hitachi S-4700 Type II scanning
electron microscope (SEM; Hitachi, Tokyo, Japan) equipped with an Everhart—Thornley
detector using an electron beam with an acceleration voltage of 10 kV.

The band structure of the semiconductors was investigated by diffuse reflectance
spectroscopy (DRS). The spectra were recorded in the 250–800 nm range with a JASCO-
V650 spectrophotometer (equipped with an ILV-724 integration sphere; Jasco, Wien, Austria)
using BaSO4 as a reference. The band gap energy values were calculated based on the
Kubelka-Munk theory [19].

X-ray photoelectron spectroscopy (XPS) measurements were carried out using a
Specs Phoibos 150 MCD system (SPECS Surface Nano Analysis GmbH, Berlin, Germany)
equipped with Al-Kα source (1486.6 eV) at 14 kV and 20 mA, a hemispherical analyzer,
and a charge neutralization device. Care was taken to completely cover the double-sided
carbon tapes with the silver—phosphate samples.

Fluorescence measurements were carried out using a Jasco LP-6500 spectrofluorometer
(Jasco, Japan; PL) equipped with a Xenon lamp (excitation source) coupled to an epiflu-
orescence accessory (EFA 383 module). Fluorescence spectra were collected with a 1 nm
spectral resolution in the 350–600 nm wavelength range using a fixed excitation wavelength
of 325 nm. Bandwidths of 1 nm or 10 nm were employed during excitation and emission.

2.2.3. Photocatalytic Activity

The photocatalytic investigation of the samples was carried out in a double-walled
photoreactor, where MO (CMO = 125 μM) was the model pollutant. The reactor was
surrounded by 6 × 15 W visible light-emitting lamps (λ > 400 nm). The system was kept at
a constant temperature (25 ◦C), and the suspension (Csuspension = 1 g·L−1) was continuously
stirred and purged by air at constant flow (40 L·h−1). The concentration change of MO was
followed with a JASCO-V650 UV-Vis spectrophotometer (UV-Vis; Jasco, Wien, Austria) at
λmax = 513 nm (using a 1 mm optical path length quartz cell). The suspension was kept in
the dark for 10 min to reach the adsorption–desorption equilibrium. The experiments were
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conducted for 2 h. Samples were taken every 10 min in the first hour and every 20 min in the
second hour. Last, the samples were centrifugated and filtrated before quantitative analysis.

The conversion of MO was calculated by the following equation:

H = (100 − (C120/C0 × 100),

where C120 is the concentration of MO after 120 min and C0 is the initial concentration
of MO.

The reaction order (n) and apparent rate constants (k1, k2) were calculated to investi-
gate the kinetics of MO degradation. The apparent rate constants (k1, k2) were determined
by plotting the MO concentration vs. the irradiation time, where the slope was consid-
ered the apparent rate constants. For k1 values, we took the first hour (0–60 min) of
the degradation process into account, whereas for k2 values, we considered the second
(60–120 min) hour.

The adsorption of MO on the samples was also investigated. The photocatalysts
(50 mg) and MO (50 mL; CMO = 125 μM) were added to a beaker. The beaker was stirred
(500 RPR) and covered with aluminum foil to eliminate all light sources. Samples were
taken every 5 min in the first 30 min, every 10 min between 30–60 min, and every 20 min
between 1–2 h. Then, they were centrifuged and filtered, and the adsorption of MO was
determined with a JASCO-V650 spectrophotometer.

To investigate reusability, we used the same setup for the photoactivity and adsorption
measurements, but sampling times were changed to 30, 60, and 120 min. Samples collected
between two cycles were washed with distilled water three times and dried at 40 ◦C for
12 h.

3. Results and Discussion

3.1. Characterization of Ag3PO4

Synthesizing Ag3PO4 by using different MPO4 sources is a rather complicated process.
MPO4 (used as different phosphate sources; Figure 1) has different disproportional rates
in aqueous media, which resulted in different pH values (Table 1). Moreover, pH can also
indirectly affect the samples’ morphological and structural properties. Using H3PO4 did
not lead to the formation of Ag3PO4. The lack of Ag3PO4 can be explained by the acidic
environment set by H3PO4, hindering the precipitation of Ag3PO4 (Figure 1). Moreover,
the presence of H3PO4 can facilitate the formation of pyrophosphate. Thus, this sample
was omitted from all the experimental work presented here.

Table 1. pH, band gap energy, absorption band maxima, average particles sizes, and conversion
values of the obtained Ag3PO4 samples (n.a.—no available).

pH MPO4
Band Gap Energy

(eV)
λmax (nm)

d̄SEM

(μm)
Conversion
−2 h-(%)

Ag3PO4_NaH2PO4_0.2M 4.22 2.3 507 n.a. 38.98

Ag3PO4_NaH2PO4_0.1M 4.27 2.3 504 n.a. 49.53

Ag3PO4_Na2HPO4_0.2M 9.14 2.33 506 0.92 89.72

Ag3PO4_Na2HPO4_0.1M 9.24 2.34 506 0.97 88.80

Ag3PO4_Na3PO4_0.2M 11.46 2.27 498 0.58 95.94

Ag3PO4_Na3PO4_0.1M 11.71 2.22 495 0.33 94.53

The colors of the samples are the same as those used in the entire article.

XRD patterns were recorded to elucidate the effect of the other three phosphate sources
on the formation of Ag3PO4 crystals. Cubic Ag3PO4 was identified (COD 00-101-0324) in
all cases: the reflections of the Ag3PO4 were located at 2θ◦ ≈ 21.1◦, ≈29.8◦, ≈33.3◦, ≈36.7◦,
≈42.6◦, ≈47.9◦, ≈52.8◦, ≈55.2◦, and ≈57.3◦, which were assigned to (110), (200), (210),
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(211), (220), (310), (222), (320), and (321) crystallographic planes (Figure 2a). Additional re-
flections were also observed in the Ag3PO4_NaH2PO4 sample series located at 2θ◦ ≈ 27.0◦,
≈30.6◦ and ≈32.1◦ (Figure 2a), which could be associated with the typical reflections of
Ag4P2O7 [20]. These observations are consistent with the presumed mechanism (Figure 1).
It must be emphasized that the pyrophosphate formation is much higher for NaH2PO4
than for the other two samples. In this case, crystallized pyrophosphate was formed since
the materials have higher proton concentrations, and the possibility of condensation is
much higher than in other cases. Interestingly, diffraction peaks of other Ag species, such
as Ag nanoparticles or AgxO particles, were not found in the XRD patterns (Figure 2a).

Figure 1. Proposed mechanism of Ag3PO4 formation.

Figure 2. (a) X-ray diffraction patterns and (b) infrared spectra of Ag3PO4 samples synthesized by
using different types (Na3PO4, Na2HPO4 and NaH2PO4) and concentrations of phosphate sources
(C = 0.1 and 0.2 M).
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FT-IR measurements (Figure 2b) were conducted to investigate the presence of py-
rophosphate. The typical bands of asymmetrical vibrations of P–O–P bonds [20] were
identified at ≈902 and ≈1116 cm−1, confirming the presence of silver pyrophosphate
(observed only in the Ag3PO4_NaH2PO4 sample series; Figure 2b). Additional bands
were also observed [17]: at ≈554 cm−1 (O=P–O); ≈1007 cm−1 (asO–P), ≈1389 cm−1 (O=P),
and H–O–H (≈1655 cm−1). Thereby, it can be concluded that the formation of Ag4P2O7
depends on the nature of the applied phosphate source (Figure 2b).

When NaH2PO4 was used as the phosphate source, the formation of Ag3PO4 was
incomplete, while the formation of Ag4P2O7 was detected (Figure 1). The reason for this
could be that the formation of HNO3 was not favored. This could be because, during the
synthesis, Na+ exchange is more favored than that of H+. This makes the free formation of
NaNO3 favorable because the electropositivity of Na+ is higher than that of H+. Against
the Ag3PO4_NaH2PO4 samples, the Ag4P2O7 was not detected using Na2HPO4 or Na3PO4
as a phosphate source.

The morphological properties of the samples were analyzed using SEM. A correlation
was found with the XRD measurements (Figure 2a). Two differently shaped and sized
particles—spherical-like structure with 1.5 μm diameter and plates with 0.2 μm height—
were obtained in the Ag3PO4_NaH2PO4 sample series (Figure 3). The particles could
not be distinguished based on their elemental composition. This can be attributed to
the co-presence of phosphate and pyrophosphate according to XRD patterns (Figure 2a).
The samples prepared by using the other two phosphate sources had a much higher
monodispersity (Figure S1) and a more defined shape (Figure 3). Their average particle
size was ≈0.9 μm regardless of the used concentration. The particle size distribution
was lower than for the Na3PO4 samples series; moreover, lower concentration resulted
in smaller particles. The Ag3PO4_Na2HPO4 sample series contained more polyhedral
particles compared to the Ag3PO4_Na3PO4 sample series.

Figure 3. SEM micrographs of Ag3PO4 samples synthesized by using different types (Na3PO4,
Na2HPO4, and NaH2PO4) and concentrations of phosphate sources (C = 0.1 and 0.2 M).

Diffuse reflectance spectroscopy was used to analyze the optical properties of the
materials and to understand the light absorption properties of Ag3PO4_NaH2PO4 (which
contained Ag4P2O7, a stand-alone photocatalyst [20]). As shown in Figure 4a, using
different phosphate sources significantly influenced the visible light absorption properties
of the samples, whose reflectance intensities decreased in the following order:

Ag3PO4_Na2HPO4 > Ag3PO4_NaH2PO4 > Ag3PO4_Na3PO4. These differences may
result in different photocatalytic performances. On the other hand, no specific plasmon reso-
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nance band of Ag was detected (which could be found at ≈320 nm [21]). These observations
agreement with the XRD results, where the reflection of Ag could not be detected.

⁄d

Figure 4. (a) Diffuse reflectance spectra and (b) their first derivative order of Ag3PO4 samples
synthesized by using different types (Na3PO4, Na2HPO4, and NaH2PO4) and concentrations of
phosphate sources (C = 0.1 and 0.2 M).

The Kubelka-Munk theory was used to calculate the indirect band gap energies of
the samples. No significant changes could be observed between them (Eg ≈ 2.22–2.34 eV;
Table 1). Hence no clear conclusions could be drawn. To understand the relationship between
the samples’ light absorption and photocatalytic activity, we analyzed their first deriva-
tive spectra (Figure 4b). Still, the λmax values were almost identical (λmax ≈ 495–507 nm;
Figure 4). Since Ag4P2O7 can be photoactive as well [20], the derivative DRS of sample
Ag3PO4_NaH2PO4 should result in two specific electron transition peaks: (i) one corre-
sponding to Ag4P2O7 (observed at ≈300 nm [20]) and (ii) one corresponding to Ag3PO4,
(observed at ≈548 nm (2.26 eV [11])).

The lack of the Ag nanoparticles was also demonstrated with high-resolution XPS
(Figure 5). Symmetrical peaks were found in the Ag3d spectra (Ag 3d5/2 and 3d3/2 of
Ag3PO4 corresponding to the peaks 373.67 and 367.67 eV, respectively [22]), which could
be associated with Ag+ from Ag3PO4.

Figure 5. Ag3d XPS spectra of the Ag 3d (a) Ag3PO4_NaH2PO4_0.1M and (b)
Ag3PO4_Na2HPO4_0.1M samples.
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3.2. Photocatalytic Degradation

MO was employed as a model pollutant to investigate photoactivity. As shown in
Figure 6, the photocatalytic activity of the samples can be correlated with the phosphate
source used in the synthesis process. Regardless of the concentration of the phosphate
source, the order was as follows: Ag3PO4_Na3PO4 > Ag3PO4_Na2HPO4 > Ag3PO4_NaH2PO4
(Figure 6). Because the samples had different absorption properties, similar photocatalytic
activation was also expected to differ. According to our assumptions, samples containing
Ag4P2O7, a stand-alone photocatalyst, should have higher photocatalytic activity. Moreover,
a photojunction between Ag4P2O7 and Ag3PO4 could also form [23]. Ag4P2O7 did not
show any spectral features, that is, its characteristic secondary bands were not found in
the DR and first-order derivate spectra (Figure 4). It could inhibit the photocatalyst and
absorb electrons, which in turn could not be used in the photocatalytic process. As a
result, a photojunction did not form. Similar to the DRS measurements, regardless of the
used phosphate source, different photoactivity was observed (Figure 6). Using different
phosphate sources resulted in different optical and structural properties, which influenced
the degradation of MO. To clarify the degradation of MO, we evaluated the MO conversion
values presented in Section 2.2.3. After two hours, 95.94 and 94.53% conversions were
obtained for Ag3PO4_Na3PO4_0.2M and Ag3PO4_Na3PO4_0.1M, respectively (Table 1).
It could also be noticed that the most photoactive materials (Ag3PO4_Na3PO4; Figure 6)
had the highest degradation yield of MO degradation after one hour. On the other hand,
the second-highest MO decolorization was achieved by using Na2HPO4 as a phosphate
source. Based on these findings, we ascertained that the proposed mechanism of Ag3PO4
formation (Figure 1) is in good agreement with the photocatalytic performance. The more
complete the transformation, the higher the photoactivity because when Na3PO4 was used
during the synthesis, no Ag4P2O7 or Ag nanoparticles could be observed.

Figure 6. Photocatalytic investigation of Ag3PO4 samples using C = 125 μM of MO as a model
pollutant and visible light (λ > 400 nm) as a light source.

As a parallel measurement, the adsorption capacity of the two most efficient photo-
catalysts was also investigated without using any light source (Figure S2). Adsorption
did not occur throughout the process. Thus, it could be concluded that the photocatalytic
degradation of MO could indeed be performed using these Ag-based materials.

Amornpitoksuk et al. [10] investigate the effect of different phosphates on the pho-
tocatalytic degradation of methylene blue. They found that using Na2HPO4 resulted in
the highest photocatalytic activity. They also mentioned that the samples synthesized
from Na3PO4 contained not only Ag3PO4 but Ag2O as well, which inhibited photoactivity.
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Similarly, in our case, samples that did not contain Ag2O had the highest photocatalytic
activity. However, it cannot be conclusively declared which phosphate source is the most
suitable for achieving high photoactivity. In our case, the samples containing pyrophos-
phate proved to be less effective. Thus, it can be concluded that synthesizing pure Ag3PO4
is the best approach since both Ag2O and Ag4P2O7 are stand-alone photocatalysts that do
not improve the efficiency of Ag3PO4.

Regardless of the employed phosphate source, after one hour (Figure 6), a change in
the photocatalytic reaction was observed during MO removal. A kinetic study of the MO
degradation curves was carried out.

Regarding the kinetics of MO degradation, a two-step mechanism was proposed
(Table 2). The first step is the zero-order decolorization of azo dye bonds (R1–N=N–R2),
probably by direct hole oxidation (0–60 min) since this is the thermodynamic and elec-
trochemical facile pathway [24]. The second step (k2) is the first-order mineralization
(60–120 min) of the intermediates (benzenesulfonic acid; 4-hydrazinylaniline; phenyl di-
azene) by reactive radicals (•OH; O2

•–) [25]. The k1 values are in excellent agreement
with the correlation coefficients (R2) regarding the MO conversion values after 1 h of
visible light irradiation. The proposed mechanism can be applied to most samples; how-
ever, for Ag3PO4-Na3PO4-0.2M and Ag3PO4-Na3PO4-0.1M (Table 2), the degradation of
intermediates follows second-order kinetics [26]. This could mean that the relatively fast
mineralization of intermediates could also occur by direct hole oxidation and not by reactive
radicals [27,28].

Table 2. Kinetics of methyl orange degradation of the Ag3PO4 samples.

First Hour → 0 Order Second Hour → 1 or 2 Order

NaH2PO4//Na2HPO4//Na3PO4

→0th Order

NaH2PO4//Na2HPO4

→1st order
Na3PO4 → 2nd Order

Sample
Reaction Order

(n)
k1

(μM·min−1)
R2 Reaction Order

(n)
k2 (s−1) R2

Ag3PO4_NaH2PO4_0.1M 0 0.3945 0.990 1 0.0063 0.988
Ag3PO4-NaH2PO4-0.2M 0 0.5626 0.991 1 0.0065 0.998
Ag3PO4_Na2HPO4_0.1M 0 1.0027 0.996 1 0.0244 0.996
Ag3PO4_Na2HPO4_0.2M 0 1.2889 0.997 1 0.0250 0.974
Ag3PO4_Na3PO4_0.1M 0 1.8342 0.996 2 0.0023 0.97
Ag3PO4_Na3PO4_0.2M 0 1.4366 0.993 2 0.0025 0.998

Sample
Reaction order

(n)
k1

(μM·min−1)
R2 Reaction order

(n)
k2 (s−1/M−1) R2

3.3. Stability Investigation of Ag3PO4
3.3.1. Recharacterization of the Investigated Ag3PO4

After the photocatalytic tests, we once again investigated the structural and optical
parameters of the samples to examine the stability of the photocatalysts. After the photocat-
alytic activity, a slight modification was observed in the XRD patterns (Figure 7a) because
not only the typical Ag3PO4 reflections (presented in Figure 2a), but a specific reflection of
Ag (nano)particles was also observed at 38.1◦ (COD-00-110-0136). Based on our previous
measurements [29,30], a silver-based material might lose photocatalytic activity due to
the presence of Ag nanoparticles on the surface. Still, several publications in the litera-
ture state that Ag-based materials can be used quasi-unlimited times in (photo)catalytic
processes [10]. Besides the deposited Ag nanoparticles, the typical reflection of Ag4P2O7
was also observed after the photocatalytic degradation, which was noticed before the
degradation. Moreover, the optical parameters (Figure 7b–c) were also evaluated, and the
decreasing intensity of the absorption band of Ag3PO4 was observed. The typical plasmon
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resonance band could not be clearly identified. Thus, it can be concluded that the amount of
Ag nanoparticles was lower than the detection limit of the device applied. The appearance
of AgxO is also possible because their reflection is close to that of Ag, and they do not have
plasmon resonance bands in the reflectance spectra.

Figure 7. Stability measurements carried out after photocatalytic degradation: (a) XRD patterns and
(b) DR spectra and (c) insert figure: their first derivative order. The term “after” was used in the
sample names to indicate that the results were obtained after MO degradation.

3.3.2. Reusability of Ag3PO4 Samples: Recycling Tests and Photoluminescence
Measurements

To investigate reusability, we have chosen the Ag3PO4_Na2HPO4_0.2M and
Ag3PO4_Na3PO4_0.2M samples because these were the most efficient photocatalysts with
a degradation of 89% and 95%, respectively (Table 1). The samples had photocatalytic
activity after the second round as well (Figure 8a); however, a decrease in the degradation
of MO was observed. The reason for this decrease was investigated by photoluminescence
measurements (Figure 8b) to examine the recombination properties of Ag3PO4. Similar to
Mohammadreza Batvandi et al. [31], two of the observed emission bands in our samples
were in the violet and blue-cyan wavelength regions. The emission band observed in the vi-
olet region corresponds to charge transfer and self-trapping [32]. The blue-cyan wavelength
can be assigned to surface oxygen vacancies and defects. After degradation, the intensity
of these bands decreased, and in parallel, the band in the violet region increased slightly.
The reason for the decreasing bands may be the disappearance of surface oxygen vacancies
and defects, which may result from the deposition of Ag nanoparticles on the semicon-
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ductor surface. Based on our interpretation, the disappearance of oxygens vacancies and
significant disappearances of defects resulted in a decrease in photocatalytic activity.

Figure 8. Stability measurements for Ag3PO4_Na2HPO4_0.2M and Ag3PO4_Na3PO4_0.2M:
(a) reusability test with MO degradation under visible light irradiation and (b) photoluminescence
spectra at 325 nm excitation.

Considering all the results presented above, we proposed a possible charge transfer
mechanism (Figure 9). Before elaborating on the mechanism, we summarized the main
conclusions that are indispensable for understanding the mechanism as follows:

• Besides the Ag3PO4, only Ag4P2O7 was observed after the synthesis. Typical bands
for surface oxygen vacancies and defects were also observed in the PL spectra.

• Two different pathways were observed using MO as a model pollutant, and the kinetics
parameters changed after the first hour.

• The deposition of Ag nanoparticles was observed after MO degradation, which re-
sulted in the lack of surface oxygen vacancies and defects.

Figure 9. Proposed degradation mechanism of MO with Ag3PO4 photocatalysts.
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Defects and vacancies are essential for the degradation of MO. The degradation of MO
occurs by reactive radicals/h+ formed in the valence bands of materials. After irradiation,
structural changes were observed in our materials. We assume that Ag nanoparticles
(Figure 9) overlap with or replace vacancies and defects (demonstrated by PL measurements;
Figure 8b). These nanoparticles change the reaction mechanism, which was confirmed by
the change in the kinetic parameters (from 0th→1st and 2nd order reaction; Table 2). This
assumption was confirmed by the typical band observed in the PL spectra, attributed to
charge transfer and self-trapping (Figure 8b). This also caused fewer holes to form. Thus,
the charge transfer between Ag nanoparticles and Ag3PO4 occurs by utilizing their localized
surface plasmon resonance effect (Figure 9). Thereby, it can be deduced that the formed
Ag nanoparticles do not modify the photocatalysts; they only change the mechanism of
MO degradation by promoting the transfer of electrons to the semiconductor conduction
band. Consequently, the formation of holes is no longer favored. The lack of charge carrier
holes also results in a lower photocatalytic efficiency, supported by the MO degradation
rate slowing down during the 2-h-long experiment. This is also supported by the lower
MO degradation in the second run of the reusability tests. In addition, the formation of Ag
NPs could also degrade the Ag3PO4 and could damage the semiconductor via Ag+ ions
being reduced into Ag NPs. These are observable by the change in the DR spectra of the
samples before (Figure 4a) and after (Figure 7b) the degradation.

Although Ag nanoparticles were formed on the surface, they participated in electron
transfer (transferring electrons to the conduction band of the semiconductor) processes,
which did not promote the degradation of MO.

4. Conclusions

This paper examined the effect of different phosphate sources on the synthesis and
photocatalytic activity of Ag3PO4. We proved that the formation of Ag4P2O7 depends
on the nature of the phosphate source. The type of phosphate sources influenced the
light absorption properties and photocatalytic activity of the samples. We concluded
that Ag4P2O7 inhibits the photocatalytic activity of Ag3PO4. In addition to other similar
publications in the literature, we also investigated the stability and reusability of Ag3PO4.
We concluded that Ag species were formed on the Ag3PO4, which resulted in a slightly
lower methyl orange degradation during the reusability processes. The difference could be
attributed to the localized surface plasmon resonance of Ag nanoparticles, promoting the
transfer of electrons within the semiconductor and preventing hole formation. This fact
was supported by PL measurements. Considering the characterization results obtained
before and after the photocatalytic tests, we concluded that Ag3PO4-based materials could
be reliably used for the degradation of MO as they mostly retain their photoactivity during
second recycling test.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/nano13010089/s1, Figure S1: The particle size distribution of
Ag3PO4 materials; Figure S2: The adsorption test of the Ag3PO4_Na3PO4_0.2M and
Ag3PO4_Na3PO4_0.1M on MO (C = 125 μM).

Author Contributions: Conceptualization, Z.-R.T., G.K., Z.P. and D.D.; methodology, D.D., T.G. and
K.M.; formal analysis, G.K.; investigation, M.T. and M.F.; resources, L.B. and K.H.; writing—original
draft preparation, D.D., Z.-R.T. and G.K.; writing—review and editing L.B., K.H., I.S., G.K., Z.P., K.M.
and T.G.; visualization, Z.-R.T.; supervision, K.H. and Z.P.; project administration, K.H., G.K., K.M.
and Z.P. All authors have read and agreed to the published version of the manuscript.

Funding: K. Magyari: Zs. Pap and G. Kovács acknowledge the financial support of the Bolyai
János fellowship.

Institutional Review Board Statement: Not relevant.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

36



Nanomaterials 2023, 13, 89

Conflicts of Interest: The authors declare no conflict of interest.

References

1. al Kausor, M.; sen Gupta, S.; Chakrabortty, D. Ag3PO4-Based Nanocomposites and Their Applications in Photodegradation of
Toxic Organic Dye Contaminated Wastewater: Review on Material Design to Performance Enhancement. J. Saudi Chem. Soc. 2020,
24, 20–41. [CrossRef]

2. Ohtani, B.; Prieto-Mahaney, O.O.; Li, D.; Abe, R. What Is Degussa (Evonic) P25? Crystalline Composition Analysis, Reconstruction
from Isolated Pure Particles and Photocatalytic Activity Test. J. Photochem. Photobiol. A Chem. 2010, 216, 179–182. [CrossRef]

3. Feng, C.; Li, G.; Ren, P.; Wang, Y.; Huang, X.; Li, D. Effect of Photo-Corrosion of Ag2CO3 on Visible Light Photocatalytic Activity
of Two Kinds of Ag2CO3/TiO2 Prepared from Different Precursors. Appl. Catal. B 2014, 158–159, 224–232. [CrossRef]

4. Li, J.; Fang, W.; Yu, C.; Zhou, W.; Zhu, L.; Xie, Y. Ag-Based Semiconductor Photocatalysts in Environmental Purification. Appl.
Surf. Sci. 2015, 358, 46–56. [CrossRef]

5. Yi, Z.; Ye, J.; Kikugawa, N.; Kako, T.; Ouyang, S.; Stuart-Williams, H.; Yang, H.; Cao, J.; Luo, W.; Li, Z.; et al. An Orthophosphate
Semiconductor with Photooxidation Properties under Visible-Light Irradiation. Nat. Mater. 2010, 9, 559–564. [CrossRef]

6. Ma, X.; Lu, B.; Li, D.; Shi, R.; Pan, C.; Zhu, Y. Origin of Photocatalytic Activation of Silver Orthophosphate from First-Principles. J.
Phys. Chem. C 2011, 115, 4680–4687. [CrossRef]

7. Huang, G.F.; Ma, Z.L.; Huang, W.Q.; Tian, Y.; Jiao, C.; Yang, Z.M.; Wan, Z.; Pan, A. Ag3PO4 Semiconductor Photocatalyst:
Possibilities and Challenges. J. Nanomater. 2013, 2013, 371356. [CrossRef]

8. Ng, H.N.; Calvo, C.; Faggiani, R. A New Investigation of the Structure of Silver Orthophosphate. Acta Cryst. 1978, B34, 898–899.
[CrossRef]

9. Song, X.; Li, R.; Xiang, M.; Hong, S.; Yao, K.; Huang, Y. Morphology and Photodegradation Performance of Ag3PO4 Prepared by
(NH4)3PO4, (NH4)2HPO4 and NH4H2PO4. Ceram. Int. 2017, 43, 4692–4701. [CrossRef]

10. Amornpitoksuk, P.; Intarasuwan, K.; Suwanboon, S.; Baltrusaitis, J. Effect of Phosphate Salts (Na3PO4, Na2HPO4, and NaH2PO4)
on Ag3PO4 Morphology for Photocatalytic Dye Degradation under Visible Light and Toxicity of the Degraded Dye Products. Ind.
Eng. Chem. Res. 2013, 52, 17369–17375. [CrossRef]

11. Qin, L.; Tao, P.; Zhou, X.; Pang, Q.; Liang, C.; Liu, K.; Luo, X. Synthesis and Characterization of High Efficiency and Stable
Spherical Ag3PO4 Visible Light Photocatalyst for the Degradation of Methylene Blue Solutions. J. Nanomater. 2015, 2015, 258342.
[CrossRef]

12. Yang, Z.M.; Tian, Y.; Huang, G.F.; Huang, W.Q.; Liu, Y.Y.; Jiao, C.; Wan, Z.; Yan, X.G.; Pan, A. Novel 3D Flower-like Ag3PO4
Microspheres with Highly Enhanced Visible Light Photocatalytic Activity. Mater. Lett. 2014, 116, 209–211. [CrossRef]

13. Raudoniene, J.; Skaudzius, R.; Zarkov, A.; Selskis, A.; Karlsson, O.; Kareiva, A.; Garskaite, E. Wet-Chemistry Synthesis of
Shape-Controlled Ag3PO4 Crystals and Their 3D Surface Reconstruction from SEM Imagery. Powder Technol. 2019, 345, 26–34.
[CrossRef]

14. Krungchanuchat, S.; Ekthammathat, N.; Phuruangrat, A.; Thongtem, S.; Thongtem, T. High UV-Visible Photocatalytic Activity of
Ag3PO4 Dodecahedral Particles Synthesized by a Simple Hydrothermal Method. Mater. Lett. 2017, 201, 58–61. [CrossRef]

15. Dong, P.; Wang, Y.; Li, H.; Li, H.; Ma, X.; Han, L. Shape-Controllable Synthesis and Morphology-Dependent Photocatalytic
Properties of Ag3PO4 Crystals. J. Mater. Chem. A Mater. 2013, 1, 4651–4656. [CrossRef]

16. Bi, Y.; Hu, H.; Jiao, Z.; Yu, H.; Lu, G.; Ye, J. Two-Dimensional Dendritic Ag3PO4 Nanostructures and Their Photocatalytic
Properties. Phys. Chem. Chem. Phys. 2012, 14, 14486–14488. [CrossRef]

17. Dhanabal, R.; Chithambararaj, A.; Velmathi, S.; Bose, A.C. Visible Light Driven Degradation of Methylene Blue Dye Using
Ag3PO4. J. Environ. Chem. Eng. 2015, 3, 1872–1881. [CrossRef]

18. Tóth, Z.R.; Feraru, A.; Debreczeni, D.; Todea, M.; Popescu, R.A.; Gyulavári, T.; Sesarman, A.; Negrea, G.; Vodnar, D.C.; Hernadi,
K.; et al. Influence of Different Silver Species on the Structure of Bioactive Silicate Glasses. J. Non Cryst. Solids 2022, 583, 121498.
[CrossRef]

19. Tauc, J. Optical Properties and Electronic Structure of Amorphous Ge and Si. Mat. Res. Bull. 1968, 3, 37–46. [CrossRef]
20. da Pereira, W.S.; Gozzo, C.B.; Longo, E.; Leite, E.R.; Sczancoski, J.C. Investigation on the Photocatalytic Performance of Ag4P2O7

Microcrystals for the Degradation of Organic Pollutants. Appl. Surf. Sci. 2019, 493, 1195–1204. [CrossRef]
21. Huang, K.; Lv, Y.; Zhang, W.; Sun, S.; Yang, B.; Chi, F.; Ran, S.; Liu, X. One-Step Synthesis of Ag3PO4/Ag Photocatalyst with

Visible-Light Photocatalytic Activity. Mater. Res. 2015, 18, 939–945. [CrossRef]
22. Zhang, W.; Zhou, L.; Shi, J.; Deng, H. Synthesis of Ag3PO4/g-C3N4 Composite with Enhanced Photocatalytic Performance for

the Photodegradation of Diclofenac under Visible Light Irradiation. Catalysts 2018, 8, 45. [CrossRef]
23. Zhang, M.; Li, Y.; Shi, Y.; Wang, Q.; Wang, A.; Gao, S. Effect of Blending Manner on Composition and Photocatalytic Performance

of Ag/Ag3PO4/Ag4P2O7 Composites via an in-Situ Reduction-Precipitation Route. Inorg. Chem. Commun. 2021, 130, 108675.
[CrossRef]

24. Nie, C.; Dong, J.; Sun, P.; Yan, C.; Wu, H.; Wang, B. An Efficient Strategy for Full Mineralization of an Azo Dye in Wastewater: A
Synergistic Combination of Solar Thermo- and Electrochemistry plus Photocatalysis. RSC Adv. 2017, 7, 36246–36255. [CrossRef]

25. Putri, R.A.; Safni, S.; Jamarun, N.; Septiani, U. Kinetics Study and Degradation Pathway of Methyl Orange Photodegradation in
the Presence of C-N-Codoped TiO2 Catalyst. Egypt. J. Chem. 2020, 63, 563–575. [CrossRef]

37



Nanomaterials 2023, 13, 89

26. Rodríguez-Cabo, B.; Rodríguez-Palmeiro, I.; Corchero, R.; Rodil, R.; Rodil, E.; Arce, A.; Soto, A. Photocatalytic Degradation of
Methyl Orange, Methylene Blue and Rhodamine B with AgCl Nanocatalyst Synthesised from Its Bulk Material in the Ionic Liquid
[P6 6 6 14]Cl. Water Sci. Technol. 2017, 75, 128–140. [CrossRef]

27. Hou, M.; Li, F.; Liu, X.; Wang, X.; Wan, H. The Effect of Substituent Groups on the Reductive Degradation of Azo Dyes by
Zerovalent Iron. J. Hazard. Mater. 2007, 145, 305–314. [CrossRef]

28. Székely, I.; Baia, M.; Magyari, K.; Boga, B.; Pap, Z. The Effect of the PH Adjustment upon the WO3-WO3·0.33H2O-TiO2 Ternary
Composite Systems’ Photocatalytic Activity. Appl. Surf. Sci. 2019, 490, 469–480. [CrossRef]

29. Tóth, Z.R.; Hernadi, K.; Baia, L.; Kovács, G.; Pap, Z. Controlled Formation of Ag-AgxO Nanoparticles on the Surface of
Commercial TiO2 Based Composites for Enhanced Photocatalytic Degradation of Oxalic Acid and Phenol. Catal. Today 2020.
[CrossRef]

30. Tóth, Z.R.; Pap, Z.; Kiss, J.; Baia, L.; Gyulavári, T.; Czekes, Z.; Todea, M.; Magyari, K.; Kovács, G.; Hernadi, K. Shape Tailoring of
AgBr Microstructures: Effect of the Cations of Different Bromide Sources and Applied Surfactants. RSC Adv. 2021, 11, 9709–9720.
[CrossRef]

31. Batvandi, M.; Haghighatzadeh, A.; Mazinani, B. Synthesis of Ag3PO4 Microstructures with Morphology-Dependent Optical and
Photocatalytic Behaviors. Appl. Phys. A Mater. Sci. Process. 2020, 126, 571. [CrossRef]

32. Botelho, G.; Andres, J.; Gracia, L.; Matos, L.S.; Longo, E. Photoluminescence and Photocatalytic Properties of Ag3PO4 Microcrys-
tals: An Experimental and Theoretical Investigation. Chempluschem 2016, 81, 202–212. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

38



Citation: Zhang, T.; Zhang, J.; Yu, Y.;

Li, J.; Zhou, Z.; Li, C. Synthesis of

CuO/GO-DE Catalyst and Its

Catalytic Properties and Mechanism

on Ciprofloxacin Degradation.

Nanomaterials 2022, 12, 4305.

https://doi.org/10.3390/nano

12234305

Academic Editor: Zoltán Kónya

Received: 31 October 2022

Accepted: 2 December 2022

Published: 4 December 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 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 (https://

creativecommons.org/licenses/by/

4.0/).

nanomaterials

Article

Synthesis of CuO/GO-DE Catalyst and Its Catalytic Properties
and Mechanism on Ciprofloxacin Degradation

Ting Zhang *, Jingjing Zhang, Yinghao Yu, Jinxu Li, Zhifang Zhou and Chunlei Li *

School of Petrochemical Engineering, Lanzhou University of Technology, Lanzhou 730050, China
* Correspondence: zhangting@lut.edu.cn (T.Z.); licl@lut.edu.cn (C.L.)

Abstract: A new catalyst, copper oxide/graphene oxide–diatomaceous earth (CuO/GO-DE), was
prepared by the ultrasonic impregnation method. The optimal conditions for catalyst preparation
were explored, and its structure and morphology were characterized by BET, XRD, SEM, TEM, FTIR,
Raman and XPS. By taking ciprofloxacin as the target pollutant, the performance and reusability of
CuO/GO-DE to degrade antibiotic wastewater was evaluated, and the optimal operating conditions
were obtained. The main oxidizing substances in the catalytic system under different pH conditions
were analyzed, as well as the synergistic catalytic oxidation mechanism. The intermediate products
of ciprofloxacin degradation were identified by LC-MS, and the possible degradation process of
ciprofloxacin was proposed.

Keywords: diatomaceous earth; graphene oxide; copper oxide; ciprofloxacin; catalytic mechanism

1. Introduction

Ciprofloxacin (CIP), belonging to fluoroquinolones, is a common antibiotic [1,2], which
is usually used to treat human or animal diseases, such as inhibiting the development of
malignant cells or preventing humans or animals from being infected by bacteria [3–6]. How-
ever, due to the abuse of antibiotics [7] and the incomplete metabolism of antibiotics [8], CIP
with a high concentration of about 10 μg/L has been detected in groundwater systems [9].
In effluents of hospitals and drug production facilities, the concentration of ciprofloxacin
wastewater is as high as 150 μg/L, even more than 10 mg/L [10]. Antibiotic wastewater
pollution has become very serious [11], which may bring significant harm to human health
and the ecosystem [12], so it is urgent to explore efficient methods to treat ciprofloxacin
wastewater [13]. At present, many treatment technologies have been developed, such as
adsorption [14], biodegradation [15], advanced oxidation [16], etc. Heterogeneous catalysis
(one of the advanced oxidation processes), as an efficient and environmentally friendly
technology, has attracted much attention. Heterogeneous catalysts can catalyze H2O2 or
H2O and generate radicals with strong oxidation ability, such as ·OH, ·O2

−, and oxidize
and decompose refractory organics to simple organics, even carbon oxide [5,9,11,16].

Diatomaceous earth (DE) is a biogenic siliceous sedimentary rock with active silica,
light weight, and porous characteristics. The pores are regularly distributed, and the
pore size ranges from more than ten to a hundred nanometers. As an important non-
metallic mineral [17,18], diatomite has become a good adsorbent or catalyst carrier for
functional materials [19–21] due to its large specific surface area, strong adsorption capacity,
low price and rich reserves. Shen [22] et al. applied diatomite modified with NaOH
and MnCl2 to adsorb heavy metal ion Cd(II) in wastewater, and the adsorption ratio of
Cd(II) reached 98.69%. Xiong [23] et al. prepared Ag3PO4/Fe3O4/DE composites by one-
step hydrothermal method and studied their photocatalytic properties, and the results
showed that when the content of Fe3O4 was 8%, the degradation ratio of pollutants reached
98%. Sun [24] et al. prepared porous MnFe2O4/diatomite (MFD) material by solvothermal
method and explored the degradation effects of tetracycline hydrochloride (TC-HCl) by
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MFD, and the results showed that the material had a good catalytic effect on TC degradation
at pH ranging from 3 to 11. Dang [25] et al. prepared a diatomite composite coated with
amorphous manganese oxide (MnO2) in acidic conditions, which showed high efficiency
in the degradation of methylene blue and methyl orange. Wang [26] et al. mixed g-C3N4
with diatomite to prepare CN/DE-10 composite and explored its degradation ability on
Rhodamine B (RhB), which can be effectively degraded within 50 min. Daniel [27] et al.
prepared spherical diatomite Fenton catalyst, and the degradation ratio of clindamycin
reached 89.7% at pH 3.

Graphene oxide (GO), first discovered in 1859, is an ideal single-layer amorphous
two-dimensional material [28,29]. As a derivative of graphene, it retains the carbon skeleton
and the same properties of graphene [30], while it is easier to prepare than graphene [31].
Therefore, GO is widely used in many fields. It has been proven to have practical and
efficient applications in the fields of environmental catalysis [32], functional materials [33]
and conductivity [34,35]. Hassan [36] et al. prepared RGO/SZ material by loading silica
and zirconia on reduced graphene oxide and explored its degradation ability of bisphenol
A (BPA). The results showed that under optimal conditions, the degradation ratio for
BPA reached 88%. Liu [37] et al. prepared GO-SH/DE composite adsorption material
through the combination of diatomite (DE) and thiolated graphene oxide (GO-SH), and the
adsorption capacity of the material for patulin (PAT) in apple juice was explored. Under the
best conditions, the adsorption capacity for PAT reached 90%. Metal oxides (Fe2O3, CeO2,
CuO, etc.) can be employed as active components coated on catalyst supports because
they have similar catalytic effects to Fe2+ or Cu2+ [38,39]; moreover, they are not easy to
lose and can be used in a wide pH range. In this study, diatomaceous earth (DE) was
modified by graphene oxide (GO) to improve the specific surface area and enhance surface
capacity, and then the modified diatomite carrier was loaded with different active metal
salts separately to screen the best active component (metal oxide) for CIP degradation.
An optimized CuO/GO-DE catalyst was prepared, and the degradation performance and
mechanism of ciprofloxacin (CIP) were studied.

2. Experimental Section

2.1. Materials

Diatomite was purchased from Aladdin Company (Los Angeles, CA, USA), with a silica
content of 90%, alumina content of 3%, and magnesium oxide and calcium oxide content
of 0.5%; Nano graphite powder and ciprofloxacin were also purchased from Aladdin
company. Iron nitrate, copper nitrate, nickel nitrate, cerium nitrate, silver nitrate and
sodium nitrate were purchased from Tianjin Kaixin Chemical Co., Ltd. (Tianjin, China)
Potassium permanganate, concentrated hydrochloric acid, concentrated sulfuric acid and
hydrogen peroxide were purchased from Shanghai Sinopharm Chemical Reagent Co., Ltd.
(Shanghai, China). All chemical reagents were analytically pure and had not been further
purified before use. In this study, the experimental water is distilled water, which is self-
made by our laboratory.

2.2. Synthesis of Metal-Loaded GO-DE Composites

Graphene oxide (GO) was prepared by the Hummers method [38,40]. A total of 1 g
graphite powder and 1 g sodium nitrate were added into 60 mL concentrated sulfuric acid
and stirred vigorously in a low-temperature water bath, then 6 g potassium permanganate
was slowly added and stirred for 3 h. The reaction mixture was put into a water bath with
a temperature of 35 ◦C and continuously stirred for 3 h, then 140 mL of deionized water
was added and stirred at room temperature for 12 h. A total of 200 mL of deionized water
was added into the mixed solution, then 20 mL of hydrogen peroxide was slowly added,
stirred for 1 h and stood for 5 h. After the product was settled, it was washed with dilute
hydrochloric acid, then washed with deionized water to neutral, and ultrasonic for 2 h at
100 Hz to obtain a viscous graphene oxide solution.
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Some distilled water was added to the viscous GO solution, and GO dispersion liquid
was obtained by 100 Hz ultrasound. Different dosages of purified DE were added to the
above GO dispersion liquid; the mixture was magnetically stirred and then centrifuged.
After pouring out the supernatant, the pasty clay was fully stirred again and then dried
in an oven. The sample was then ground and sieved by a 100-mesh sieve, and a GO-DE
sample was obtained.

Metal-loaded GO-DE composite was prepared by ultrasonic dipping method.
Five different metal salts (copper nitrate, iron nitrate, nickel nitrate, cerium nitrate and sil-
ver nitrate) were used as predecessors. They were dissolved in distilled water, respectively,
and the prepared GO-DE was put into a different solution and ultrasonic impregnated for
30 min with 0.1 M NaOH solution added. Then the sample was filtered, separated, washed
with distilled water 5 times, and dried at 110 ◦C for 2 h to obtain five different metal-loaded
GO-DE composites, which were used as heterogeneous catalysts in our study.

2.3. Characterization

The specific surface area, pore volume and pore diameter of the material were mea-
sured at −196 ◦C with ASAP 2010 specific surface area meter produced by American
Micromitrics Company (Atlanta, GA, USA). The surface morphology of the samples was
observed by JEOL JSM-6701F scanning electron microscope (SEM) with an accelerating
voltage of 20 kV. The microstructures were investigated by JEOL JEM-1200EX (JEOL Ltd.,
Tokyo, Japan) transmission electron microscope (TEM). Before SEM and TEM tests, the
samples need to be ground and ultrasonically dispersed in an ethanol solution. The content
and mapping of the main elements of the materials were tested and analyzed by energy
spectrometer (EDS) from Brooke Technology Co., Ltd., (Beijing, China) Nicolet AVTAR
360 FT-IR infrared spectrometer (Thermo Electron Co., Waltham, MA, USA) was used to
test the chemical structure, including the changes in the compositional or functional group
of samples, with the scanning range from 4500 cm−1 to 400 cm−1. The molecular structures
of the samples were tested by a PERS-SR532 Raman spectrometer (Persetech Company,
Xiamen, China). Crystal structures of the samples were identified by Panalytical X’Pert
PRO X-ray diffractometer. The working voltage and current were 40 kV and 150 mA, the
diffraction angle was 5◦ to 80◦, and the scanning step was 0.02◦/s. The PHI5702 X-ray
photoelectron spectrometer (American Physical Electronics Company, Chanhassen, MN,
USA) was used to quantitatively and qualitatively analyze the elements on the material
surface and the chemical valence state and valence electron state of the elements. The X-ray
emission sources are Mg, Al double anode target and Al monochromator target.

2.4. CIP Degradation

A total of 250 mg/L CIP stock solution was prepared for later use. Additionally, 20 mL
CIP stock solution was taken in a conical flask and 80 mL distilled water was added to obtain
100 mL 50 mg/L CIP solution. The pH value of the solution was adjusted with sulfuric acid
(1:9) or NaOH (0.1 mol/L), and a certain amount of catalyst and hydrogen peroxide were
added into the conical flask. The conical flask was then placed in a thermostatic oscillator
with a water bath at the speed of 120 rpm. The supernatant was taken at regular intervals
to measure the absorbance by UV-1900 ultraviolet-visible spectrophotometer at λ of 277 nm,
at which CIP has the maximum absorption peak. The degradation ratio of the CIP solution
can be calculated by the following formula: η = (C0−Ct)/C0 × 100%, in which C0 is the
initial concentration of CIP solution, and Ct is the concentration of CIP solution with the
reaction time t.

2.5. Measurement of ·OH Concentration and ·OH Scavenging Experiment

·OH reacts with salicylic acid to produce 2,3-dihydroxybenzoic acid [39], which has
the maximum absorption peak at the wavelength of 510 nm. ·OH concentration can
be measured by the following methods: 100 mL salicylic acid solution with a certain
concentration was put into a 250 mL conical flask, and 1 g/L catalyst and 0.1 mL hydrogen
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peroxide were added into it. The conical flask was put into a water bath at 60 ◦C. With
the reaction happening, the ·OH concentration of the solution can be measured at regular
intervals by UV-1900 ultraviolet-visible spectrophotometer at 510 nm.

Tert-butyl alcohol (TBA) is a strong ·OH scavenger [41], which can effectively inhibit
the occurrence of the Fenton reaction. The CIP solutions (100 mL, 50 mg/L) were prepared
under pH 4, 7 and 10 separately, and the catalyst, hydrogen peroxide and excessive TBA
were also added to the solution. The control group was set, the conical flask was put into a
water bath at 60 ◦C for reaction, and the degradation ratios of CIP were tested, respectively,
when the reactions were all balanced.

2.6. Capture of Cu(III) in Alkaline Condition

According to the literature reports, when periodate is added to the alkaline reaction
system, it can form Cu(III)—periodate complex to stabilize the unstable Cu(III) in the
reaction system [42,43]. Based on the experimental scheme of Li et al. [43], periodate
was added to the alkaline catalytic reaction system containing CuO/GO-DE compound
material, hydrogen peroxide and NaOH, and the control group was set. After reacting in a
water bath thermostatic oscillator for 5 min, the water sample was taken out and filtered
through a 0.22 μm organic filter membrane, and the absorbance of the filtered solution was
measured by UV-1900 ultraviolet-visible spectrophotometer at 415 nm.

3. Result and Discussion

3.1. Optimization of Catalyst Preparation

Diatomite (DE) does not have a high specific surface area and good adsorption capacity
as activated carbon, and it cannot be used as an absorbent directly. In order to take good
advantage of DE, graphene oxide (GO) was introduced into diatomite to improve its
adsorption property. The removal efficiencies of CIP by diatomite modified with different
GO proportions were compared, and the experimental conditions were as follows: catalyst
dosage of 2 g/L, pH value of 7, reaction temperature of 60 ◦C, CIP initial concentration of
50 mg/L, the results were shown in Figure 1a. It can be found that the removal ratios of CIP
rise when GO proportions increase from 3% to 10%. Therefore, the more GO is introduced
into DE, the higher the adsorption efficiency of the material. As we know, The preparation
of GO is relatively complex, costly and difficult to produce in large quantities; considering
the low cost and time saving, the proportions of GO around 7~10% integrated with DE was
better for this composite support’s preparation.

The activities of different metal oxides loaded on GO-DE and their catalytic properties
were also studied. CuO, Fe2O3, NiO2, Ag2O and CeO2, which are five types of metal oxides
(metal nitrates were used as the precursors), were selected as active substances and coated
on GO-DE support; the CIP degradation capacities of these catalytic composite materials
can be seen in Figure 1b. According to Figure 1b, the GO-DE support loaded with CuO
or Ag2O have the best degradation abilities of CIP, while Ag or Ag salt are all not cheap.
From economic considerations, copper nitrate is the best one for GO-DE-based catalyst
preparation. Not only the type of metal oxides but also the loading amount of it on the
catalyst surface influences the catalytic efficiency of the catalyst. Different concentrations of
precursor Cu(NO3)2 solutions were used to prepare the catalysts, which were applied for
CIP degradation. It can be seen from Figure 1c that the different precursor concentration for
the catalyst preparation has different catalytic performance on CIP degradation, and when
using 5% Cu(NO3)2 precursor concentration to prepare the catalyst, the CIP degradation
ratio is the highest.
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Figure 1. (a) Influence of proportions of GO integrated with DE on CIP removal ratio; (b) influence
of metal type loaded on GO-DE on CIP removal ratio; (c) influence of precursor concentration on CIP
removal ratio.

3.2. Characterization of CuO/GO-DE

In order to observe the surface morphology of the catalyst and verify the successful
loading of copper oxide on GO-DE support, BET test, SEM, XRD, FT-IR and XPS were used
to analyze it.

Table 1 shows the comparison of BET-specific surface area measurement results of DE,
GO-DE and CuO/GO-DE. It can be seen from Table 1 that DE does not have a high specific
surface area, while adding GO into DE can greatly improve the specific surface area of DE,
nearly double that of DE. The specific surface area of CuO/GO-DE is reduced a little due
to the metal loading. Total pore volume and average pore diameter have changed but not
too much when introducing GO and CuO into DE.

Table 1. BET measurement results of DE, GO-DE and Cu/GO-DE.

Samples
BET Specific Surface

Area (m2/g)
Total Pore Volume

(cm3/g)
Average Pore

Diameter (μm)

DE 10.7239 0.021179 0.483013
GO-DE 18.7833 0.027155 0.553611

CuO/GO-DE 15.4166 0.025061 0.526992

Figure 2a–c shows the SEM images of DE, GO-DE and CuO/GO-DE, respectively.
From Figure 2a, holes with diameters from 0.05 to 0.6 μm on the diatomite surface can be
seen clearly. Figure 2b shows that the surface of DE is evenly covered by folded thin-film
GO with the holes preserved, and the diameter of the holes is even higher than before
(0.05–0.75 μm), which can effectively improve the specific surface area of diatomite. After
being coated by CuO, the holes become smaller than before (Figure 2c). Figure 2d shows
the TEM diagram of CuO/GO-DE; it can be clearly seen that columnar CuO is embedded
in GO. In addition, Figure 2e shows EDS mapping images of CuO/GO-DE composites. It
can be seen that the composites contain Si, C, O and Cu elements. Si comes from DE, C, O
from GO and DE, and Cu from loaded metal copper salt. It showed that the Cu element
was loaded on the composite material GO-DE successfully and uniformly, which plays an
important part in the catalytic performance of the prepared catalyst.
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Figure 2. SEM micrographs of (a) DE, (b) GO-DE, and (c) CuO/GO-DE; (d) TEM micrograph of
CuO/GO-DE; (e) EDS mapping images of CuO/GO-DE composites.

The FTIR spectra of GO, DE, GO-DE and CuO/GO-DE are shown in Figure 3a. In
the spectra of GO and DE, the broad band absorption peaks at 3440 cm−1 are related to
the surface hydroxyl stretching vibration of GO and DE, respectively [41,43]. The peak at
1623 cm−1 is attributed to the stretching vibration of the C=C bond on GO, and the peak at
1087 cm−1 is the stretching vibration of the C-O-C bond on GO [44]. The peak at 1094 cm−1

is attributed to the symmetric stretching vibration of the Si-O-Si bond of DE; The peak
at 794 cm−1 is attributed to the vibration of the Si-OH bond of DE [23,45]. GO-DE and
CuO/GO-DE have a C=C bond and C-O-O bond as GO has, which proves the existence of
GO in composite materials. In CuO/GO-DE spectrum, there is a weak absorption peak at
620 cm−1, related to the vibration of the Cu(II)-O bond [46].
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Figure 3. (a) FTIR spectra of DE, GO, GO-DE and CuO/GO-DE; (b) Raman spectra of DE, GO-DE and
CuO/GO-DE; (c) XRD patterns of DE, GO, GO-DE and CuO/GO-DE; XPS spectra of CuO/GO-DE:
(d) total spectrum, (e) C 1 s, (f) O 1 s, (g) Si 2 p and (h) Cu 2 p.
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Raman spectroscopy can be used to characterize the defects of GO. In general, the Raman
spectrum of GO has two characteristic peaks: G and D peaks. The G peak, caused by the
first-order scattering of E2g lattice vibration by sp2 carbon atom hybrid vibration, is around
1580 cm−1; the D peak, caused by sp3 hybrid carbon atoms, is about 1350 cm−1 [47,48].
Figure 3b shows the Raman characterization of DE, GO-DE and CuO/GO-DE, from which
it can be clearly seen that there are two characteristic peaks (the D peak at 1354 cm−1 and
the G peak at 1588 cm−1) of GO on the GO-DE support and CuO/GO-DE composite, GO is
successfully integrated with DE.

The XRD patterns of GO, DE, GO-DE and CuO/GO-DE are shown in Figure 3c. The
diffraction peaks at 2θ = 21.80◦, 26.04◦, 29.01◦, 32.56◦, 46.78◦ and 57.23◦ correspond to the
crystal structure of DE [49,50]. It can be seen that the preparation of CuO/GO-DE did not
change the structure of DE. Jade6 XRD software was used to analyze weak diffraction peaks
at 2θ = 39.28◦, 41.34◦, 58.62◦ and 68.36◦ of CuO/GO-DE sample, which corresponds to
45-0937 card of the standard sample, indicating those peaks are the characteristic diffraction
peaks of CuO [40,51]. It was confirmed that CuO was successfully loaded on the GO-DE
carrier. GO has a strong characteristic peak at 2θ = 11.42◦ [52], but the peaks are very weak
in the spectra of GO-DE and CuO/GO-DE, which may be due to the small proportion of
GO in the composite.

In order to make sure the chemical state of various elements in the sample, the
CuO/GO-DE was tested by XPS. The total spectrum and the characteristic spectrums of
each element are shown in Figure 3d–h. In the total spectrum (Figure 3d), it can be seen that
the peaks near the binding energies of 103 eV and 150 eV correspond to the characteristic
peaks of Si 2 p and Si 2 s: the peak with binding energy around 285 eV belongs to the
characteristic peak of C 1 s; the peak of binding energy near 532 eV is the characteristic
peak of O 1 s; the peaks of binding energy near 933 eV and 953 eV are the characteristic
peaks of Cu 2 p3/2 and Cu 2 p1/2, respectively, indicating the existence of divalent copper
(CuO) in the catalyst. Figure 3e shows the characteristic peaks at the binding energies
of 284.8 eV, 286.9 eV and 288.9 eV corresponding to C-C, C-O/C=O and O-C=O [47,51],
respectively. Figure 3f shows the spectrum of O 1 s with the peaks at 531.65 eV and 532.7 eV
representing C=O of GO and the peaks at 533.5 eV representing C-O [38,46]. In Figure 3g,
the peak at the binding energy of 103.1 eV corresponds to the characteristic peak of Si 2 p,
indicating the main components of DE. The spectrum of Cu 2 p in the sample (Figure 3h)
has the characteristic peaks of Cu 2 p3/2 and Cu 2 p1/2 at the binding energies of 933 eV
and 953 eV, respectively [52], indicating that CuO exists on the surface of the catalyst and
the copper is loaded on the material in the form of CuO.

3.3. Degradation of CIP

In order to determine the optimum operating conditions during CIP degradation,
a series of single-factor experiments were carried out at different pH values, initial CIP
concentration, catalyst dosage, H2O2 concentration and reaction temperature.

pH value is an important factor affecting the catalytic performance of CuO/GO-DE.
Figure 4a shows the degradation capacity of the catalyst under different pH conditions. It
can be seen that the catalytic system achieved high degradation efficiencies at pH ranging
from 4 to 10, and at pH of 7, it can reach the highest CIP degradation ratio (99.9% after
240 min of reaction). Under acidic conditions, ·OH generated from catalyzing H2O2 by
CuO/GO-DE is the main oxidant to oxidize the CIP under neutral and alkaline conditions,
although the amount of ·OH reduced due to H2O2 decomposing to H2O and O2, Cu(I)
will be oxidized by H2O2 and O2 to high valence Cu(III) with strong oxidizability [53–56],
which plays an important role as well as ·OH does in the degradation of CIP.
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Figure 4. Effects of pH value (a), catalyst dosage and H2O2 concentration (b); temperature (c) on the
degradation of CIP by CuO/GO-DE catalyst; the reusability of CuO/GO-DE catalyst (d).

The results fully showed that the catalyst could degrade ciprofloxacin in a wide pH
range with H2O2. The traditional Fenton oxidation method is applicable to a very narrow
pH range of 2.5~3.5. However, the pH of most organic wastewater is near neutral. The
CuO/GO-DE catalyst has great advantages over the traditional Fenton catalyst.

When the concentration of pollutants is certain, the relationship between catalyst
dosage and H2O2 dosage is mutual restriction. It can be seen from Figure 4b of the
experimental results that it is not true; the more catalyst or H2O2, the better the catalytic
effect. There should be a certain proportional relationship between the two factors. In
other words, the active site (coated CuO) of the catalyst and H2O2 should be in a certain
proportion in order to achieve the optimal catalytic effect. The experimental and calculation
results showed that the catalytic effect is the best when the mass ratio of the catalyst to
H2O2 is 0.133.

As can be seen from Figure 4c, with the increase in reaction temperature, the degra-
dation ratio of ciprofloxacin gradually increased, and the degradation rate and efficiency
reached the maximum at 50 ◦C. When the reaction temperature was increased to 60 ◦C,
the degradation efficiency did not rise, but the degradation rate decreased. The reason is
that with the increase in the temperature, the reaction activation energy increases, which
accelerates the catalytic reaction speed and increases the amount of ·OH and Cu(III), thus
improving the efficiency of the catalytic system for the degradation of CIP. The too-high
temperature accelerates the decomposition of H2O2, so 50 ◦C is the best temperature for the
catalytic reaction.

The recyclability of the CuO/GO-DE catalyst was studied through continuous reusabil-
ity experiments. The catalyst was reused for the next run after washing it with distilled
water without further treatment. The experimental results are shown in Figure 4d. After
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five cycles, the degradation ratio of ciprofloxacin decreased from 99.9% to 80%, which
showed a certain stability of the catalyst. The reduction in degradation ratio may be be-
cause of the degradation product residue on the catalyst surface, which reduces the surface
catalytic active sites.

3.4. Degradation Mechanism of Ciprofloxacin

In order to analyze the CIP degradation process and mechanism of the catalytic system,
comparative experiments of CIP treatment in different systems, ·OH concentration, Cu(III)
measurements of different systems and ·OH extinction experiment were carried out.

The comparative experiments were performed when (1) only H2O2 existed, (2) only
CuO/GO-DE composite existed or (3) both CuO/GO-DE and H2O2 existed. The results
are shown in Figure 5a. When there was only H2O2 in the system, just part of CIP was
oxidized and degraded, and the removal ratio was low. When there was only CuO/GO-DE
in the system, it can be seen that the removal ratio of CIP can reach about 85%. This is
because, in the case of the absence of H2O2, CuO/GO-DE may catalyze O2 to ·O2

−, which
also has an effect on the oxidative degradation of CIP. When there were both CuO/GO-DE
and H2O2 in the system, the degradation rate of CIP jumped to 99.9%, indicating that
CuO/GO-DE/H2O2 system has stronger oxidation than other systems.

 

Figure 5. (a) Removal of CIP by different systems; (b) ·OH concentration and Cu(III) measurement
in different systems; (c) ·OH scavenging experiments; (d) contribution of ·OH and Cu(III) on CIP
removal ratios in different pH value.

In order to explore the main oxidizing substances in the reaction system, the concentration
of ·OH and the content of Cu(III) in the system were determined. The results are shown in
Figure 5b. It can be seen that under the conditions of catalyst dosage 1 g/L, H2O2 concentration
3.916 mmol/L, reaction temperature 50 ◦C, pH value 7 and reaction time 240 min, there were
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a lot of Cu(III) and ·OH produced in CuO/GO-DE/H2O2 system, while there were almost no
Cu(III) and ·OH produced in CuO/GO-DE and H2O2 systems separately.

In order to further determine the contributions of Cu(III) and ·OH in the degradation
of CIP in this heterogeneous system, the ·OH scavenging experiments were carried out,
and the results are shown in Figure 5c. It can be seen that when the pH value was 4, the
addition of tert-butyl alcohol significantly inhibited the produced ·OH as well as the CIP
degradation ratio, which dropped from 86.5% to 17.6%. Under acidic conditions, copper
existed in the form of Cu(I) or Cu(II) and catalyzed H2O2 to generate a large amount of ·OH.
At this time, the reaction system mainly relied on ·OH to oxidize and decompose the target
pollutants. At a pH of 7, the degradation ratio of CIP decreased from 99.9% to 68.3% with
tert-butyl alcohol. The inhibition of tert-butyl alcohol on ·OH and CIP degradation ratio
was significantly weakened, indicating that in addition to ·OH, there were other strong
oxidizing substances, such as Cu(III), that play the role of oxidative decomposition to target
pollutants at this time. At pH of 10, the degradation ratio of CIP decreased from 93.5% to
85.7% with tert-butyl alcohol, and the inhibition of tertbutyl alcohol on the degradation
ratio was further weakened, indicating that at this time, there was little ·OH obtained from
the decomposition of H2O2 in the solution, and Cu(III) was the main oxidant for oxidative
decomposition of target pollutant. From the experimental results, it can be seen that under
medium and alkaline conditions, Cu(II) is oxidized to higher valence Cu(III), and as the
pH value rises, the number of Cu(III) is significantly increased, reflecting that Cu(III) is
strongly dependent on pH value [41,57–59]. In summary, we can infer that CuO/GO-DE
materials have different degradation modes of CIP at different pH values: when the so-
lution is acidic, the degradation of CIP mainly depends on the oxidation of ·OH; when
in neutral, it depends on the joint action of Cu(III) and ·OH; when in alkaline, it mainly
depends on the oxidation of Cu(III). This explains why the catalyst has excellent degra-
dation ability for CIP in a wide pH range due to the synergistic effect of ·OH and Cu(III).
CIP removal ratios at pH values of from 2 to 12 were also tested in CuO/GO-DE/H2O2
system and CuO/GO-DE/H2O2 + tert-butyl alcohol system, and the contribution curves of
Cu(III) + ·OH and Cu(III) to CIP removal ratios varied with pH was obtained, and the
contribution curve of ·OH can also be deduced, as can be seen in Figure 5d.

According to the morphology analysis and mechanical analysis, the preparation
process of Cu/GO-DE and degradation mechanisms of CIP by Cu/GO-DE/H2O2 system
in different pH ranges were shown in Figure 6a,b separately.

In addition, the intermediate products of CIP degradation were described by LC-
MS analysis, and the possible degradation pathway of the CIP molecule was speculated,
as shown in Figure 7. The intermediate P1 (m/z = 362) was caused by the attacking
of active oxides in the reaction system to the piperazine ring on the CIP molecule; P2
(m/z = 308) is diethylene CIP, which was produced by losing two C = O bonds of P1, and P3
(m/z = 263) is aniline, which was formed due to the loss of C2H5N of P2 [38]. P3 may
also be formed due to the piperazine ring directly falling off caused by the active oxide’s
attack on the CIP molecule [60]; P3 then lost the cyclopropyl and amino group to obtain P4
(m/z = 156) [61], and the fluorine atom on P4 was replaced by -OH and the quinolone ring
was cracked to form P5 (m/z = 154). In addition, the intermediate product P6 (m/z = 290)
was formed by ring cracking due to the oxidation of the cyclopropyl group on the CIP
molecule. The active oxides in the reaction system then continued to attack the piperazine
ring and quinolone ring on the CIP molecule, resulting in its cracking and the formation of
P8 (m/z = 152). P5 and P8 may be further transformed into low molecular organics and
eventually mineralized into water and carbon dioxide.
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Figure 6. Preparation process of Cu/GO-DE (a) and degradation mechanism of CIP by Cu/GO-
DE/H2O2 in different pH ranges (b).

Figure 7. Possible degradation pathway of CIP.
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4. Conclusions

In this study, a copper-loaded graphene–diatomaceous earth (CuO/GO-DE) catalyst
was prepared. By changing the loading ratio of graphene oxide and copper, the optimal
conditions for the preparation of the catalyst were explored. The catalyst was characterized
by BET, SEM, TEM, Raman, FTIR, XRD and XPS, which showed that introducing GO into
DE optimized the surface morphology and microscopic properties of DE and confirmed
that copper oxide was successfully and evenly coated on GO-DE support. The effects of pH
value, CIP initial concentration, reaction temperature, and catalyst and H2O2 dosages on
CIP degradation by CuO/GO-DE catalytic system were studied. The results showed that
CuO/GO-DE composites had excellent catalytic degradation activity in a wide range of
pH. Under the best degradation conditions (pH of 7, CIP initial concentration of 50 mg/L,
mass ratio of catalyst to H2O2 of 0.133, reaction temperature of 50 ◦C), the degradation
ratio of CIP can reach 99%. The catalyst could be used repeatedly, and the degradation
catalytic efficiency did not decrease significantly. Through the determination or quenching
experiments of ·OH, Cu(III), etc., the degradation mechanisms of CuO/GO-DE catalyst for
CIP at different pH values were proposed: under acidic conditions, the CIP degradation
mainly depends on the oxidation of ·OH; under neutral conditions, it depends on the
synergistic oxidation of Cu(III) and ·OH; under alkaline conditions, it mainly depends on
the oxidation of Cu(III). The intermediate products of CIP degradation were identified by
LC-MS. According to the main identified products, the possible degradation process of CIP
in the catalytic system was proposed. This study provided a simple and effective method
for the degradation of antibiotics in wastewater.

Author Contributions: Conceptualization, T.Z. and Y.Y.; methodology, T.Z. and J.Z.; validation,
Y.Y. and J.Z.; formal analysis, T.Z.; investigation, Y.Y. and J.Z.; resources, T.Z.; data curation, J.Z.;
writing—original draft preparation, T.Z., J.Z. and Y.Y.; writing—review and editing, T.Z. and Z.Z.;
visualization, J.L.; supervision, C.L.; project administration, T.Z.; funding acquisition, C.L. All authors
have read and agreed to the published version of the manuscript.

Funding: This work was financially supported by Major Science and Technology Projects in the
Gansu Province of China [grant number 21ZD2JA001].

Data Availability Statement: Data available on request from the authors.

Conflicts of Interest: The authors declare no conflict of interest.

References
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Abstract: Arsenic (III) is a toxic contaminant in water bodies, especially in drinking water reservoirs,
and it is a great challenge to remove it from wastewater. For the successful extraction of arsenic (III),
a nanocomposite material (ZnO–CuO/g–C3N4) has been synthesized by using the solution method.
The large surface area and plenty of hydroxyl groups on the nanocomposite surface offer an ideal
platform for the adsorption of arsenic (III) from water. Specifically, the reduction process involves
a transformation from arsenic (III) to arsenic (V), which is favorable for the attachment to the –OH
group. The modified surface and purity of the nanocomposite were characterized by SEM, EDX,
XRD, FT–IR, HRTEM, and BET models. Furthermore, the impact of various aspects (temperatures,
pH of the medium, the concentration of adsorbing materials) on adsorption capacity has been
studied. The prepared sample displays the maximum adsorption capacity of arsenic (III) to be 98%
at pH ~ 3 of the medium. Notably, the adsorption mechanism of arsenic species on the surface of
ZnO–CuO/g–C3N4 nanocomposite at different pH values was explained by surface complexation
and structural variations. Moreover, the recycling experiment and reusability of the adsorbent indicate
that a synthesized nanocomposite has much better adsorption efficiency than other adsorbents. It is
concluded that the ZnO–CuO/g–C3N4 nanocomposite can be a potential candidate for the enhanced
removal of arsenic from water reservoirs.

Keywords: arsenic removal; ZnO–CuO/g–C3N4 nanocomposite; solution combustion; kinetic
studies; adsorption

1. Introduction

Arsenic (III) is the most toxic and portable contaminant in nature, creating numer-
ous environmental pollution problems worldwide as it can be effectively solubilized in
groundwater [1,2]. Arsenic in water remains both in an organic as well as an inorganic state,
whereas it mostly remains as arsenate (H2AsO4

−) and oxyanions: arsenite (H2AsO3
−) [3–7].
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Several studies suggest that arsenic pollution can contribute to the development of different
diseases, such as keratosis, melanosis, edema, and cancers of the skin, lungs, and bladder.
Additionally, it has been implicated in contributing to the enlargement of the liver, kidneys,
and spleen [8–11]. Consequently, the World Health Organization (WHO) has suggested
that safe potable drinking water should have concentrations of arsenic no greater than
10 μg L−1 [12,13]. However, concentrations of arsenic in polluted water have reached levels
of 100–300 μg L−1, which is 10–30 times higher than the maximum level recommended
by WHO. This has the potential to cause severe damage to people’s health [8,14], which is
10–30 times higher than the safety limitation and will seriously damage people’s health. As
a result, removing arsenic from contaminated water is a critical factor.

Up to now, different methods have been tested for the filtration of arsenic, such as re-
verse osmosis, adsorption, ultrafiltration, chemical precipitation, ion exchange, etc. [15–18].
Among said protocols, adsorption has many desired options for As filtration because of its
effortlessness and huge efficacy [19]. However, sometimes, this protocol can be costly due
to the preservation of adsorbent media. Nanotechnology solved these problems to a greater
extent by providing cheap nano adsorbents with large surface areas and more specificity.
Extensive efforts have been made for the adsorption of As on metal oxide nanoparticles,
i.e., MgO [20], Fe3O4 [21], α-Fe2O3 [22], CeO2 [23], aluminium oxides [24], etc. Moreover, it
has been acknowledged that the good adsorption ability of adsorbents is due to desirable
active sites and large surface areas. For instance, the main limitations associated with
these oxides are their agglomeration during the reaction and lesser stability, affecting
their efficacy to a greater extent [25]. Cao et al. prepared a CuO nanomaterial that was
applied for As adsorption but, unfortunately, they obtained a low level of As adsorption,
i.e., 5.7 mg/g [26]. Therefore, it is the need of the present and the future to introduce such
nanomaterials which have high efficiency and are more economical for the disintegration of
arsenic. At present, metal oxides (CuO, TiO2, NiO, ZnO, etc.) and their combination with
effective support (MCM–41, g–C3N4, etc.) have attracted great attention from researchers
in water remediation purposes because of their easy preparations, huge surface areas, and
well-organized porous structures [27]. These nanomaterials have special characteristics
such as high reactivity, large surface areas, regeneration capabilities, and high selectivities,
which are very important for environmental remediation [28]. Various nanoparticle-based
materials, for example, zinc oxide, manganese oxide, ferric oxides, and titanium oxide, are
listed as effective nano adsorbents that perform well as compared to other adsorbents used
for the arsenic elimination from drinking water [29–33]. From this perspective, high reactiv-
ity, vast surface area, and a greater number of active sites could help remove contaminants
from wastewater effectively. However, their toxicity despite affordable prices, including
environmental concerns, remain major problems [34,35]. Additionally, excellent adsorption
efficiency and reusing the nano adsorbent are other basic requirements for efficient and
selective nanomaterials that can make them an efficient candidate for removing arsenic
from wastewater. The literature survey suggests a better affinity of a different metal oxide-
containing adsorbent towards the elimination of arsenic due to its better selectivity and
high adsorption capability for both inorganic states of arsenic As(V) and As(III) from aque-
ous solutions [36,37]. On the other hand, the drawback related to these nano adsorbents is
accumulation owing to its low energy barrier, which greatly decreases mobility, availability,
and transfers to the polluted site for in situ adsorptions. Therefore, this shortcoming can
be overcome by the impregnation method, surface coating, or doping on the surface of
these nano adsorbents, which could be a superior choice for the elimination of arsenic and
its derivatives from polluted water. Recently, carbon nitride (g–N3C4) and its composite
with metal oxides have shown better performance because of their chemical, photophysical,
and catalytic properties, simple synthesis, and high stability under harsh conditions for a
variety of applications, especially with photo-/electro-catalysis, sensors, and bioimaging,
etc. [38–41]. Therefore, we planned to design a metal-coated nanocomposite with g–C3N4
for As removal from waste water resources.

56



Nanomaterials 2022, 12, 3984

We have prepared ZnO–CuO/g–C3N4 nanocomposites in the present contribution. A
new precipitation protocol was used for the synthesis of the said nanomaterial. The syn-
thesized nanosheets were applied as an adsorbent for As adsorption. ZnO and CuO were
individually synthesized by the same protocol and used for As adsorption. Results showed
that ZnO–CuO/g–C3N4 nanocomposites have several times higher As removal efficiency
than their individual counterparts. The impacts of various parameters (pH, temperature,
material concentration) on the efficiency of ZnO–CuO/g–C3N4 nanocomposites were also
studied. Kinetics studies and adsorption isotherm models were investigated to best explain
the adsorption. Finally, the detailed mechanism of arsenic adsorption was also studied.

2. Experimental Section

2.1. Synthesis of ZnO–CuO Heterostructure

Initially, the ZnO–CuO heterostructure was synthesized through a solution combustion
method. Initially, 20 mL of Cu(NO3)2.3H2O at a 0.1 M concentration was mixed in a
beaker with 100 mL of 0.1 M Zn(NO3)2.6H2O and stirred for up to 30 min at an ambient
temperature. After that, 10 mL of 2 M sucrose solution was added as fuel into the beaker
and heated at 250 ◦C. Finally, the hot mixture was burnt after dehydration with a flame to
obtain a delicate CuO–ZnO composite powder.

2.2. Synthesis of g–C3N4 and ZnO–CuO/g–C3N4 Composite

Graphitic resembling C3N4 was manufactured via thermal polymerization from
melamine. Typically, to obtain a yellowish powder of g–C3N4, a particular amount of
melamine was placed in an alumina crucible and annealed at 550 ◦C for roughly 2 h in an
air atmosphere. In a beaker, 1 g of g–C3N4 and 0.2 g ZnO–CuO was mixed in 70 mL water
and stirred for 3 h. After 3 h, the sample was filtered and dried at 80 ◦C for 12 h to obtain
the new material ZnO–CuO/g–C3N4.

2.3. Batch Adsorption Experiments

We used sodium arsenite as a primary arsenic source to test the synthesized composite
adsorption characteristics in the trials. The influence of interfering ions (nitrate, phosphate,
carbonate, chloride, and sulfate), pH, temperature, and time interval on the adsorption
amount was determined through a batch experiment. At the same time, the kinetic reactions
were additionally investigated. Initially, the pH of the reaction mixture was balanced from
around 2–10, utilizing HCl (0.1 M) and NaOH (0.1 M) solutions, whereas 50 μg/L, 100 μg/L,
and 150, 200 μg/L concentrations of the sodium arsenite solutions were used. Following
the state of the consolidation of meddling ions with 50 μg/L, 100 μg/L, and 150 μg/L, the
impact of prepared contents on the penetration of sodium arsenite with a combination of
100 μg/L was determined. Likewise, to investigate the absorption dynamism, 50 μg/L,
100 μg/L, and 150 μg/L of sodium arsenite-concentrated chemicals were checked by fixing
different sampling time durations at temperatures ranging from 20 to 80 ◦C. The absorption
equilibrium record of sodium arsenite at a starting concentration of about 20 μg/L to
200 μg/L was examined through ZnO–CuO/g–C3N4 at various temperatures (20 to 80 ◦C).
The adsorbent was cleaned thoroughly with 50 mL of 0.1 M NaOH solutions, washed many
times with distilled water, and dried up in an oven at 60 ◦C for three hours to recover the
synthesized adsorbent. Finally, the removal rate R(%) and adsorption quantity (qe (μg/L)
of arsenic through the adsorbent was determined as follows:

qe = (C0 − Ce)V/m (1)

%R = (1 − Ce/C0) × 100 (2)

Here, Ce (μg/L) and C0 (μg/L) are the equilibrium concentration and the liquid phase
initial of arsenic, m is the weight of the adsorbent utilized, and V is the volume of the liquid
solution. The data obtained were processed for standard deviation and ANOVA in Excel to
analyze the arsenic adsorption.
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3. Results and Discussions

3.1. XRD and FT-IR Analysis

Figure 1a shows the X-ray diffraction (XRD) pattern of obtained samples. From these
patterns, it can be seen that the peaks situated at 2θ = 31.82◦, 34.43◦, 36.22◦, 47.61◦, 56.61◦,
63.01◦, and 67.98◦ resemble the (100), (002), (101), (102), (110), (103), and (112) planes
which can be readily indexed to hexagonal wurtzite structure of ZnO (JCPDS 36-1451),
respectively [42]. On the other hand, the peaks at 13.3◦ (100) and 27.4◦ (002) are ascribed to
the crystal structure of g–C3N4. Consequently, the XRD spectrum of the ZnO–CuO/g–C3N4
results incorporated all the common peaks of g–C3N4, ZnO, and CuO. Additionally, CuO
shows some noticeable peaks at 35.7◦, 38.6◦, and 67.5◦, corresponding to the (002), (200),
and (311), in accordance with (JCPDS card no. 89-5899). Furthermore, the peak strength
intensity of the typical g–C3N4 was continuously increased with an increase in the quantity
of g–C3N4, indicating a decrease in the intensity of ZnO and CuO peaks, respectively. For
the ZnO–CuO/g–C3N4 sample, the XRD pattern exhibited no basic pick for g–C3N4, which
can be credited to the low substance of the g–C3N4 in the composite. This result provides
more explicit evidence that no extra peaks were seen in all the patterns, which indicated
the high purity of the synthesized materials.

Figure 1. (a) XRD patterns of g–C3N4, ZnO and ZnO–CuO/g–C3N4 samples, (b) FTIR spectra of the
g–C3N4 and prepared composite ZnO–CuO/g–C3N4.

For further analysis of a composite’s surface functional groups and functional elements,
we performed FT–IR spectroscopy. Figure 1b shows the FT–IR spectra of g–C3N4 and
synthesized ZnO–CuO/g–C3N4 composite. The upper-level peak at around 810 cm−1 in
the g–C3N4 test is associated with the twisting vibration attributes of heptazine moiety.
At the same time, the peak observed at 3200 cm−1 reveals the O–H stretching vibration,
suggesting the presence of moisture particles in CuO and ZnO materials. The broad
group about 1200–1700 cm−1 in the g–C3N4 test is concerned with the ordinary stretching
mode of C–N heterocycles, while another wideband about 3200 cm−1 in a similar case is
associated with the extending vibration mode of the amine group [43]. In a composite
ZnO–CuO/g–C3N4, the broad double peaks at 1631 and 1563 cm−1 are associated with C–
N stretching vibration modes, whereas the peaks at 1251, 1323 and 1420 cm−1 are assigned
to the aromatic C–N stretching. The broad peak around 3000 to 3500 cm−1 in the sample is
associated with the adsorbed H2O and N–H vibrations of the amine groups [44].
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3.2. HR-TEM Analysis

The structure of the as-prepared samples was observed by HRTEM, as depicted in
Figure 2. The HRTEM examination of ZnO–CuO shows that ZnO and CuO have sphere
morphology, control size, and are highly dispersed in nature, which consistently aligns
with the XRD results, as shown in Figure 2a. As per Figure 2b, the HRTEM picture of ZnO–
CuO/g–C3N4 indicates its covered platelet-like morphology and plain paper-fold diluent
sheet, which is identical to the design of the nanosheets of graphene [45]. The ZnO and
CuO particles are dispersed uniformly with a small size on the face of g–C3N4 nanosheets.
It confirms the successful synthesis of ZnO–CuO/g–C3N4 heterostructure composite [46].

Figure 2. In HRTEM figure, (a) represents CuO–ZnO whereas (b) represents ZnO–CuO/g–C3N4 composites.

3.3. SEM and EDX Analysis

To test the fluctuation in material morphology in response to CuO and ZnO charg-
ing, EDX and SEM studies were applied to perceive the external structure and chemical
configuration of ZnO–CuO/g–C3N4. Figure 3a represents the structure of the g–C3N4
as having sheet-like morphology with a large size and a higher degree of aggregation,
whereas in the case of the ZnO–CuO/g–C3N4 composite, the tiny nanoparticles of ZnO
and CuO are dispersed on the surface of the thin sheets to overcome the aggregation and
enhance the surface area of the composite [47], as shown in Figure 3b. To validate the purity
of the synthesized composite further, the EDX study was conducted. Figure 3c depicts
that the existence of Zn, Cu, C, O, and N in the nanocomposite ensures the purity of the
synthesized composite.

3.4. Nitrogen Adsorption-Desorption Study

Figure 4 depicts the N2 adsorption-desorption isotherms and the Barrett-Joyner-
Halenda pore-size dispersion bends of ZnO–CuO/g–C3N4 nanosheets. The Brunauer-
Emmett-Teller (BET) explicit surface territory for CuO nanosheets ZnO–CuO/g–C3N4 is
268 m2 g−1. The pore-size dispersions are at a maximum for the nanosheets and are about
4 nm each. The highly specific area of ZnO–CuO/g–C3N4 nanosheets might be because of
the porous structure of nanosheets, which is good for electrochemical applications. ZnO–
CuO/g–C3N4 nanosheets yield a large, exposed surface area designed for the adsorption of
particles and charge transfer reactions. Figure 4B illustrates the pore size distribution of the
synthesized ZnO–CuO/g–C3N4 nanomaterial. It is clear from the figure that most of the
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pores have a diameter between 8–12 nm, which corresponds to the mesoporous structure
of the material [48].

 

Figure 3. SEM images of (a) of g–C3N4, (b) ZnO–CuO/g–C3N4, and (c) EDS analysis of ZnO–CuO/g–
C3N4 composite.

(a) (b)

Figure 4. (a) N2 adsorption-desorption isotherm curves of the synthesized ZnO–CuO/g–C3N4 and
(b) their pore size distribution.

XPS Examination

XPS was applied to study the type of bonding and % age weight of each element
present in the sample. Figure 5a,b represent the XPS analysis of ZnO and CuO, respectively.
The result illustrated (Figure 5a) that two well-examined peaks are present at 1021.6 eV and
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1034.3 eV, corresponding to Zn 2p3/2 and 2p1/2, respectively. The two very intense peaks
originating at 933.7 eV and 953.8 eV are suggested for Cu 2p3/2 and 2p1/2, respectively
(Figure 5b). Similarly, the XPS also confirmed the % weight of Zn and Cu, which are 26.7%
and 31.22%, respectively.

(a) (b)

Figure 5. XPS analysis of synthesized nanocomposites, (a) Zn-2p and (b) Cu-2p.

3.5. Batch Adsorption Experiment

The water pH may impact the expulsion of arsenic by adsorbent material. To enhance
the evacuation effectiveness of synthesized compounds in an actual application, the ad-
sorption of three different samples of sodium arsenite (150, 100, 50 μg/L) was investigated
under a range of pH, as it appears in Figure 6a. The shifting pattern of the curves revealed
that acidic environments are beneficial for the removal of arsenic by ZnO–CuO/g–C3N4
material. In contrast, adsorption decreases at high pH levels, which is aligned with the prior
studies [49]. It is additionally crucial that the expected pH value of the sodium arsenite
solution is around 8; when the underlying pH is adapted to about 2.8, the adsorption
capacity reports a total increasing tendency with a bit of increment adequacy. This is
because, under corrosive conditions, an enormous quantity of H+ ions can make adsorptive
surfaces protonated and positively charged. Thus, it is easier to enhance the elimination of
arsenic radicals by electrostatic forces. Although, when the pH ranged from basic up to
10, the adsorption capacity declined significantly. After being prewetted with water, the
−OH ions may acquire the adsorption site with arsenite. The hydroxides of metal ions
are created after adoption, which would stop the response from carrying on. In this way,
examining pH supports choosing the ideal adsorbent in a reasonable application.

Taking into consideration the complicated chemical characteristics of normal water,
the impacts of a few ordinary interfering ions (PO4

3−, NO3
−, SO4

2−, CO3
2− and Cl−) with

three initial dilutions (50, 100, 150 μg/L) on As(III) elimination by ZnO–CuO/g–C3N4 were
tested, as can be observed in Figure 6b. Undoubtedly, the snooping of the five common
ions decreased the adsorption limit, and the higher the number of active ions, the more
significant the influence on adsorption capacity. Chloride ions have a minimal impact on
the adsorption amount due to the additional framing of Cl− ions by spheric complexes with
a heterostructure composite. By correlation, the nearness of sulfate and carbonate affects
the adsorption amount, particularly in the description that sulfate ions and carbonate
ions convey progressively extra negative charges and occupy additional adsorption sites,
which eventually decrease the removal proficiency of arsenic. Nitrate conveys a smaller
amount of negative charge; therefore, its impacts on arsenic adsorption are firmly trailed by
that of chloride ions. However, with high concentrations of conjunction anion quantities,
seriously good adsorption develops stronger. Moreover, it is evident from the graph in
Figure 6b that phosphate has the potential to interfere, and its existence seriously decreases
the adsorption amount. In this examination, the concentration of contending anions was
set much higher than those experienced in natural water. Consequently, even though
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confronting anions concentrations used in these experiments are unusually higher, they
still have the adsorption ability for arsenic exclusion. Recyclability is one of the significant
records to assess the application of adsorbents. Subsequently, the following study showed
a sodium arsenite solution with a starting concentration of 50 μg/L as the trial object, and
the adsorbent was 10 mg of ZnO–CuO/g–C3N4 that adsorbed in 24 h.

Figure 6. (a) Effect of pH (b) interfering ions on the removal of As(III) by ZnO–CuO/g–C3N4

composite, (c) removal rate (%) of As(III) by ZnO–CuO/g–C3N4 nanomaterial composites in five
recycling steps.

On the other hand, a 0.1 M NaOH solution was used for the desorption of adsorbed
materials, and the recycling experiments were repeated five times for the arsenic removal
rate, as shown in Figure 6c, examining the reusability and stability of the prepared materials.
Latterly, it tends to be the case that the exclusion percentage of the first cycle is as elevated as
90%. Still, the proficiency of the second exclusion cycle is reduced to about 80% because of
several adsorption sites being filled and not desorbed. Furthermore, the elimination rates of
the previous three cycles were not significantly different, showing that physio-adsorption
may be dominant for the time being. The fifth cycle’s As(IV) elimination rate can still
reach above 60%, demonstrating that the synthesized materials, ZnO–CuO/g–C3N4, have
excellent stability and recyclability and are projected to be functional in water purification.

3.6. Effect of Physical Parameters on the Adsorption of Arsenic

The effect of various physical parameters such as time, the concentration of nanoma-
terial, and temperature on the adsorption of arsenic was also examined at multiple time
intervals in the presence of ZnO, CuO, and ZnO–CuO/g–C3N4 nanocomposites (Figure 7a).
It was noticed that the adsorption capability of said nanomaterial improved with a rise in
time by fixing the temperature at 50, pH at 4, and concentration of nanomaterial at 7 mg.
98% adsorption of As, which was achieved after 70 min of stirring.
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Figure 7. (a) Effect of time, (b) concentration of nanomaterial, (c) temperature on the adsorption
of arsenic.

The arsenic adsorption capability of the as-synthesized ZnO, CuO, and ZnO–CuO/g–
C3N4 nanocomposites were assessed at various nanomaterial amounts, i.e., 2 to 12 mg, as
depicted in (Figure 7b). The result showed that As adsorption is directly related to the
amount of nanomaterial used and a percent decrease (50–98%) of arsenic was observed from
2–7 mg of the nanomaterial used. Further, an increase in the amount of ZnO–CuO/g–C3N4
nanocomposites at specific optimized conditions does not affect the adsorption of arsenic
because almost all arsenic is adsorbed at lower concentrations of the said nanomaterial.
Less than 70% As was adsorbed by individual ZnO and CuO even at a concentration of
12 mg. Temperature also significantly affects As adsorption. In Figure 7c, the result showed
that with an increase in temperature from 20 to 50 ◦C, the adsorption capability of the
synthesized nanomaterials increases. However, beyond 50 ◦C, the adsorption capability of
nanomaterials decreases sharply, which may be due to chemisorption fruitfully occurring
at 50 ◦C. As adsorption also occurs at a lower temperature, physisorption also occurs
side by side with chemisorption. All these results are well proven by Freundlich and
Langmuir isotherms.

3.7. Adsorption Isotherms

To study the relationship between adsorption capacity and equilibrium concentration
at different temperatures (20 to 80 ◦C), adsorption experimentation of sodium arsenite
solution with starting concentration of 20–150 μg/L was performed for one day with an
equimolar mass of adsorbent. On this premise, the popular Freundlich and Langmuir
adsorption isotherm was utilized to fit the tested experimental data and to know the
type of adsorption and higher arsenic adsorption ability; the results are shown in the
form of the adsorption isotherm in Figure 8. Langmuir’s calculations are dependent on
the following perceptions: (1) The adsorbate accumulates on the upper surface of the
adsorbent in the form of a monolayer; (2) limited adsorbent adsorption capacity; (3) the
adsorbed particles do not interact with one another because they have the same reactive
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sites. The Freundlich model depicts multilayer adsorption and displays the variability of
the adsorbent surface. The associated equations of the two models can be determined from
Equations (3) and (4) [50,51].

Qe = QmKLCe/1 + KLCe (3)

Qe = KFC1/n e (4)

Figure 8. Freundlich and Langmuir isotherms of As(III) adsorption on ZnO–CuO/g–C3N4.

Here, Ce (μg/L) is the equilibrium concentration of adsorbate, Qm (mg/g) and
Qe (mg/g) is the quantity of adsorbent absorbed at an equilibrium stage of Ce and the
theoretical highest adsorption capacity, respectively; KF (mg/g) and KL (μg/L) (μg/L)
1/n is the Freundlich constant and the Langmuir constant, correspondingly; and n is the
heterogeneity factor. It tends to be naturally seen from Figure 8 that every one of the
three curves displays a rising trend; however, there is no eternal ascending pattern. When
the curve rises to a definite level, it could be flat due to the adsorption saturation. Ad-
ditionally, the temperature also has a high impact on the adsorption ability. At a similar
starting concentration, a temperature change can cause a difference in equilibrium con-
centration, affecting adsorption capabilities, and the law states that low temperatures are
more favorable for adsorption. The boundaries of the Langmuir and Freundlich models
are determined by association with Equation (1). Contrasting the R2 of the two models,
the R2 fit by Langmuir (0.989) was higher than the R2 fit by Freundlich (0.973), implying
that the Langmuir model adequately exhibited the adsorption isotherms. The findings of
this study revealed that arsenite was attached on the outside with confined and uniform
sites, with a monolayer adsorption site. It can be naturally observed that acidic or neutral
water is helpful for the adsorption of arsenic, which might be correlated with the diverse
compositions of the prepared materials. Moreover, a comparison of different adsorbents
with our designed ZnO–CuO/g–C3N4 adsorbent for arsenic removal is summarized in Ta-
ble 1. The consequences recommended that ZnO–CuO/g–C3N4 was not just economically
cheaper and ecologically safe in cases of raw ingredients, but also had a higher proficiency
for arsenic removal.
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Table 1. Comparison of the maximum arsenic adsorption capacity among the prepared ZnO–CuO/g–
C3N4 nanocomposite and other adsorbents.

Adsorbents Adsorption Capacity References

As (mg·g−1)
Reduced graphene oxide-supported
mesoporous Fe2O3/TiO2 nanoparticles 99.5 [52]

CuFe2O4 foam 85.4 [53]
Zirconium nanoscale carbon 110 [54]
(Layered double hydroxides/graphene oxide)
nanocomposites 183.11 [55]

MnFe2O4 90 [56]
CoFe2O4 74 [56]
GO–MnFe2O4 207 [57]
Fe3O4 116.56 [58]
Ce–Fe Oxide–carbon nanotubes 30.96 [33]
Cellulose-based composites 83 [59]
Copper oxide (II) nanoparticles 88.3 [44]
ZnO–CuO/g–N3C4 97.56 Current work

3.8. Adsorption Kinetics

In adsorption kinetics, the relationship between the adsorption limit and time is
investigated for various starting concentrations and temperatures of sodium arsenite
solution. Moreover, Figure 9a displays the outcomes of adsorption amounts fluctuating
at a certain temperature (70 ◦C) following the combination of a sodium arsenite solution
with an underlying dilution of 150 μg/L consumed by a specific quantity of adsorptive
material. Furthermore, it tends to be naturally observed that the adsorption volume
expanded quickly in the initial 60 min and gradually expanded after the fixed 60 min.
Still, the curve bends inclined toward the plane after 120 min. Since there were countless
adsorption positions bringing adsorption from the start, arsenite particles responded to
cupric oxide until the surface was fully occupied with plenty of hydroxyl functional clusters
for adhesion. The place could be filled progressively with a gradual increase in adsorption
quantity until all the sites were entirely occupied, leading to a saturated state. Likewise,
various temperatures reported diverse adsorption capacities under similar conditions, and
the standard is 70 ◦C, which is reliable with the above-stated results of the adsorption
isotherm. Figure 9b shows the determined results for the change of adsorption quantity
versus time intervals under multiple starting dilutions of 50 μg/L, 100 μg/L, and 150 μg/L
at a temperature of 70 ◦C. At the start, the capacity of adsorption abruptly increases with
time. It later slowly improves to the equilibrium state, and adsorption capability is larger
for the higher concentration than for the lower concentration. It can be concluded that
the capacity of adsorption increases at changing the degree of temperature and starting
concentration with time. Adsorption kinetics may give valuable evidence for the entire
adsorption method. For a deeper understanding of the impact of varying temperatures
and to start focusing on the adsorption velocity, pseudo-first-order kinetics (Equation (5))
and 2nd-order kinetics (Equation (6)) were chosen to examine the experimental results
extensively. Moreover, the kinetic equation of pseudo-first-order and pseudo-second-order
is represented as follows:

ln(Qe − Qt) = lnQe − K1t (5)

t Qt = t Qe + 1 K2Q2 e (6)
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Figure 9. Kinetic study of As(III) removal by ZnO–CuO/g–C3N4 at (a) Temperature and (b) Concen-
tration versus time intervals.

The quantities of As(III) adsorbed by adsorbents at equilibrium and at time t, re-
spectively, are Qe and Qt (mg/g), and the rate constants for the pseudo-first-order and
pseudo-second-order models, respectively, are k1 (1/min) and k2 (g/(mg min).

The value of R2 shows that adsorption capacity was reported in a good arrangement in
the presence of a pseudo-second-order dynamic model, where the connection temperature
was already adjusted to 70 ◦C, and the starting focus of sodium arsenite was fixed at
50 μg/L and 100 μg/L. The outcome demonstrates that copper oxide is engaged with
the reaction. The R2 achieved via pseudo-first-order and pseudo-second-order dynamics
are prominently dissimilar, demonstrating that typical adsorption is also found, primarily
because of the copper oxide. Furthermore, a visible decline is seen in the constant rate of
the pseudo-first-order kinetics model (K1) and the pseudo-second-order kinetics model
(K2) with an increase in the temperature of the reaction. This demonstrates that either
chemical or physical adsorption prevails, and the required time to bring the equilibrium
in adsorption could increase in response to a rise in reaction temperature. In contrast,
adsorption efficiency is improved at a lower temperature. On account of altering the
starting concentrations, the constant rate of the pseudo-first-order kinetic model (K1) is
reported as 0.044 correspondingly, indicating that the concentration fluctuation has a
slight impact on the typical adsorption process. The study of adsorption kinetic gives
essential and valuable information to examine the process of adsorption efficiency and
physicochemical responses.

3.9. Statistical Analysis

All the adsorption data were analyzed statistically to check the accessibility of the
applied adsorption model and the efficiency of the synthesized adsorbent (ZnO–CuO/g–
C3N4). A two-tailed t-test at a 5% significance level was used to confirm the optimum pH,
and a Paired t-test was used to check the experiment’s success.

3.9.1. Hypothesis Confirming Optimum pH of Adsorption of Arsenic (III)

Two hypotheses, null and alternate, were assumed to confirm the optimum pH by a
two-tailed t-test at a 5% level. The maximum adsorption at various pH is given in Table 2.
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Table 2. Maximum removal of arsenic (III) at various pH.

n pH % Removal (Xi) (Xi − Xavg)2

1 3 98 915.06

2 4 92 588.06

3 5 84 264.06

4 6 73 27.56

5 7 65 7.56

6 8 61 45.56

7 9 43 612.56

8 10 26 1743.06

Xavg = 67.75 ∑(Xi − Xavg)2 = 4203.48

Null Hypothesis = Optimum pH is equal to 3
Alternate Hypothesis = Optimum pH is not equal to 3
Tobserved was calculated using Equation (7):

tobserved =
Xavg − μ

σs/√n
(7)

In Equation (8), μ is the optimum pH, whereas σs is the standard deviation, and it was
calculated by using Equation (8).

σs =
√
[ ∑

(
Xi – Xavg )2 /(n − 1)

]
(8)

Tobserved was found to be 0.92 and was compared with ttabulated (2.306). As tobserved is
less then ttabulated, the null hypothesis is accepted, and optimum pH = 3 for maximum
adsorption is confirmed.

3.9.2. Hypothesis to Confirm the Success of the Experiment Using ZnO–CuO/g–C3N4
as Adsorbent

The success of the experiment was confirmed by proving that the concentration of
arsenic (III) changes during the adsorption process. A Paired t-test was applied to the data
given in Table 3 to test.

Table 3. Change in concentration of arsenic(III) during adsorption.

n Xi (Arsenic Initial
Concentration in ppm)

Xf (Arsenic Final
Concentration in ppm)

Di = Xi − Xf (Di − Davg)2

1 20 3.5 16.5 1054.95

2 40 4.7 35.3 187.14

3 60 6.8 53.2 17.80

4 80 14.7 65.3 266.34

5 100 25.4 74.6 656.38

Davg = 48.98 ∑(Di − Davg)2 = 2182.6

Hypothesis. The two hypotheses were:
Null Hypothesis: No change in adsorbate concentration.
Alternate Hypothesis: During adsorption, adsorbate concentration changes.

tcalculated =
Davg

σdi f f

√n (9)
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σdi f f =

√[
∑ (Di − Davg)

2
]
n

n − 1
(10)

σdi f f was calculated by Equation (5) 26.11 was found. In addition, the t value was
calculated by Equation (4) which comes out to be 4.19, and it was compared with t tabulated
(2.77). As tcalculated is greater than the tabulation, the null hypothesis is rejected and the
alternate hypothesis, arsenic (III) concentration changes during adsorption, is accepted.

3.10. Mechanism of As(III) Removal

The method of arsenic adsorption by material ZnO–CuO/g–C3N4 depends on the
combined impact of redox reaction and physical interaction, and Scheme 1 shows the
graphic design for the removal mechanism of arsenic. The preparation of a single CuO
can result in severe accumulation, mainly decreasing the efficiency of the substance, but
g–C3N4 based as the substrate not only resolved the environmental challenges affected by
the single CuO and ZnO but also resolved the faults of accumulation, thus significantly
enhancing the reactivity of materials and the adsorption proficiency. Moreover, the surface
of g–C3N4 has plenty of –OH groups, which are beneficial for connecting copper ions.
In the case of aqueous media, the progression of the hydrothermal process may result
in copper ions formation, which can mostly create a CuO layer on the upper surface of
g–C3N4 as per the “Seed growth method”. Therefore, the g–C3N4 is an essential support
for the CuO and ZnO to attain the highest proficiency. During the reactions, when the
adsorbent comes in cross-contact with the arsenite ion, CuO oxidizes the arsenic trivalent
(As (III)) into the arsenic pentavalent (As (V)). In the FT–IR spectra, the peak depth for –OH
and CuO decreases, and enlightening hydroxyl is used during the adsorption. Accordingly,
the partly oxidized arsenate ion might come in contact with the surface and respond with a
–OH substitution, or it might be that As (III) directly attaches to the –OH. Convincingly, the
determination of the mechanism indicates that the prepared ZnO–CuO/g–C3N4 can extract
As from both physical and chemical reactions, and the combined impact of g–C3N4, ZnO,
and CuO highly enhance the proficiency of arsenic removal. Another proposed mechanism
is producing reactive oxygen species (ROS) in visible light on the surface of CuO and ZnO.
The ROS produced may be hydroxyl radicals or superoxides. These ROS are easily obtained
in the presence of ZnO, CuO, and g–C3N4 because all of these have shallow band gaps,
and the ground electrons are easily subjected to an excited state even in ordinary visible
light. After producing these oxygen species, they reacted with arsenic and adsorbed on the
synthesized nanomaterial surface.

Scheme 1. Shows the schematic diagram for the removal mechanism of arsenic.
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4. Conclusions

In brief, ZnO–CuO/g–C3N4 nanomaterial was synthesized by grafting ZnO–CuO
onto g–C3N4. The shape, surface area, morphology, and stability of the synthesized nanos-
tructures were confirmed by different analytical techniques. The result showed that the
synthesized nanostructure could effectively remove arsenic from the water solution. Vari-
ous factors affecting the adsorption efficiency of the said nanomaterials were also explored.
The adsorption of arsenic increases with a decrease in pH, nanomaterials’ concentration,
and temperature (50 ◦C) was noted. Beyond this temperature, the adsorption efficacy of
the as-synthesized nanomaterials decreased. Additionally, ZnO–CuO/g–C3N4 showed en-
hanced recycling activity in five consecutive cycles. The adsorption isotherm results showed
that experimental data matches the Langmuir model well, suggesting that the adsorption
approach is specific to a suitable site. The adsorption kinetic data exhibited that the maxi-
mum adsorption capacity of the as-synthesized composite by Langmuir and Freundlich
was observed as 0.989 and 0.973 mg g−1, respectively. Among the pseudo-second-order
kinetic model and the pseudo-first-order kinetic model, there was no discernible difference
in R2. Consequently, our designed ZnO–CuO/g–C3N4 composites are a promising material
for actual application in environmental remediation.
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Abstract: Chromium pollution represents a worldwide concern due to its high toxicity and bioac-
cumulation in organisms and ecosystems. An interesting material to remove metal ions from water
is a whey-protein-based material elaborated by electrospinning, which is an emerging method to
produce adsorbent membranes with diverse applications. The aim of this study was to prepare an
adsorbent membrane of whey protein isolate (WPI) and polycaprolactone (PCL) by electrospinning to
remove chromium ions from water. The adsorbent membrane was synthesized by a central composed
design denaturing WPI using 2-Mercaptoethanol and mixing it with PCL to produce electrospun
nanofibers. The adsorbent membrane was characterized by denaturation, Scanning Electron Micro-
scope, Fourier-Transform Infrared Spectroscopy, Contact Angle, Thermogravimetric Analysis, and
X-ray Photoelectron Spectrometry. The adsorption properties of this membrane were assessed in the
removal of chromium. The removal performance of the membrane was enhanced by an increase in
temperature showing an endothermic adsorption process. The adsorption process of chromium ions
onto the nanofiber membrane followed the Sips adsorption isotherm, while the adsorption kinetics
followed a pseudo-second kinetics where the maximum adsorption capacity was 31.0 mg/g at 30 ◦C
and pH 2. This work provides a novel method to fabricate a hybrid membrane with amyloid-type
fibrils of WPI and PCL, which is a promising adsorbent to remove heavy metal ions from water.

Keywords: adsorption; chromium; electrospinning; hybrid membrane; nanofiber; polycaprolac-
tone; whey

1. Introduction

Water contamination from toxic heavy metals is one of the most serious worldwide
environmental problems due to the rapid growth of industrial development and non-
restrictive legislation [1]. Heavy metals are not biodegradable, exhibit high toxicity, bioac-
cumulated and bio-magnified in the food chain thus threatening the health of humans
and ecological systems. Chromium (Cr) has been recognized as a potential risk to human
health and the environment due to its high toxicity, carcinogenicity, mutagenicity and
it is commonly found in wastewater of many industries [2]. According to the US-EPA
and WHO, the maximum concentration for total chromium in drinking water is 100 μg/L
and 50 μg/L [1], respectively. Similarly, the US-EPA and the European Union stated that
the amount of chromium discharged to surface water should be below 2 mg/L for total
chromium and 50 μg/L for Cr(VI) [3].
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The removal of heavy metal ions from water should be performed efficiently, eas-
ily, without waste generation (e.g., sludge) and at low cost, and this topic represents an
important environmental issue globally [4]. To reach the regulatory limits for water qual-
ity, several methods have been used to remove heavy metal ions from water including
chemical precipitation, coagulation, ion exchange, electrodialysis, and among others [5,6].
Nowadays, a common method used for wastewater treatment is membrane filtration due
to its easy implementation in large-scale applications where nanofiltration and reverse os-
mosis are used to remove heavy metals. However, these methods are high pressure-driven
that demand high energy consumption due to the narrow pore size distribution of the
membrane, which also tends to foul [7]. Alternatively, adsorption can be used to remove
heavy metals due to its high efficiency, simplicity, versatility, the availability of different
adsorbents besides their regeneration and recyclability of them [8].

To overcome the high energy consumption and fouling of the membrane filtration
process in the removal of heavy metal ions, the adsorptive membrane technology has been
a better option due to its convenient operation using membranes with higher pore size,
which combines the adsorption potential of the material and the filtration performance of
the membrane [9]. In recent years, nanotechnology has been used in adsorbents production
to obtain high-efficacy adsorbents for pollutant removal [10]. For example, membrane-
based adsorption technologies composed of electrospun nanofibers have been receiving
widespread attention due to the advantages of high efficiency, relatively simple production,
versatility, large specific-surface area, high porosity, and good structural stability, which
make it a promising technology for water treatment [11].

Electrospinning is an emerging technique that has shown promising results because
it is the simplest and most cost-effective method to produce a wide range of nanofibers
in some cases smaller than 100 nm in diameter and is scalable for mass production [4].
To carry out the electrospinning process, several parameters must be considered such
us polymer concentration, solution viscosity, electrical conductivity, and surface tension.
Likewise, the operational parameters include electrical field strength, fluid flow rate and
tip-to-collector distance [12]. When all conditions are met, electrostatic forces between the
needle and the collector attract the solution, the Taylor cone is formed and finally the fibers
are obtained (Figure 1).

Figure 1. Illustration of an electrospinning apparatus.

Nanofibers produced by electrospinning for heavy metal removal have been gaining
relevance due to their physical structure, good adsorption performance and favorable
life cycle analysis [13]. Regarding chromium removal recently, Herath et al. elaborated
polyacrylonitrile/ionic covalent organic framework hybrid nanofibers of 440 nm diameter
by electrospinning to remove Cr(VI) from water, and the fibers presented an adsorption
capacity of 173 mg/g [14]. Likewise, Sharafoddinzadeh et al. reported a maximum
adsorption capacity of 225 mg/g to remove chromium from water using a polyacrylonitrile
nanofibers of 165 nm of diameter made by electrospinning [15]. Ansari et al. prepared
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an electrospun zein/nylon-6 nanofiber membrane to remove Cr(VI) from water with an
adsorption capacity of 4.73 mg/g [16].

Nanofibers elaborated by electrospinning are commonly made using polymers. Poly-
caprolactone (PCL) is widely used to fabricate nanofibers by electrospinning, because it
bears high mechanical strength, easy processability, hydrophobicity and lack of toxicity [17].
PCL is known for its applications in tissue engineering owing to its biodegradability and
biocompatibility, and has thus become a good choice for environmental applications due
to its degradation time [18]. However, the use of PCL alone in adsorption materials is
limited owing to its neutral charge and lack of functional groups [19]. Consequently, co-
polymerization and blending with other materials have been recently employed in order to
improve its chemical, physical and mechanical properties [20].

Blends of polymers with other materials have many advantages owing to the com-
bination of properties and the strong economic incentives arising from their use [19].
Consequently, a blend with amyloids was proposed to improve the chemical limitations of
PCL, which are proteins in a fibrillar state that can be formed under certain conditions when
denatured [21]. Hence, amyloid fibrils have been widely used recently for environmental
remediation especially in the recovery of heavy metal ions owing to the high affinity of
amyloids with these pollutants [22]. Recently, Ramírez-Rodríguez et al. [23] developed
an adsorptive amyloid membrane to remove heavy metals from wastewater using whey
amyloid fibrils and activated carbon, which is an efficient and economic technology to
remove a wide range of heavy metals. Similarly, numerous studies support the promising
potential of amyloids to remove heavy metals from water [24–26]. Nevertheless, due to
the mechanical and physical properties of amyloids, it is difficult to handle alone. For this
reason, most studies use a support to hold amyloids into it [27]. In this way, PCL is an
excellent material to make a hybrid adsorption membrane of PCL and amyloids of whey to
enhance the advantages of both materials.

Whey is a by-product of the cheese industry composed mainly of β-Lactoglobulin
(60%) and α-lactalbumin (20%), which is a promising raw material to produce amyloids
due to its high content of protein [12]. Therefore, Ahmed et al. [19] studied PCL/WPC
nanofibers for pharmaceutical applications, where it presented good morphology, wetta-
bility, high porosity and degradation ability. This is evidence that the synergy of the high
metal binding capacity of proteins with a high surface area material may lead to promising
electrospun membranes for heavy metal ion removal. The aim of this study was to produce
WPI/PCL membranes by electrospinning to remove Cr ions from water. This approach is
an opportunity to give an added value to whey, which is a residue of the cheese industry.
The estimations indicate that nine kilograms of whey are produced per one kilogram of
cheese, and nowadays it is readily available in the dairy industry [28]. Furthermore, the
use of electrospinning is a highly innovative method to produce amyloid-based materials
allowing a targeted design of membranes for toxic ion removal.

2. Materials and Methods

2.1. Materials

Poly(epsilon-caprolactone) (PCL, Mn = 70–90 kDa) was obtained from Sigma Aldrich
(St. Louis, MI, USA), Whey Protein Isolate (WPI) was purchased from Davisco Foods
International Inc. (Eden Prairie, MN, USA) and it was 97% protein of which approximately
69% was β-Lactoglobulin and 22% was α-lactalbumin, activated carbon was obtained from
Sigma Aldrich (USA) with a particle size of 150 μm. The 2-Mercaptoethanol (βME, 98%)
was purchased from Bio-Rad Laboratories (Mississauga, ON, Canada). Tetrahydrofuran
(THF) and Dimethyl Formamide (DMF) were obtained from AppliChem (AppliChem,
Darmstadt, Germany), which were analytic grade and used as received.

2.2. Preparation of the Adsorptive Membrane

Polymeric dispersions of WPI and PCL were prepared according to a Central Com-
posited Design (CCD) as reported in Table 1, which evaluated different WPI and PCL
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proportions, βME concentration and the collector distance of the electrospinning. Solutions
of PCL and WPI with βME were dissolved in THF and DMF (7:3 v/v) separately and stirred
overnight at room temperature to ensure complete dissolution [19]. The solutions of PCL
and WPI with βME were mixed and completed with THF/DMF (7:3 v/v) to reach the
desired final concentration and stirred for 5 h. Finally, the activated carbon was added at
a concentration of 0.05% to the solution with the best results to analyze if it produced a
change on the adsorption capacity of fibrils.

Table 1. Central Composite Design (CCD) to prepare the WPI/PCL hybrid adsorbent membrane for
chromium removal.

Variable Unit Factors
Levels

−1 0 1

WPI % A 50 70 90
βME % B 0.1 0.65 1.2

Collector Distance cm C 7 10 13
α = 1 (star or axial point for orthogonal small CCD in the case of three independent variables) with 5 center points.

A horizontal electrospinning Fluidnatek® LE-10 (Bioinicia, Valencia, Spain) apparatus
was used to produce the hybrid adsorbent membrane. The solution of WPI and PCL was
pumped by a syringe pump operated at a flow rate of 4 mL/h, a voltage supply of 15 kV,
collector distance from 7 to 13 cm [29]. The viscosity of the solutions was determined by
Anton Paar MCR 502 rheometer (Anton Paar, Graz, Austria). The surface tension (ST) of the
solutions was measured in the Sigma 700 tensiometer (Attension, Espoo, Finland) equipped
with Wilhelmy plate at room temperature (19 ◦C) with 20 mL of sample, which was placed
in a standard glass vessel to perform the measurement in triplicate.

The Design-Expert 10.0 software (Stat-Ease, Minneapolis, MN, USA) was used for the
experimental design, response surface modeling, statistical regression analysis, process
optimization and to evaluate the effect of the solution preparation on the viscosity, surface
tension, fiber diameter and adsorption properties using a concentration of 100 mg/L of
Cr(VI) at 30 ◦C, pH 3 for 24 h. The results were fitted via the response surface regression
procedure using the following second-order polynomial Equation (1) and the models were
evaluated following the criterion of desirability [30].

Y = β0 + ∑n
i = 1 βixi + ∑n − 1

i = 1 ∑n
j = i + 1 βijxixj + ∑n

i = 1 βiixi
2 (1)

where Y is the predicted response, β0 is the regression coefficients, βi is the linear coefficient,
βii is the quadratic coefficients, βij is the interaction coefficients and Xi is the coded levels
of independent variables, respectively.

2.3. Characterization of the Adsorptive Membrane

The characterization of the hybrid adsorbent membrane was carried out following
the method proposed by Cong et al. [31]. The morphology of the hybrid membrane
was analyzed by the fibril diameter using ImageJ and Tescan LYRA 3 Scanning Electron
Microscopy (SEM) (TESCAN, Brno, Czech Republic) at an acceleration voltage of 4 kV [25],
where all samples were gold-plated prior to observation. The surface chemistry of fibrils
was determined by Fourier Transform Infrared Spectroscopy FTIR (Thermo Scientific®,
Waltham, MA, USA) in the region of 400–1600 cm−1. The denaturation of WPI as amyloid
was determined by Congo Red assay where aqueous solutions of 15% of WPI with different
concentrations (0.1–1.2% v/v) of βME were analyzed following the method proposed by
Yakupova et al. [32]. The effect of denatured WPI on PCL over thermal and mechanical
performance was studied with thermogravimetric assay (TGA) on a TGA/DSC Mettler
Toledo STAR 1 System (Mettler Toledo, Columbus, OH, USA) at a rate of 10 ◦C/min under
nitrogen atmosphere in the range of 30–600 ◦C according to ASTM D6370. The contact angle
was determined using distilled water at 20 ◦C with the sessile drop method in a Drop Shape
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Analysis System DSA (GH11, Krüss, Hamburg, Germany) according to ASTM-D7334-08
(2013). The average contact angle corresponded to three measurements for each hybrid
membrane. X-ray Photoelectron Spectrometry (XPS) characterization was obtained on a
Centeno-XPS/ISS/UPS X-ray Photoelectron Spectrometer (SPECS, Berlin, Germany) where
the spectra were recorded using monochromatic Al Kα radiation (hv = 1486.6 eV), and the
data analysis was performed with the CasaXPS program (Casa Software Ltd., Delray Beach,
FL, USA).

2.4. Chromium Adsorption Capacity of the Adsorptive Membrane

To determine the adsorption capacity of the WPI/PCL hybrid membrane, the method
of Sahebjamee et al. [33] was used where 20 g/L of the hybrid membrane was immersed
in a heavy metal solution. Prior to the experiment, stock aqueous solutions of 1000 mg/L
sodium chromate were adjusted to the desired pH using 0.1 M of HNO3. The adsorption
experiments were carried out at batch conditions using 120 rpm and 30 ◦C. Kinetic studies
were performed with different Cr concentrations from 50 to 100 mg/L, the adsorption
data were fitted to kinetic (see Table S1) and isothermal classical models (see Table S2).
Adsorption isotherms were obtained at different conditions of pH (2–5) and temperature
(20 and 30 ◦C) with Cr concentrations from 10 to 300 mg/L using an equilibrium time of
24 h. Finally, the resulting solution was centrifugated at 6000 rpm, filtrated and analyzed
by Atomic Absorption Spectrophotometer ContrAA 700 (Analytik Jena, Jena, Germany).
The adsorption capacity (qe, mg/g) was calculated with the following Equation (2). Blank
experiments were performed to ensure that no adsorption occurred on the walls of the
apparatus used.

qe =

(
Ci − Cf

)
∗ V

m
(2)

Thermodynamic parameters of Cr adsorption process were calculated using the Gibbs
free energy (ΔG◦, kJ/mol), see Equation (3). Standard enthalpy (ΔH◦) and entropy (ΔS◦)
of hybrid membranes on Cr adsorption were calculated using the Van’t Hoff approach
with Equation (4). Equilibrium adsorption constants were calculated following a standard
procedure reported in literature.

ΔG = − RTlnKc (3)

lnKc =
−ΔH

◦

RT
+

ΔS
◦

R
(4)

2.5. Statistical Analysis

All statistical analyses were completed using SPSS software version 17.0. Analysis of
variance (ANOVA) was conducted to determine differences between treatments. Significant
differences were established with Fisher’s least significant difference test with a significance
level of 0.05. Experiments were performed in triplicate, and the results were reported as
the mean and standard deviation of the measurements.

3. Results and Discussion

3.1. Preparation of the Adsorptive Membrane

To carry out the electrospinning process and to obtain the nanofibers with the desired
properties, several parameters must be considered [34]. In this study, a CCD was established
to investigate the effect of three influential factors: the proportion of WPI:PCL (%), the
concentration of βME (%) and the collector distance (cm), which were used to obtain
nanofibers with a thinner diameter (nm) and higher adsorption capacity (qe) for Cr(VI)
removal (Table 2). Therefore, the solution properties such as viscosity and surface tension
were considered since these properties are known to affect the electrostatic forces involved
in the formation of the nanofibers [35,36].
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Table 2. Central Composite Design (CCD), experimental and analytical response for the preparation of
WPI/PCL hybrid membrane. The factors were A-WPI (%), B-βME (%) and C, Collector distance (cm).

Run A B C qe (mg/g) Diameter (nm) ST (mN/m) Viscosity (Pa·s) Beads

1 50 0.1 7 1.6 413 30.2 0.383 NO

2 70 1.2 10 1.44 52 30.8 0.048 YES

3 70 0.65 10 0.6 186 30.5 0.061 NO

4 70 0.65 10 1.02 188 30.6 0.057 NO

5 70 0.65 13 0.69 336 30.7 0.057 NO

6 50 0.65 10 0.81 350 30.5 0.323 NO

7 50 1.2 13 0.92 528 30.9 0.194 NO

8 70 0.1 10 0.45 299 30.3 0.059 YES

9 70 0.65 10 0.88 180 30.6 0.056 NO

10 70 0.65 10 1.42 170 30.5 0.050 NO

11 70 0.65 7 2.12 160 30.6 0.053 YES

12 90 0.1 13 1.56 68 30.7 0.007 YES

13 90 1.2 7 2.74 53 31.3 0.006 YES

14 90 0.65 10 1.83 48 31 0.005 YES

15 70 0.65 10 0.92 175 30.7 0.059 NO

The experimental design presented in Table 2 has 15 runs where the experimental
results for the diameter, viscosity, surface tension, presence of beads and adsorption capacity
are reported. It can be observed that the adsorption capacities, diameter, and viscosity
varied strongly depending on the values of the influential factors. The experimental
results of Table 2 were statistically analyzed by mean using ANOVA. Table 3 contains
the fitting results of the second-order polynomial equation, the corresponding regression
coefficients and the criterion of desirability. Statistical significance and accuracy of the
models were confirmed via low p-value (<0.05), determination coefficient (R2) close to
1, and a high value (>0.05) of lack of fit. According to these metrics, all models were
statistically significant at a 95% probability level (p-value < 0.05), the lack of fit was not
statistically significant (p-value < 0.05) indicating that the models were adequate. All
models fitted well to the experimental data due to all R2 values being over 0.94, which was
according to the literature where it has been indicated that R2 value must be higher than
0.7 to obtain a good fit to the experimental data [37]. The adjusted R2 value for all models
was above 0.8 thus confirming that the variations in the responses can be explained by the
relationships obtained. Consequently, the models obtained in this study were useful to
establish the best electrospinning preparation conditions of hybrid membranes of WPI and
PCL for the Cr removal.

To obtain hybrid membranes of WPI-PCL with the best Cr removal properties, the
diameter and adsorption capacity of the fibrils obtained by electrospinning were mainly
evaluated. This study confirmed that the diameter and adsorption capacity were related
due to the thinnest fiber diameter, which generated the highest value of adsorption capacity.
This phenomenon was associated to a decrease in the diameter of the fibers leading to
a membrane with a higher surface area [38,39]. Moreover, the diameter and qe were
influenced significantly by the proportion of WPI:PCL (%), the concentration of βME (%)
and the collector distance (cm). It was observed that the diameter decreased with the
increase of the proportion of WPI (%) inversely proportional of PCL (%) and decrease in the
concentration of βME (%). This can be explained via the composition effect on the viscosity
and surface tension of the solution, where thinner fibers were obtained (experiments 12–14)
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using solutions with the lowest values of viscosity (0.005–0.007 Pa·s) and the intermediate
values of surface tension (30.7–31.3 mN/m) were also obtained.

Table 3. Results of ANOVA for the variables analyzed in the optimization design to prepare WPI/PCL
hybrid membrane.

qe (mg/g) Diameter (nm) ST (mN/m) Viscosity (Pa·s)

SS df p-Value SS df p-Value SS df p-Value SS df p-Value

Model 5.22 9 0.0162 288,599 9 0.0001 1.03 9 0.0042 0.18 9 0.0001

A 0.52 1 0.0422 45,602 1 0.0001 0.10 1 0.0149 0.05 1 0.0001

B 0.49 1 0.0455 30,505 1 0.0001 0.15 1 0.0065 0.00 1 0.1856

C 1.02 1 0.0126 15,488 1 0.0001 0.01 1 0.3084 0.00 1 0.5547

AB 0.08 1 0.3239 4107 1 0.0002 0.00 1 0.6927 0.00 1 0.0001

AC 0.18 1 0.1644 29,403 1 0.0001 0.00 1 0.4217 0.00 1 0.0002

BC 0.00 1 0.7908 3888 1 0.0002 0.00 1 0.8538 0.00 1 0.0099

A2 0.30 1 0.0939 1058 1 0.0048 0.05 1 0.0393 0.03 1 0.0001

B2 0.00 1 0.8376 30 1 0.4542 0.00 1 0.4108 0.00 1 0.0578

C2 0.47 1 0.0483 12,494 1 0.0001 0.01 1 0.2815 0.00 1 0.114

Lack of Fit 0.01 1 0.9408 3 1 0.8387 0.00 1 0.7419 52 1 0.173

Pure Error 0.35 4 225 4 0.03 4 75 4

R2 0.94 0.99 0.96 0.99

R2 Adj 0.82 0.99 0.9 0.99

It was noted that a high proportion of WPI (90%) and low proportion of PCL (10%)
were needed to obtain low viscosity values, and the concentration of βME (%) did not
have a significant effect on the solution viscosity. Therefore, the solution viscosity was
influenced mainly by the amount of PCL owing to its high molecular weight, which lead to
a greater chain entanglement between PCL monomers and, consequently, an increment of
the solution viscosity [40]. Furthermore, a range of viscosity values between 0.008 cP to
0.056 Pa·s has been reported in the literature as a starting point to obtain thin electrospinning
fibrils without beads [41], where various authors have concluded that depending on the
nature of the components of the spinning solution, the concentration and viscosity are
essential to obtain structured fibers without defects such as beads [42]. In this study, the
membrane with the highest adsorption capacity and thinner diameter was obtained at
low viscosities, which agreed with other studies that used WPI and PEO, and reported the
formation of fibers using low viscosity solutions with values ranging between 0.001 and
0.004 Pa·s.

Moreover, surface tension is another property involved in fibril formation that, in
balance with the hydrostatic pressure and electrical forces, leads a controlled formation of
the spinning jet producing fibers without defects [34]. Consequently, the results obtained
by CCD demonstrated that the preparation of thin fibrils without beads requires a middle
value (30 mN/m) of the surface tension, which was in agreement with the range of surface
tension values of 19–70 mN/m reported by Ricaurte and Quintanilla Carvajal [41] to obtain
thin nanofibers. To positively influence the surface tension according to CCD results, the
proportion of WPI and PCL must be equilibrated and the concentrations of βME must be
high (1.2%). Many authors stated that the surface tension of the solution can be influenced
mainly by the solvent, which was true in this case as the surface tension of the DMF and
THF were 35 and 28 mN/m and the surface tension of the solution of DMF/THF (3:7)
was 30 mN/m [34,40,43]. Moreover, the entanglements of the polymer and the interaction
with the WPI could modify the effect of solution surface tension, where WPI can behave
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as a surface-active agent [28] or it can decrease the surface tension [43] depending on
the manner whey proteins interact with the polymer. Furthermore, the use of a reducing
agent such as βME affects the surface tension of the solution as it induces the denaturation
of whey proteins by reducing disulfide linkages changing some properties of the native
proteins such as the surface tension [44].

In addition, the collector distance presented a significant effect on the diameter and the
adsorption capacity for Cr removal on the hybrid membrane, where the collector distance
must be 7 cm to obtain thin fibers with a high adsorption capacity. That is why, the high
evaporation rate of the solvents allowed the formation of fibers at short distances, obtaining
a high amount of thin fibers [45]. Moreover, it is important to find the distance between
the tip and the collector to obtain fibers with a balance among the electrostatic forces and
the solution properties, to prevent the formation of beads [42]. Drosou et al. [12] studied
the effect of the collector distance to synthesize fibers of WPI and pullulan. These authors
concluded that the fibers presented more bead defects with an increase in the collector
distance. Thus, a decrease in the electrostatic field and jet splitting was obtained with an
increment in the collector distance and using a fixed voltage.

The results obtained by the CCD were used to establish the best preparation condi-
tions using the criterion of desirability (Table 4) with the aim of obtaining the fibers by
electrospinning with the highest adsorption capacity and the lowest diameter.

Table 4. Best preparation conditions to produce WPI/PCL hybrid membrane based on the results of
adsorption capacity, fiber diameter, viscosity, and surface tension. Validated values were expressed
as mean ± SD of triplicate.

Optimal Preparation Conditions

WPI (%) 88

2-mercaptoethanol (%) 1.2

Collector Distance (cm) 7.1

q (mg/g) predicted 2.73

q (mg/g) validated 2.59 ± 0.21

Error (%) 5.0

Diameter predicted (nm) 39.1

Diameter Validated (nm) 38.3 ± 2.3

Error (%) 2.2

Viscosity predicted (cP) 5.9

Viscosity validated (cP) 5.7 ± 0.4

Error (%) 4.3

Surface Tension predicted (mN/m) 31.2

Surface Tension validated (mN/m) 30.5 ± 0.1

Error (%) 2.4

The results showed that the adsorption capacity was favored at high amounts of WPI
(~90%), βME (~1%) and a short distance (~7 cm). These results demonstrated that high
amounts of WPI and βME displayed the best results. This is because whey proteins are
rich in functional groups, which in this case, have been desaturated with βME. Comparing
WPI with PCL alone, it lacks functional groups and, in consequence, it does not have
the potential to remove heavy metals by itself. Moreover, a short distance promoted the
elaboration of ultrathin nanofibers as discussed before.

Whey proteins have been studied owing to their high nutritional value and some
authors have studied their interactions with metal ions because of their capacity to serve as
carriers for metal complexes [46]. Whey protein is composed mainly of β-Lactoglobulin
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and α-Lactalbumin, where β-lactoglobulin is well known for its interaction with metal
ions due to its free cysteine group (Cys-121) that acts as a binding site for metal ions
of the d-block such as copper, silver and mercury [24]. Likewise, α-lactalbumin has
a structural affinity for metal ions, which may replace the calcium site of the protein.
Furthermore, the interaction between proteins and metal ions results in metalloproteins
and metallocomplexes, where metalloproteins are formed by coordination bonds between
metal ions and functional groups of amino acids, such as carboxyl [47]. Metallocomplex is
an artificial system that lead to a binding of metal ions with proteins that interact through
weak interactions such as hydrogen bonding, electrostatic, Wan der Waals forces, or donor–
acceptor bonds. This binding arises via adsorption or intraparticle diffusion, where the
metal ion of a metalloprotein is immersed in a protein structure forming a natural system
such as hemoglobin [48].

In this study, the addition of βME was essential to promote the adsorption of Cr into
the membrane, which without the addition of this reductant agent, the resulted membrane
did not adsorb any metal ion. βME is an agent that is used to reduce the disulfide bonds
of proteins leading to a tautomerization and breaking up of the protein’s quaternary
structure, where an excess of βME holds the thiol groups of proteins in their reduced
state [49]. Nguyen et al. studied the effect of βME on the denaturation of whey proteins
and concluded that thiol reagents such as βME initiate thiol–disulfide exchange reactions
with the disulfide bonds on α-lactalbumin and β-Lactoglobulin that lead to irreversibly
denatured proteins [50]. Moreover, the presence of coordination bonds is desired to promote
metal–protein interactions, which allows the metal to be inserted into the structure of the
protein. For example, the free thiol group of the cysteine of β-Lactoglobulin has to be
deprotonated for involvement in the metal coordination as well as tyrosine which can be
deprotonated to produce a phenolate oxygen donor atom that can act as a ligand for metals
of the d-block [47]. βME is quite a strong hydrogen-bond acceptor, capable of coordinating
with many metal ions such as As, Ni, Pb and Zn [51]. The results demonstrated that βME
is a critical factor in the adsorption capacity of the membrane, which denaturized the
whey proteins of the WPI making it suitable for heavy metal removal. Furthermore, it
was demonstrated the βME did not have an effect on the PCL at the evaluated conditions
because fibrils produced with PCL alone and PCL with the higher concentration of βME
evaluated did not present Cr removal.

Effect of the Total Solids and Activated Carbon Addition on the Preparation of
the Membrane

The membrane obtained by the CCD was achieved using 15% of total solids (TS),
~90% of WPI, ~1% βME and a collector distance of ~7 cm, which corresponded to the
conditions that generated the best adsorption capacity and the thinner diameter (Table 4).
The presence of beads was observed in the fibrils of the membrane (see Figure 2D). Note
that it is well known that the properties of the spun solution affect the morphology of the
fibers [41]. To overcome the presence of beads, this study considered that the concentration
of the spun solution affected the stretching of the charged jet. Because there must be enough
entangled polymer chains to form fibers that can reach the collector and, if this does not
occur, the entangled polymer chains will break and the fragments can cause the formation
of beads or beaded nanofibers [42]. For this reason, this study evaluated the effect of the
content of the total solids ranging from 15% to 21% on the shape of the fibers (Table 5) to
improve their shape and avoid bead formation.

The results demonstrated (see Table 5) that the fibers obtained using 18% of total solids
on the solution presented the best results in terms of the adsorption capacity and there
were no beads on the fibers. The adsorption capacity of these samples was improved by
3.6 times for Cr removal in comparison to the fibers prepared using 15%. Moreover, it was
very difficult to obtain fibers using 21% of total solids due to the properties of the solution
such as its high viscosity which did not allow the electrospinning process to occur. The
enhancement of the adsorption capacity of the membrane prepared with a solution with
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18% of solids was greater than the membrane made with 15% of solids due to the absence of
beads on the fibers, which led a material almost without defects and with a homogeneous
surface area promoting a better affinity between the surface and heavy metal. In contrast,
the membrane obtained with a solution with 18% of total solids demonstrated fibers with a
thicker diameter, without beads and an equilibrated surface area [52].

Table 5. Effect of the total solids on the adsorption capacity, fibril diameter and bead formation of
WPI/PCL hybrid membrane.

Total
Solids %

qe (mg/g)
Diameter

(nm)
Viscosity

(Pa·s)
Surface Tension

(mN/m)
Beads

Formation

15% 2.4 36.2 0.008 30.3 YES

18% 8.61 62.2 0.034 30.5 NO

21% - - 0.089 30.7 -
All values are presented as means (n = 3).

Figure 2. Cont.
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Figure 2. Morphological analysis of hybrid membrane of WPF and PCL by SEM. These results
demonstrated the diameter change with the composition of % WPI:PCL and % βME at 7 cm of
collector distance. (A) 50:50%, 0.1%; (B) 70:30%, 0.65%; (C) 90:10%, 1.2%; (D) membrane at the best
conditions 15% of total solids, 90:10%, 1% (E) 18% of total solids, 90:10%, 1%. Graphical arrows in red
represent the micropores in the fibers and blue arrows represent beads.

3.2. Characterization of Membrane
3.2.1. SEM Characterization

To understand the morphology of the fibers obtained by the CCD, SEM characteriza-
tion was used. The fiber diameter was analyzed varying the composition of PCL and WPI
in the fiber solution at a collector distance of 7 cm. The results confirmed a fiber morphol-
ogy in all samples and showed that thick fibers with a diameter of 413 nm were obtained
using a solution with a high concentration of PCL at a proportion of 50:50% WPI:PCL (see
Figure 2A). Decreasing the amount of PCL in the solution to 70:30% (Figure 2B) and 90:10%
WPI:PCL (Figure 2C), the diameter of the fibers decreased obtaining diameter values of
160 and 53 nm, which represented an increase on the surface area [53]. However, the
presence of beads increased by increasing the proportion of WPI in the spun solution where
the same phenomenon was observed by Drosou et al. [12]. These authors elaborated elec-
trospinning fibrils using a composite pullulan and WPI and noted that the fibrils presented
beads using WPI above 70%.

As discussed, the viscosity, conductivity and surface tension of the spun solution
are critical parameters that are affected by the polymer concentration, which also have
an effect on the fiber diameter and the presence of beads in the fiber [41]. In this case,
the polymer proportion on the fiber had a significant effect on the diameter of the fibers
due to the amount and length of the polymer chain represented by the polymer weight
that determines the amount of the polymer entanglement [54]. Thus, when the chain
entanglements of polymer are high, the entanglements between the polymer and WPI
within the solution maintain the jet formation during electrospinning process and bead-free
fibers are obtained [43].
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On the other hand, the diameter and presence of beads in the fibers were influenced
by the concentration of βME in the spun solution. Note that the viscosity of the solution
is modulated with the addition of βME owing to βME-induced unfolding of the globu-
lar proteins of WPI by the polypeptide chain entanglement and chain–chain interaction
with the PCL. This enhanced the elasticity of the solution jet during the electrospinning
process [28]. The same result was observed by Kabay et al. [55], who modified the viscosity
of a BSA protein solution with the addition of βME and it was possible to spin the protein
solution without the addition of a polymer, which would not have been possible with the
protein alone.

The presence of some micropores was observed on the surface of the nanofibers
obtained as shown in the Figure 2A,B. This result means that the membrane, besides having
ultra-thin fibers that increase the surface area of the material, contains some micropores
that also increase the surface area favoring the adsorption process. This is because a fiber
with a smaller diameter decreases the particle size, which means that the surface area per
volume increases and more fibers can occupy the same volume [38,39]. Analyzing the
increase of a total solids concentration in the spun solution, Figure 2D showed that the
solution with 18% of solids did not present beads into the fibers in comparison to the fibers
obtained with the spun solution of 15% (see Figure 2C), which showed the presence of
beads in the fibers. Thus, the formation of beads on the solution of 15% of solids was
due to the low concentration of WPI and PCL and, in consequence, the solution viscosity
was low. As stated, it is well known that viscosity is a critical factor in the formation
of well-defined fibers because this property is related to polymer chain entanglements
in the solution produced by the change of the polymer and solvent composition [39]
which, in consequence, affect the viscoelastic response, charge relaxation times, and solvent
evaporation rate [56]. Thus, continuous and homogenous fibers were obtained with an
equilibrium of the composition, viscosity, conductivity, surface tension as well as process
parameters, such as voltage, feed flow rate, and tip–collector distance [41].

3.2.2. FT-IR

The FT-IR analysis was used to identify the functional groups of the adsorptive
membrane compared with their raw materials such as WPI and PCL to perform a qualitative
characterization of the membrane composition. The FT-IR spectra (see Figure 3) of all
samples showed a band at 3328 cm−1, which corresponded to stretching vibrations of -OH
due to the presence of water [57]. The spectra of WPI and membrane showed characteristic
bands of the peptide bonds of whey proteins at 1643 cm−1 related to a primary amide
group (C=O, C-N) [43], and the band at 1546 cm−1 representing the secondary amide group
(N-H, C-N) [58]. This demonstrated that the membrane contained the main functional
groups of the WPI indicating that the fibers were mainly composed of WPI, which was the
component with an affinity to heavy metals.

The spectra of PCL alone and the membrane presented the characteristic PCL band
of the carbonyl stretching vibration at 1723 cm−1 [59], the bands at 2956 and 2907 cm−1

represented the symmetric and asymmetric stretching vibration of a methylene group
(CH2) [17], the absorption bands at 1298 (C-O bands tension), 1246 (C-O-C symmetrical
tension) and 1192 cm−1 (OC-O stretching) were associated with the C-O stretching vi-
brations on the crystalline phase of PCL [60]. The analysis of the FT-IR spectra showed
that the membrane of PCL and WPI presented the characteristic bands of the functional
groups of both components, thus demonstrating the successful blending of the components
within the spun fibers. A similar result was obtained by Ahmed et al. [19] for the case
of fibrils of whey protein and PCL for the antibiotic release. These authors confirmed a
successful doping of whey protein in the fibrils, which proved that the electrospinning
process only mixed both components and did not change the chemical structure of PCL
and whey protein.
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Figure 3. FTIR spectra of the hybrid membrane of WPI:PCL (90:10, blue line), WPI (black line) and
PCL (red line).

Furthermore, the results suggested the βME did not influence the chemical structure
of the PCL and there was no appreciable difference between the spectra of WPI alone and
the WPI in the electrospun fibers. Moreover, the used organic solvents did not have an
effect on whey protein, similar to the study reported by Ahmed et al. [19].

3.2.3. Congo Red Assay

Congo Red (CR) assay was used to qualitatively identify amyloids and to determine
the effect of the addition of βME on WPI that is a denaturant agent of proteins. CR is a
specific dye that binds with the crossed-β-pleated sheet structure common to a variety of
amyloid fibrils, thus causing an increase in the absorption from 490 nm and when bonded
to a native protein to 510 nm when CR is bonded to amyloids [61]. CR analysis (see Figure 4)
showed the absorption spectra of this dye alone and in solution with a WPI (14%) and
presented a maximum absorption peak at 490 nm. The solution of WPI (14%) treated with
different concentrations of βME showed an increase in the absorption band to 510 nm
demonstrating the presence of amyloid structures in the solution. Moreover, there was an
increment of the absorbance at 510 nm when the concentration of βME increased in the
solution of WPI, which was due to an increase of the β-sheet content relative to the native
state of the proteins [62].

These results confirmed the presence of amyloid fibrils in the solutions of WPI treated
with βME, where this effective reductant agent of disulfide bonds opened the tertiary
structure of globular proteins changing whey proteins from their native states to an amyloid-
like structure [55]. The formation of new extended structures with strong intermolecular
and disulfide covalent bonds owing to the unfolding of whey proteins by the reduction
of the disulfide bonds generated to a membrane of WPI amyloids with higher affinity
for heavy metals compared to a membrane of WPI without the addition of βME [24].
These results were in agreement with the findings of Kabay et al. [63]. These authors
prepared a protein membrane of BSA by electrospinning using βME in the electrospun
solution to reduce its disulfide bonds breaking its tertiary structure enhancing its supportive
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properties, thus making the BSA solution spinnable as a natural polymer without the use
of a co-polymer.

Figure 4. Congo red absorption spectra. Blue line represents red Congo dye as reference, red line
represents an aqueous solution of WPI at 15% without βME, black, purple and green lines represent
WPI in aqueous solution with different compositions of βME.

3.2.4. Contact Angle

The effect of hydrophilicity or hydrophobicity on the membrane surfaces was analyzed
using contact angle measurements via changing the proportion of WPI and PCL on the
spinning solution. The contact angle of the adsorptive membranes is shown in Figures 5
and 6, where the contact angle of the membrane of PCL alone presented a contact angle
greater than 90◦ demonstrating its hydrophobic surface and low wettability in accordance
with Lin and Razali [64]. On the other hand, the membranes with 50:50, 70:30, and 90:10
had a contact angle of 75◦, 51◦, and 42◦, respectively. They presented a contact angle
below 90◦ indicating that the membranes had a hydrophilic surface that increased with an
increment of WPI on the membrane due to the polarity on the membrane surface produced
by the presence of hydroxyl and amide groups on the surface [60].

Figure 5. Contact angle of the hybrid membrane of PCL-WPI prepared with different compositions
of WPI:PCL (wt%). Error bars are standard deviations (n = 3). Different letters indicate significant
differences between different treatments at p-level = 0.05 based on the least significant difference
(LSD) test.
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Figure 6. Pictures of the contact angle of the hybrid membrane of PCL-WPI prepared with different
compositions of WPI:PCL (wt%).

To produce a suitable adsorptive membrane for membrane filtration, it is important to
have an equilibrium between the hydrophilicity and hydrophobicity on the surface of the
membrane. Therefore, hydrophilic surfaces are desired because the contact of the membrane
with the aqueous solution is facilitated at a smaller contact angle and, in consequence,
higher adsorption capacities to remove heavy metals are obtained [65]. Moreover, the
presence of hydrophilic groups accelerates the permeation of water molecules through
the membrane [66]. However, a super hydrophilic membrane with a contact angle lower
than 20◦ is not desired because it renders the membrane unstable due to its solubility in
water [67]. A hydrophobic membrane such as a membrane of PCL alone is not desired
because it is well known that the adsorption capacity is not favorable due to the low
contact between the water molecules and the membrane; hence, it challenges the affinity
of heavy metals with the membrane [65]. These results demonstrated that the membrane
obtained at the best results showed a hydrophilic character thus being suitable for heavy
metal removal.

3.2.5. Thermogravimetric Analysis

Thermogravimetric analysis (TGA) was carried out to determine the degradation
temperature of the membrane compared to its main components. This analysis provided
information about the weight loss and thermal profile of the adsorptive membrane, PCL
and WPI, see Figure 7. The thermal degradation of PCL occurred in one step between
327–450 ◦C where two types of reactions took place: the random chain scission and unzip-
ping from hydroxyl leading to the formation of E-caprolactone [20,68]. The DTG curve of
PCL showed that the degradation temperature of PCL was at 400 ◦C with a weight loss of
70%, and almost complete degradation occurred at 460 ◦C with a weight loss of 96%, which
is in agreement with Seyedsalehi et al. [69].

TGA analysis showed that the mass loss of the WPI and the membrane occurred in
two and three stages, respectively. The first weight stage below 200 ◦C was due to the
evaporation of moisture in WPI and the membrane sample, and the water loss weight
percentages were 4 and 6%, respectively. The second decomposition peak corresponded
to the main thermal degradation zone with about 30–40% of the weight loss between
290–310 ◦C and 300–315 ◦C for WPI and the membrane, respectively, which could be
attributed to the breakage of peptide bonds and the decomposition of molecular amine
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units of WPI thus generating an exothermic change in the DTA [70]. The membrane
presented a third decomposition peak at 361 ◦C due to the decomposition of the PCL
of the membrane into its monomers of E-caprolactone. Finally, the membrane presented
degradation temperatures similar to the WPI because it was composed of 88% WPI, but
there was a low increment in the degradation temperatures due to the composition of
PCL into the membrane. The third degradation stage was confirmed by the mass loss
percentage of the PCL degradation. In this way, it was important to know the degradation
behavior of the membrane due to temperature was an important variable for carrying out
the adsorption process, and could be a relevant factor when choosing a material to produce
a filtration membrane in large-scale applications

Figure 7. Thermogravimetric (A) and Derivate thermogravimetric (B) of the pure PCL, pure WPI,
and the adsorptive membrane.

3.3. Chromium Adsorption
3.3.1. Kinetics

The adsorption kinetics were studied to evaluate the adsorption rate between the
surface of the hybrid membrane of PCL-WPI and Cr ions in the solution at concentrations
of 50 and 100 mg/L. Figure 8 shows that the hybrid membrane adsorbed a large amount
of Cr in about 60 min, which could be due to the presence of many adsorption sites
on the adsorbent surface [17]. However, the adsorption of Cr decreased over time by
the occupation of the active sites of the membrane and the adsorption equilibrium was
achieved after 3.5 h.

These experimental data were fitted using the kinetics classic models of pseudo-first,
pseudo-second-order and Intra-particle diffusion. Note that the first-order kinetic model is
commonly used to model the first adsorption step at the initial period and the second-order
kinetic model is suitable to describe the whole adsorption process involving two stages for
the pollutant removal where the first one was fast and reached the equilibrium quickly, the
second was slower, and continued for a long contact time [71]. The intraparticle diffusion
model involves three steps, which consist in a film diffusion, the intraparticle diffusion and
the attachment of the adsorbate that occurs rapidly and it is not a rate limiting step. The
pseudo-second-order model was the best to fit the experimental data with R2 > 0.97 with
modeling errors lower than 9%, see Table 6. Thus, it can be concluded that the rate of the
adsorption process relied on two adsorption processes where Cr(VI) ions were adsorbed
on the surface of the membrane and also possibly reduced to Cr(III) [72]. Considering that
pseudo-second order represented the adsorption process better on the hybrid membrane,
this suggests that chemisorption may be the rate controlling mechanism [73]. Moreover,
the low R2 value of the intraparticle diffusion model was evidence to conclude that the
diffusion occurred relatively quickly from the solution, and Cr adsorption on the hybrid
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membrane of WPI-PCL did not follow this model. Therefore, it could be expected that the
adsorption may be an external surface process in the absence of internal diffusion [74].

Figure 8. Kinetics for the chromium adsorption on the hybrid membrane at initial concentrations of
50 ppm and 100 ppm, 30 ◦C and pH 2.

Table 6. Adsorption kinetic rates for chromium removal from aqueous solution using the hybrid
membrane of WPI-PCL. Experimental conditions: pH 2 and 30 ◦C.

Model Parameters 50 mg/L 100 mg/L

Pseudo First Order

qte (mg/g) 8.57 18.34

K1 (mg/min) 0.05 0.03

R2 0.97 0.94

Pseudo Second Order

qte (mg/g) 9.03 19.40

K2 (mg/min) 0.01 0.002

R2 0.99 0.97

Intraparticle diffusion

Kd (mg/(g min1/2) 0.10 0.33

C (mg/g) 5.38 10.30

R2 0.49 0.63

The chromium removal rates ranged from 0.002 and 0.01 mg/min thus indicating the
pollutant diffusion rate from the liquid phase to the outer surface of the hybrid membrane.
The increment of the adsorption capacity concerning the initial concentration of Cr con-
firmed that the driving force of the concentration can overcome the mass transfer resistance
of Cr ions between the aqueous and solid phases [75].

3.3.2. Isotherms

The chromium adsorption isotherms using the hybrid membrane of WPI-PCL at
different temperature and pH are reported in Figure 9.
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Figure 9. Isotherms for chromium adsorption from aqueous solutions using an adsorptive membrane
of WPI-PCL. (A) Effect of temperature at pH 2 and (B) effect of pH at 30 ◦C.

The adsorption capacity increased significantly with the decrease of solution pH from
3 to 2 and reached a maximum value of 31 mg/g at pH 2, see Figure 9B. This could be
explained by the fact that the protonation of the membrane of WPI-PCL was enhanced at
highly acidic conditions. Thus, when the pH of the solution decreased below to the PZC
of the membrane that was pH 3, the surface was positively charged by the protonation of
amino groups of the WPI proteins, which resulted in positively charged surfaces favoring
the adsorption of anionic species such as HCrO4

− [76]. The same behavior was observed
by Jin et al. [77]. These authors prepared a keratin/PET nanofiber membrane with a PZC
at pH 3.77, thus indicating that the surface of K-PET-5 was positively charged at pH 3
and attracted anions such as HCrO4

−. It is important to remark that PCL alone did not
present affinity by heavy metal ions due to its hydrophobic character and even when it has
a carbonyl group that could be protonable at low pH, it did not present affinity by Cr or
another heavy metal [78].

Adsorption equilibrium experiments were performed at different temperatures to ana-
lyze the Cr removal, see Figure 9A. The results demonstrated that the removal performance
of the hybrid membrane of WPI increased with the increase of temperature obtaining the
maximum adsorption capacity at 30 ◦C and thus confirming the temperature-dependent
nature of this adsorption process [79]. This behavior demonstrated that the adsorption
process was endothermic where the estimated enthalpy was 45.45 kJ/mol, see Table 7.
These results indicated that the adsorption process of this membrane to remove Cr could
be attributed to a physico-chemical adsorption instead of a purely physical or chemical
adsorption process [80]. As stated, the functional groups of the whey proteins in the mem-
brane interacted with Cr ions through electrostatic interactions and coordinated bonds [47].
The Gibbs free energy for the Cr adsorption on the hybrid membrane of WPI-PCL was
negative (see Table 7), which indicated that the adsorption process was spontaneous [81].
The entropy was positive indicating the increase of randomness mainly on Cr adsorption at
the solid/solution interface during the separation process where ion replacement reactions
occurred [80].

Table 7. Thermodynamic parameters for the chromium adsorption on the hybrid membrane of PCL
and WPI.

T (◦C) ΔG◦, kJ/mol ΔH◦, kJ/mol ΔS◦, kJ/mol K

20 −2.17
45.45 0.16

30 −3.80
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The experimental adsorption isotherms were correlated with classical isotherm equa-
tions such as Langmuir, Freundlich and Sips. Results of this modeling analysis are reported
in Table 8 and Table S3. Sips equation was the best model for fitting the Cr isotherms
of the WPI-PCL hybrid membrane with R2 > 0.96 and modeling errors lower than 7%.
Sips isotherm is a model that includes the features of Langmuir and Freundlich models.
It reduces to the Freundlich isotherm at low concentrations and predicts a monolayer
adsorption capacity characteristic of the Langmuir isotherm at higher concentrations [82].

Table 8. Results of data correlation of chromium adsorption isotherms of WPI-PCL adsorptive
membrane using the Sips model at pH 5.

Temperature
(◦C)

pH
Sips

qs (mg/g) Ks (Lns/mgns) ns R2

20 2 21.5 0.056 1.8 0.99

30

2 31.0 0.074 1.0 0.98

3 13.2 0.074 1.0 0.99

5 12.3 0.077 0.7 0.98

9 9.0 0.220 0.5 0.96

11 3.1 0.580 1.0 0.99

The heterogeneity factor (ns) of Sips model indicates the heterogeneity of the surface
sites that carry out the adsorption process. It indicates a homogeneous surface if its value is
equal to 1, the Sips model simplifies to the Langmuir model, while a significant difference
from 1 indicates a heterogenous surface [83]. Results of this parameter may suggest that Cr
ions were weakly bonded to the surface of the adsorbent thus confirming the electrostatic
interactions between the adsorbent and adsorbate and also the presence of different binding
sites on the adsorbent surface [84]. The KL parameter indicates the level of interaction
between the adsorbate and adsorbent, where a value between 0 and 1 describes favorable
adsorption of Cr onto the hybrid membrane [85].

3.3.3. Mechanism

To gain further insight into the possible Cr adsorption mechanism, FTIR and XPS
analyses of the membrane after the metal adsorption were performed. FTIR spectrum (see
Figure 10) showed the changes in the functional groups of the membrane before and after
the adsorption of Cr at pH 5, 3 and 2. FTIR spectra of the membranes after adsorption
at pH 5 did not show significant differences compared with the membrane before the
adsorption due to the low quantity of Cr loaded on the sample surface. However, the
membrane after the Cr adsorption at pH 2 and 3 showed that the bands related to the
amides at 1668 and 1561 cm−1 had a lower intensity and even disappeared in comparison
with the raw membrane, which indicated that the amide groups were involved in this
adsorption process. Considering that the membrane was under acidic conditions, the
possible adsorption mechanism could be due to the amide bonds of this membrane being
hydrolyzed into carboxyl and amino groups, which also explained the increase in the
intensity of the carbonyl group at 1722 cm−1 [77]. Moreover, at pH 2 and 3 the amino group
of the proteins could be protonated into NH3 favoring the electrostatic interaction with
HCrO4

−, as stated by Jin et al. [77]. The same was confirmed by XPS in Figure 11E with the
appearance of NH3 peak after the adsorption of Cr.
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Figure 10. FTIR spectra of the WPI-PCL hybrid membrane before and after the chromium adsorption
at pH 5, 3 and 2.

Figure 11. XPS analysis of the WPI-PCL hybrid membrane before and after chromium adsorption.
(A) Survey spectra, (B) Cr high-resolution XPS spectra after adsorption, (C) C 1s, (D) O 1s and (E) N
1s before and after adsorption.
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The XPS results (see Figure 11A) of the membrane display peaks of O 1s, C 1s and N
1s. The membrane obtained after adsorption showed a new peak at 577 eV of Cr 2p, which
was subdivided in two different peaks belonging to Cr(VI) and Cr(III) species [86]. The
high-resolution Cr 2p XPS (see Figure 11B) spectra showed the typical two broad peaks
at 587.4 and 577.9 eV, which were assigned to Cr 2p1/2 and Cr 2p3/2, respectively. The
peak of Cr 2p1/2 could be deconvoluted into two peaks with binding energies of 589.6 and
586.9 eV for Cr(III) and Cr(VI), respectively [87]. Likewise, the Cr 2p3/2 XPS spectrum
was deconvoluted into two peaks of Cr(III) and Cr(VI) species at 579.3 and 577.6 eV, which
indicated the coexistence of Cr(VI) and Cr(III) species. This evidence confirmed that the
membrane reduced partially Cr(VI) into Cr(III) [88].

The high-resolution C 1s, O 1s and N1s XPS spectra were also analyzed (see Figure 11C–E.
The C 1s spectrum of the membrane was deconvoluted into C=O at 288.7 eV, C-O/C-N
at 286.1 and C-C/C-H at 284.8 eV. The relative content of C-C/C-H decreased after the
Cr adsorption and the relative content of C-O increased in the membrane (see Table S4).
These results may indicate that carbon in the membrane could be oxidized by Cr(VI) and
Cr may be reduced to Cr(III) as explained by Yuan et al. [87]. Moreover, O1s spectrum
was deconvoluted into C-O at 533.6 eV and C=O at 532.1 eV, and a decrease in the binding
energy of O 1s after Cr adsorption was observed and, as a result, it increased the electron
density. This finding may indicate a complexation between O and Cr, which was also
confirmed by the increase in C=O group and the decrease of C-O group (see Table S4). As
stated by Rodzik et al. [47], the proteins interact with metal ions and metalloproteins are
formed by coordination bonds between metal ions and functional groups of amino acids,
such as carboxyl [47]. Finally, a decrease in the concentration of nitrogen was observed (see
Table S5) and the concentration of NH3 increased in the membrane after the adsorption
confirming the electrostatic interaction with HCrO4

−, in agreement with FTIR results.

3.3.4. Comparative Study

Table 9 shows a comparison of the adsorption properties of the hybrid membrane
obtained in this study with other hybrid membranes obtained by electrospinning reported
in the literature. The adsorption capacity of WPI-PCL hybrid membrane was highly com-
petitive compared to the membrane of zein/nylon-6 nanofiber membrane [16], PVDF/silica
thiol nanofiber membrane [89], PCL/Clay electrospun fibers [20], cerium oxide nanopar-
ticles embedded in polyacrylonitrile [90] and citric-acid-incorporated cellulose mats [91],
which presented adsorption capacities of 4.73, 15.1, 24.57, 28.09 and 20 mg/g. Some of these
studies have affirmed that the low Cr removal was due to the high amount of low-affinity
polymers in the fibers such as PVA [20].

Table 9. Comparison of adsorption capacities of different membrane-based adsorbents for the
chromium removal.

Adsorbent pH Ci (mg/L) qe (mg/g) Equilibrium Time Reference

Zein/nylon-6 nanofiber membrane 2 5–25 4.73 60 min [16]

Polyacrylonitrile/ionic covalent organic
framework nanofibers 3 1–1000 173 4 h [14]

PCL/Clay and PVA/Clay Electrospun Fibers 5 200 24.57 - [20]

Cerium oxide Nanoparticles embedded in
polyacrylonitrile nanofiber 6 20 28.09 3 h [90]

Cellulose acetate (CA), acetone/DMAc, Citric Acid 2 20–60 20 2 h [91]

ZIF-8@ZIF-8/polyacrylonitrile nanofibers 2 1–500 39.68 90 min [92]

PAN-GO-Fe3O4 hybrid nanofibers 3 50 124.3 70 min [93]

keratin/PET nanofiber 3 20–120 75 4 h [77]

PVDF/silica thiol nanofiber 2 31 15.1 60 min [89]

Hybrid membrane of WPI-PCL 2 10 to 300 31.0 3.5 h This study
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In addition, there are competitive membranes made by electrospinning reported in the
literature such as ZIF-8@ZIF-8/polyacrylonitrile nanofibers [92], keratin/PET nanofiber
membrane [77], and polyacrylonitrile/ionic covalent organic framework nanofibers [14]
that presented adsorption capacities of 39.68, 75 mg/g and 173 mg/g. In addition, the
higher performance of keratin/PET nanofiber membrane could be due to the use of a
polymer such as PET that alone showed an adsorption capacity of 27.27 mg/g, but it is well
known that PET biodegrades at a slower rate than PCL [94]. It is important to note that the
equilibrium time depends on agitation speed, particle size and temperature so that these
parameters can be modified to reduce the equilibrium time of the membrane regarding
the application.

4. Conclusions

In this work, a WPI-PCL hybrid membrane was prepared by electrospinning and
applied to adsorb Cr from an aqueous solution. The effect of the collector distance and
composition of βME, WPI, and PCL on the adsorption capacity of this hybrid membrane
was studied, thus demonstrating that the addition of βME allowed the functionalization
of PCL with amyloid-type WPI proteins with high affinity to heavy metal ions. SEM
characterization of the hybrid membrane showed a fiber morphology with ultrathin fibers
with an average fiber diameter of 62.2 nm, without the presence of beads. The presence
of amyloid-type proteins and the functional groups of WPI and PCL in the electrospun
fibers were confirmed by FTIR spectra and Red Congo assay, respectively. The hydrophilic
nature of the membrane was confirmed by the contact angle measurement, proving that
the hydrophilic surface of the membrane enhanced the affinity of Cr ions by the hydroxyl
and amide groups of WPI. TGA analysis allowed us to conclude that the hybrid membrane
presented degradation temperatures similar to WPI because its WPI composition was
88%, but also presented a low increment on the degradation temperatures due to the PCL
composition. These characteristics could be relevant for further applications.

The adsorption capacities of the hybrid membrane increased with an increase in
temperature showing an endothermic adsorption process. The best performance of this
membrane was obtained at strong acidic conditions (pH 2) demonstrating that its PZC
had a strong influence on heavy metal removal by electrostatic interactions. Adsorption
experiments indicated that the hybrid membrane exhibited a reasonably high adsorption
performance to remove Cr ions from aqueous solutions with a good equilibrium time
compared with other membranes made by electrospinning and reported in the literature.
FTIR and XPS analyses confirmed that Cr(VI) was reduced to Cr(III) by the membrane
under acidic conditions and the Cr removal could be due to a combination of electrostatic
interactions, redox reactions, and the formation of metallocomplexes. This work provides a
novel method to fabricate a hybrid membrane with an amyloid-type fibril made of WPI
and PCL, with notable characteristics to be used as potential material to remove heavy
metals from water. This material holds promise for application in membrane technology at
industrial scale.

Supplementary Materials: The following data are available online at https://www.mdpi.com/
article/10.3390/nano12162744/s1, Table S1: Classical kinetic models, Table S2: Classical isotherm
models, Table S3: Results of data correlation of adsorption isotherms to classical models for chromium
removal from aqueous solutions using and WPI-PCL adsorptive membrane, Table S4: Contributions
of individual chemical moieties in the high-resolution spectra of the WPI-PCL adsorptive membrane
before and after chromium adsorption, Table S5: Results of the atomic concentration of the general
XPS before and after chromium adsorption by the membrane.
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Abstract: Antibiotics represent a class of pharmaceuticals used to treat bacterial infections. However,
the ever-growing use of antibiotics in agriculture and human and veterinary medicine has led to great
concern regarding the outbreak of microbe strains resistant to antimicrobial drugs. Azithromycin,
clarithromycin, and erythromycin are macrolides, a group of molecules with a broad spectrum of
antibiotic properties, included in the second EU watchlist of emerging pollutants which emphasizes
the importance of understanding their occurrence, fate, and monitoring in aquatic environments.
Thus, the aim of this study was to develop sensors based on nanostructured thin films deposited on
ceramic substrates with gold interdigitated electrodes, to detect azithromycin, clarithromycin, and
erythromycin in water matrices (mineral and river water). Impedance spectroscopy was employed as
the transducing method for the devices’ electrical signal, producing multivariate datasets which were
subsequently analyzed by principal component analysis (PCA). The PCA plots for mineral water
demonstrated that ZnO- and TiO2-based sensors produced by DC magnetron sputtering either with
50% or 100% O2 in the sputtering chamber, were able to detect the three macrolides in concentrations
between 10−15 M and 10−5 M. In river water, the PCA discrimination presented patterns and
trends, between non-doped and doped, and sorting the different concentrations of azithromycin,
clarithromycin, and erythromycin. Considering both matrices, by applying the e-tongue concept,
sensitivity values of 4.8 ± 0.3, 4.6 ± 0.3, and 4.5 ± 0.3 per decade to azithromycin, clarithromycin,
and erythromycin concentration, respectively, were achieved. In all cases, a resolution of 1 × 10−16 M
was found near the 10−15 M concentration, the lowest antibiotic concentration measured.

Keywords: environmental monitoring; antibiotics; impedance spectroscopy; nanostructured sensors;
metal oxides; electronic tongue

1. Introduction

The Water Research Group predicted that by 2030 more than 160% of the total available
water volume in the world will be needed to satisfy global water requirements [1,2]. Water
scarcity is already a reality in several countries, leading to severe economic, social, and en-
vironmental consequences, which will only be aggravated in the near future [3–5]. Climate
change, population growth, changing consumption patterns, and the expansion of irrigated
agriculture will further heighten this shortage and intensify the need to find alternatives
to save freshwater [4–6]. Although the efficacy of wastewater treatment plants (WWTPs)
has been improved in past decades, the conventional procedures applied are still not able
to remove or monitor emerging pollutants (EPs); therefore, these are the main entrance
vectors of these compounds in surface waters [7]. Emerging pollutants “are chemicals or
microorganisms that are not commonly monitored but have the potential to enter the envi-
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ronment and cause adverse ecological/human health effects” [8]. Their physicochemical
properties determine their persistence and bioaccumulation in the environment [7].

Water resources polluted with antibiotics increase the risk of developing antibiotic
resistant bacteria and genes [9]. Azithromycin (AZI), clarithromycin (CLAR), and ery-
thromycin (ERY) are substances with antibacterial effects for a variety of pathogenic bac-
teria, which have previously been detected in the final effluent of WWTPs [10–12]. These
three macrolides were included in the latest version of the surface water watchlist, a list
which proposes the need for the monitoring of 15 substances in water by EU Member
States [10]. Currently, the most frequently used approach to monitor such compounds is
offline monitorization, which involves sample collection followed by chemical analysis,
making it difficult for real-time quantification [13]. A promising direction for environmen-
tal aqueous matrix monitoring is the application of multisensory systems [14]. Electronic
tongues (e-tongues) are systems that use an array of non-specific sensors linked to data
processing methods, to interpret complex responses using advanced chemometric tools
in order to relate its analytical meaning [13,14]. Additionally, working electrodes in the
e-tongue array can be covered with thin coatings, which highly contribute to the sensitivity
and stability of the sensor’s devices. Selecting the type of film or sensorial layer are critical
decisions to perform reliable qualitative and quantitative analysis [15]. Nanostructured
TiO2 is biocompatible and non-toxic and presents a large specific surface area, excep-
tional electron transfer properties, and strong adsorption ability for organic and biological
molecules, making it an attractive material for the development of sensor devices [16,17].
Zinc oxide is an inorganic semiconductor with strong chemical, mechanical, and thermal
stability, as well as other optical and electrical properties which make it interesting for
electronic, optoelectronic, and laser technology applications [18,19]. Facure et al. [20] devel-
oped an electronic tongue based on graphene hybrid nanocomposites for the detection of
organophosphate (OP) pesticides in mineral and tap water matrices. The resistance data,
analyzed by principal component analysis, showed the ability of these sensors to detect
concentrations of OP of 0.1 nM. To test a similar thesis, in 2021, Magro et al. [21] used an
array of sputtered thin films based on multi-walled carbon nanotubes and titanium dioxide,
to identify triclosan concentrations ranging from 10−15 to 10−5 M in water and milk-based
solutions. More recently, aligned TiO2 nanorod arrays decorated with closely intercon-
nected Au/Ag nanoparticles for near-infrared surface-enhanced Raman scattering (SERS)
active sensors, was used for the detection of ciprofloxacin antibiotic and chloramphenicol in
environmental water samples, with detection limits of 10–9 M and 10–8 M, respectively [22].

Following the potential of those materials and the need for monitoring EP contami-
nants, particularly antibiotics, the aim of this study was to develop nanostructured sensors
capable of discriminating concentrations in the range of 10−15 M to 10−5 M of AZI, CLAR,
and ERY in mineral and river water matrices. Hence, the e-tongue concept was applied
to an array of sensors composed of ceramic supports with gold interdigitated electrodes
coated with thin films of titanium dioxide (TiO2) and zinc oxide (ZnO), deposited by DC
magnetron sputtering.

2. Materials and Methods

All chemicals employed were of analytical grade or chemical grade (Sigma–Aldrich,
St. Louis, MO, USA). The argon (Ar), oxygen (O2), and nitrogen (N2) gas, with ≥99.9%
purity, were all acquired from Air Liquide (Algés, Portugal). Standards of AZI, CLAR,
and ERY were purchased from Sigma-Aldrich (St. Louis, MO, USA). Ultra-pure water
(resistivity of 20.4 MΩ cm at 24 ◦C) was obtained using a Direct-Q 3 UV system from
Millipore (Bedford, MA, USA).

For this study, two experimental aqueous matrices were used: commercial Portuguese
mineral water (MW) and river water (RW) collected from Tagus River at Porto Brandão,
Caparica, Portugal. Table 1 presents the pH and electrical conductivity values measured for
the two matrices, which were obtained using pH Prolab 1000 apparatus (Schott Instruments
GmbH, Merseyside, UK).
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Table 1. pH and electrical conductivity values measured for mineral and river water.

Mineral Water River Water

pH 5.875 ± 0.001 7.536 ± 0.001
Electrical Conductivity (mS/cm) 11.62 ± 0.01 52.43 ± 0.01

The target compound solutions with concentrations ranging from 10−15 M to 10−5 M
were prepared by performing sequential dilutions of a mother solution with a concentration
of 10−4 M. All the solutions were prepared with an experimental matrix/MeOH (9:1).
Moreover, a combination of experimental matrix/MeOH (9:1), containing no dissolved
macrolides, was used as the blank standard (0 M). The samples were kept in a refrigerator
unit between being prepared and their use in impedance spectroscopy measurements. The
river water samples collected from Tagus River were stored in a freezing compartment.

To produce the nanostructured sensors, thin films of metal oxides were deposited
on the sensorial area of ceramic substrates devices acquired from Metrohm DropSens
(Oviedo, Asturias, Spain). Those were composed of two interdigitated electrodes (IDEs)
with two connection tracks, all made of gold, on a ceramic substrate. The device’s dimen-
sions were 22.8 mm (length) × 7.6 mm (width) × 1 mm (thickness), and each internal
“finger” had a 200 μm width, which also corresponded to the spacing between fingers.
Prior to the deposition of the thin films, all sensors were cleaned with ethanol and ultrapure
water. Thereafter, the substrates were dried with compressed nitrogen gas (99% purity, Air
Liquide, Algés, Portugal). Subsequently, impedance spectroscopy assays were performed
on the uncoated, unused sensors exposed to surrounding air, to assure similarity between
the devices.

TiO2 and ZnO thin films were produced by reactive DC magnetron sputtering, using
titanium and zinc targets (Goodfellow, Cambridge, UK, 99.99%), respectively, as well as
argon (Air Liquid, Paris, France, 99.99%) and oxygen (Gás Piedense gases, Setúbal, Portugal,
99.99%). To achieve a base pressure of 10−4–10−5 Pa (before introducing the sputtering gas)
a turbomolecular pump (Pfeiffer TMH 1001, Pfeiffer Vacuum GmbH, Asslar, Germany) was
utilized. Before the sputter-deposition of the films, a movable shutter was placed between
the target and the supports. The target was pre-sputtered in an Ar atmosphere for 1 min
to remove the target surface oxidation. The target-to-support distance was maintained at
100 mm. For each sensor device, the sputtering was performed both in a 100% O2 and 50:50
O2/Ar atmospheres and the other deposition parameters were kept constant, differing for
each oxide, as summarized in Table 2.

Table 2. Sputtering thin film production characteristics.

ZnO_50 ZnO_100 TiO2_50 TiO2_100

O2 (%) 50% 100% 50% 100%
Ar (%) 50% 0% 50% 0%

Working Pressure (Pa) 0.8 0.8 0.8 0.8
Power (W) 300 290 1010 1020
Voltage (V) 462 275 302 376
Current (A) 0.65 1.04 3.34 2.70
Time (min) 5 5 15 15

The surface morphology was studied with a scanning electron microscope (Ther-
moFisher Scientific (Waltham, MA, USA) model Phenom ProX G6), operating at 15 keV. A
palladium–gold thin film (~20 nm thickness) was coated on the film’s surface before SEM
analysis to prevent charge build-up.

The electrical response of the sensors was assessed by measuring the impedance
spectra through a Solartron 1260 Impedance/Gain-Phase Analyzer coupled to a 1296A
Dielectric Interface (Solartron Analytical, AMETEK scientific instruments, Berwyn, PA,
USA) by sweeping the frequency of the applied signal in the range of 1 Hz to 1 MHz.

100



Nanomaterials 2022, 12, 1858

The amplitude of the stimulus was set to 25 mV due to the short spacing between the
interdigitated electrodes. The parameters for the assays were processed through SMaRT
Impedance Measurement Software (v. 3.3.1, AMETEK scientific instruments, Berwyn,
PA, USA). Every measurement began with a 30 s delay, which allowed the system to
stabilize, and was repeated twice. The impedance spectroscopy assays were performed in
an ascending order of macrolide concentration. Each assay was performed in duplicate
and at room temperature (~23 ◦C). The electrical response was replicated with a similar
sensor, i.e., a sensor with a similar thin film (deposited at the same time) used as a sensitive
layer, to validate the behavior of the thin films and study the reproducibility of the results
measured by the nanostructured sensor devices.

The principal component analysis (PCA) was carried out considering the normalized
impedance spectroscopy data (Z-score normalization: z = x−μ

σ , with μ and σ as the
mean value and standard deviation of the samples, respectively). Thus, an array of the
nanostructured sensors constituted by all produced thin films was assessed as an e-tongue
for AZI, CLAR, and ERY macrolides in both matrices.

3. Results and Discussion

3.1. Surface Morphology Characterization

The surface morphology of the zinc oxide and titanium dioxide thin films was analyzed
by scanning electron microscopy; the obtained SEM images are depicted in Figure 1. From
the SEM analysis, it can be observed that the surface of ZnO thin films is rougher than the
surface of TiO2 films, exhibiting a granular surface microstructure, more evident for the film
deposited with 50% O2. By increasing the oxygen percentage to 100% (i.e., only reactive gas
in the chamber) the surface of the ZnO films became smoother, with fewer irregularities
(Figure 1a,b; and Figure S7 in the Supplementary Materials with 30,000× magnification).

 
(a) ZnO film deposited with 50% O2 (b) ZnO film deposited with 100% O2 

 
(c) TiO2 film deposited with 50% O2 (d) TiO2 film deposited with 100% O2 

Figure 1. Cont.
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(e) SEM image of the uncoated ceramic substrate. 

Figure 1. SEM images with 60,000× magnification for (a) ZnO 50% (60,000× magnitude); (b) ZnO
100%; (c) TiO2 50%; (d) TiO2 100% (scale bar size: 2 μm) and 30,000× magnification for (e) uncoated
ceramic substrate (scale bar size: 5 μm).

Regarding TiO2 (Figure 1c,d; and in Figure S7 with 30,000× magnification) both
produced films exhibit similar characteristics displaying relatively uniform and smooth
surface [23]. In Figure 1e, an SEM image is presented of the uncoated ceramic substrate.
Although it displays quite a rough surface, it does not seem to influence the observed
morphology of the thin films.

3.2. Impedimetric Measurements: Sputtered Thin Films

When immersed in aqueous samples, the electrical behavior of thin films deposited
on the IDE is influenced by its characteristics as a sensitive layer, the properties of the
double layer formed on the interface of the thin film solution, and the attributes of the
bulk electrolyte [24]. Moreover, the electrical behavior is analogous to an equivalent circuit
with components that represent the thin film, double layer, and electrolyte; thus, it may
be interpreted by the electrical properties of that circuit [25]. Prior to the analysis of the
results, the reproducibility was evaluated. Thus, it may be observed by the Tables S1–S4 in
the Supplementary Materials that higher values of standard deviation could be explained
by the slight heterogeneity which may be experienced upon the sputtering of the thin
films onto the substrate. Although the pairs of films were deposited at the same time, the
substrates’ positions, regarding the magnetron cathode, may differ slightly; therefore, this
may lead to very small discrepancies in the thickness of the films that justify the observed
standard deviation. Nonetheless, the results were consistent and reproducible, presenting
the same trends on the curves for impedance data. Accordingly, the impedance spectra
measured by the different thin film sensors immersed in MW and RW samples of the three
macrolides are presented in the subsequent sections.

3.2.1. ZnO Thin Films Deposited with 50% and 100% O2

In Figure 2, the response of ZnO films produced with 50% and 100% of O2 is presented,
with respect to the different antibiotics in MW.

In the low-conductivity matrix, the sensor coated with the ZnO thin film deposited
with 50% O2 showed a clear pattern of increasing impedance with the increases in AZI,
CLAR, and ERY concentrations in the entire frequency range studied (Figure 2). Nonethe-
less, for ERY, the range of sensitivity is more evident in higher-frequency values. As shown
in Figure 2, the electrical measurements obtained with the ZnO sensors produced with 100%
O2 exhibited a similar behavior for all antibiotics, showing a more pronounced sensitivity
between 1 and 10 Hz in CLAR samples. By fixing the impedance in relation to compound
concentrations, the devices that presented larger sensitivity for CLARY and ERY were
ZnO sensors produced with 100% O2 and 50% O2, respectively (Figures S3 and S5). Those
sensors exhibited identical trends of monotonic functions with inverse tendency.
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Azithromycin Clarithromycin Erythromycin  

   

ZnO
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 O
2 

   

ZnO
 100%

 O
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Figure 2. Impedance spectra of the ZnO sensor devices deposited with 50% and 100% O2 measured
at different frequencies, when immersed in MW at different AZI, CLA, and ERY concentrations.

Measuring the target compounds in river water means the change in the conductivity
of the media and its pH; therefore, this may influence the impedance behavior (Figure 3).

Azithromycin Clarithromycin Erythromycin  

   

ZnO
 50%

 O
2 

   

ZnO
 100%

 O
2 

Figure 3. Impedance spectra of the ZnO sensors devices deposited with 50% and 100% O2 measured
at different frequencies, when immersed in RW at different AZI, CLAR, and ERY concentrations.
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Changing the matrix did not show variation in the trend of the impedance, which
increased with the increase in concentration. Nevertheless, for all antibiotics, a more
pronounced sensitivity in the 1–10 Hz frequency range (Figure 3) is observed, due to the im-
pedimetric curve change at 10,000 Hz. Additionally, the fluctuation of the impedance values
achieved for ZnO sensors deposited with 50% O2 narrowed from 10−5 M to 10−12 M, as com-
pared with the amplitude from 0 M to 10−12 M For ZnO (50% O2), by fixing the impedance
at 6.31 × 104 and 3.98 × 102 Hz in relation to compound concentrations, resulted in an
increasing normalized impedance trend for both AZI and CLAR (Figures S2 and S4). Re-
garding ERY, the ZnO sensor produced with 50% of O2 presented a normalized impedance
increase between 10−15 and 10−8 M; however, the device reached saturation point, which
can be seen by the approximately constant impedance tendency (Figure S6). In the case
of the ZnO (100% O2) sensor, when the frequency was fixed at 1.58 Hz for ERY and 1 Hz
for both AZI and CLAR (Figures S2, S4 and S6), all the compounds under study displayed
a decreasing pattern, proving that this sensor exhibits higher sensitivity in the studied
concentration range.

3.2.2. TiO2 Thin Films Produced with 50% O2 and 100% O2

The electrical responses of TiO2 films produced with 50% and 100% of O2 to the
different antibiotics in MW matrices are depicted in Figure 4.

Azithromycin Clarithromycin Erythromycin  

   

TiO
2 50%

 O
2 

   

TiO
2 100%

 O
2 

Figure 4. Impedance spectra of the TiO2-based sensors device produced with 50% and 100% O2 mea-
sured at different frequencies, when immersed in MW at different AZI, CLAR, and ERY concentrations.

When the considered matrix was MW, similar footprints regarding AZI, CLAR, and
ERY were observed for the TiO2 (50% O2) sensor, with the measured impedance magnitude
presenting significant sensitivity at lower frequencies (1–100 Hz) with a decreasing trend
(Figure 4). The TiO2 sensor produced with 100% O2 exhibited increased impedance with the
increases in AZI, CLAR, and ERY concentrations, displaying substantial sensitivity in the
frequency range of 1 Hz to 1 kHz, more pronounced in the case of ERY samples (Figure 4).
The impedance measured for TiO2 thin film sensors was normalized in relation to the blank
concentration (Figure S1). The results achieved with AZI samples show how the sensors
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with TiO2 acted in contrast to one another, with TiO2 (100% O2) thin films showing an
increasing impedance trend and TiO2 (50% O2) presenting a decreasing impedance trend.
Both types of sensors presented significant sensitivity to the distinct AZI concentrations. A
decreasing trend was also observed in TiO2 (50% O2) for CLAR until the concentration of
10−6 M, where it seemed to have reached a sensor saturation (Figure S3). Likewise, this
sensor saturation was observed for the ERY compound above 10−7 M (Figure S5). For
CLAR and ERY, the TiO2 (100% O2) sensor exhibited a dispersion in results, evidencing a
lower sensitivity to ERY.

Impedance spectra of RW samples with AZI, CLAR, or ERY show similar patterns to
those observed in the MW samples for a TiO2 sensor produced with 50% O2, displaying a
more pronounced sensitivity in the 1 Hz to 10 Hz frequency range (Figure 5).

Azithromycin Clarithromycin Erythromycin 

TiO
2 50%

 O
2 

   

   

TiO
2 100%

 O
2 

Figure 5. Impedance spectra at different frequencies of the TiO2-based sensor devices produced with
50% and 100% O2, when immersed in RW at different AZI, CLA, and ERY concentrations.

Concerning the TiO2 sensor produced with 100% O2, the device showed sensitivity to
two distinct frequency ranges, for AZI, CLAR, and ERY. The impedance values increased
between 1 Hz and 100 Hz and 1 Hz and 1 kHz for AZI and CLAR, respectively. Above
1 MHz for AZI and 1 kHz for CLAR, a decreasing impedance trend was observed. As
previously mentioned, by normalizing the impedance values to a fixed frequency of 1 Hz
for AZI and ERY and 106 Hz for CLAR (Figures S2, S4 and S6), it could be observed that the
results achieved with the TiO2 device produced with 50% O2 only showed sensitivity for
AZI and ERY samples between 10−15 and 10−8 M. On the other hand, for CLAR samples,
the TiO2 (100% O2) sensor displayed a more pronounced sensitivity in comparison with
the TiO2 (50% O2) sensor. Finally, the function that fit the data measured by the TiO2 (100%
O2) follows an impedance increasing trend.
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3.3. Electronic Tongue Concept
Principal Component Analysis: Sensor Sensitivity and Resolution

Following the analysis of the electrical response and capabilities of the individual
nanostructured sensors, the electronic tongue concept was assessed through PCA, and
applied to the impedance, capacitance, resistance, reactance, and loss tangent dataset of an
array of sensors composed by all the thin film sensors produced in the present study. The
e-tongue sensor was used to distinguish macrolide concentrations in both experimental
matrices. The resulting PCA plots are presented in Figure 6.

  
(a) AZI (b) CLAR 

 
(c) ERY 

Figure 6. PCA score plot for the electronic tongue concept for AZI (a), CLAR (b), and ERY (c) in
ranges of concentration from 0 M to 10−15 M to 10−5 M, when immersed in MW and RW.

Overall, the first two principal components, PC 1 and PC 2, accounted for above 79%
of the total variance in the three electronic tongues. From Figure 6a, a clear decreasing trend
in PC 1 with respect to AZI concentration in RW was observed. In contrast, although the
PCA plot discriminated the different AZI concentrations in MW, no trends or patterns were
observed. Regarding the e-tongue for CLAR, the PCA plot of the e-tongue sensor (Figure 6b)
very clearly distinguishes different concentrations in RW across the main axis, PC 1. Within
MW, a pattern of PC 1 is also observed. In both matrices, 0 M is in the equivalent quadrant
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of the lowest concentration, which stresses the ability to distinguish different concentrations
of CLAR. Figure 6c shows a clear trend along the main axis, similar to, although more
pronounced when compared with the AZI and CLAR PCA plots. Lastly, the three PCA
plots showed that the e-tongue device could discriminate between non-doped samples and
samples spiked with AZI, CLAR, and ERY, regardless of the matrix.

Considering the trends and patterns found in the PCA plots (Figure 6) of the data
measured by the various thin film sensors, the principal component (PC1) that presented
the most notable and significant tendency with respect to the antibiotics’ concentration, in
each case, was plotted as a function of concentration. Thus, because it was observed as a
linear trend of the principal component factor score, it was possible to use the PC1 data to
determine the sensors’ sensitivity for the three macrolides and their resolution.

The sensitivity corresponded to the slope of the linear function that adequately fitted
the plotted data. The resolution was found near the smallest concentration of the implicit
linear range (CS), through the following equation, considering the minimum value that
could be measured and the error associated with the sensitivity:

ΔlogC = logC − logCs

where ΔlogC = error
sensitivity ; therefore, the resolution is equal to C − Cs.

The factor scores of PC 1 obtained for both matrices as a function of AZI, CLAR, and
ERY concentration and its operational parameters (linear range information, sensitivity,
and resolution) are presented in Figure 7. As can be observed in Figure 7, the sensor array
chosen in this paper showed similar sensitivity and equal resolution for all the macrolides
under study.

Moreover, a PCA plot was constructed to understand the capability of the proposed
e-tongue to distinguish between the three antibiotics in the two matrices (Figure 8).

The observations depicted in Figure 8 are in line with previous results [15,24], which
have highlighted the essential role of ionic media and pH–pKa relationships in compound
adsorption or non-absorption onto thin films. In the present study, the target compounds
were in non-ionized form in mineral water; in river water they could be found in both forms
(ionized and non-ionized). Thus, there are two outlines in both Figure 8a,b. In Figure 8(a1),
although the ranges of concentrations are typically in the same quadrant, namely in the
second and third areas, no trend is observed. In contrast, in Figure 8(b1), there is a clear
trend and pattern between the detection of the target compounds. Nevertheless, with those
two e-tongues it was possible to attain a device with sensitivity of 5.0 ± 0.2 and −4.8 ± 0.3
per decade in MW and RW spiked with AZI, CLAR, and ERY. For both e-tongues, resolu-
tions of 7.0 × 10−17 M and 1 × 10−16 M were achieved. The proposed e-tongue presents
a lower detection limit when compared with other promising sensors developed for the
monitoring of antibiotics and/or organic compounds: (1) In 2013, Zhang et al. developed
multi-walled carbon nanotubes (MWCNTs) for azithromycin detection with a detection
limit in a water sample of 1.1 × 10−9–6 × 10−9 M [26]; Khanna et al. (2018) tested a MnO2
electrochemical sensor to detect BPA and achieved a detection limit of 0.66 μM [27]; in
2020, Ayankojo et al. derived a molecularly imprinted polymer with a portable electro-
chemical transducer, a screen-printed electrode, and could detect erythromycin in tap
water at concentrations lower than 0.1 nM [28]. Thus, reflecting upon the data observed
in Figure 8, the superior ability of the e-tongue to present patterns and trends in higher
pH and conductivity matrices is clear, as was the case in RW. Finally, it is evident that the
analogous characteristics and morphology may explain the data observed in a matrix where
there are 50% of ionized molecules. This confirms that these types of sensors, working as
an e-tongue, may be considered as a measuring technique; therefore, they could be further
used to develop an optimized antibiotic device working as a monitoring tool on aqueous
matrices with different complexities.
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AZI (A1)  

 
CLAR (A2)  

 
ERY (A3)  

 
(A) (B) 

Figure 7. (A) PC1 factor scores as a function of AZI (A1), CLAR (A2), and ERY (A3) concentrations
(0 M to 10−15 M to 10−5 M), distinguished with the electronic tongue build-up with TiO2- and
ZnO-based sensors, when immersed in MW and RW; (B) linear range, sensitivity, and resolution for
each macrolide.
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MW (a1) (a2) (a3) 

  

Intercept 54.0 
Slope 5.0 
Error 0.2 

CH 1 × 10 15 
CS 1 × 10 15 
C 9.3 × 10 16 M 

Resolution 7 × 10 17 
 

RW (b1) (b2) (b3) 

  

Intercept 53.5 
Slope 4.8 
Error 0.3 

CH 1 × 10 15 
CS 1 × 10 15 
C 8.8 × 10 16 

Resolution 1 × 10 16 
 

Figure 8. Principal component analysis (PCA) score plot for the electronic tongue concept for AZI,
CLA, and ERY in the range of concentrations from 0 M to 10−15 M to 10−5 M, when immersed in
MW (a1) and RW (b1); PC1 factor scores as a function of AZI, CLAR, and ERY concentrations (0 M to
10−15 M to 10−5 M) when immersed in MW (a2) and RW (b2); linear range, sensitivity, and resolution
for each macrolide in MW (a3) and RW (b3).

4. Conclusions

The development of an array of nanostructured TiO2 and ZnO sensors for the detection
of AZI, CLAR, and ERY in concentrations between 10−15 M and 10−5 M in MW and RW
matrices has been proposed. Impedance spectra measured by sensors coated with ZnO
and TiO2 thin films deposited with 50% and 100% O2 by DC magnetron sputtering showed
different footprints according to the experimental matrix. However, the electrical behaviors
of the different thin film sensors were identical for the three macrolides. Overall, the
nanostructured ZnO and TiO2 sensors produced impedance spectra with distinct trends
and patterns regarding macrolide concentrations.

Normalized impedance, measured at fixed frequencies by the different devices as
a function of concentration, was used to determine monotone functions of macrolide
concentrations that allowed operational measurements of the analytes. The ZnO thin
film showed a better ability to work as a detection sensor for the target compounds in
comparison with TiO2. This may be due to its higher roughness and surface area that
allowed the adsorption of the compound and further detection with impedance systems.
Additionally, ZnO seemed to present more robustness to pH fluctuations and matrix
characteristics (good results in both matrices), as well as greater sensitivity to a higher
range of concentrations and frequencies.

Additionally, the electronic tongue concept was applied to the full range of sensors
under study. The e-tongue sensor’s PCA plots indicated that the proposed device could
discriminate between the two experimental matrices. The e-tongue was further capable of
detecting AZI, CLAR, and ERY in both matrices, and quantify the three macrolides in RW
in the complete concentration range. Thus, by applying the e-tongue concept, sensitivities
of 4.8 ± 0.3, 4.6 ± 0.3, and 4.5 ± 0.3 per decade to AZI, CLAR, and ERY concentration were
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achieved, respectively. In all cases, a resolution of 1 × 10−16 M was found near the 10−15 M
concentration, the smallest concentration that could be quantified. Lastly, it was revealed
that the proposed e-tongue, with a sensitivity of −4.8 ± 0.3 per decade and a resolution of
1 × 10−16 M, could recognize the different ranges of concentrations with a clear trend, but
not a specific molecule in river water.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/nano12111858/s1, Figure S1. Normalized impedance as a function
of azithromycin concentration in MW at fixed frequencies: 1, 1.58, 2.51, and 2.51 × 103 Hz measured
by the TiO2 (100% O2) sensor, TiO2 (50% O2) sensor, ZnO (100% O2) sensor, and ZnO (50% O2) sensor,
respectively; Figure S2. Normalized impedance as a function of azithromycin concentration in RW
at fixed frequencies: 1, 1.58, 3.98 × 103, and 6.31 × 104 Hz measured by the TiO2 (50% O2) sensor,
ZnO (100% O2) sensor, TiO2 (100% O2) sensor, and ZnO (50% O2) sensor, respectively; Figure S3.
Normalized impedance as a function of clarithromycin concentration in MW at fixed frequencies: 1,
1, 2.51, and 2.51 Hz measured by the TiO2 (50% O2) sensor, TiO2 (100% O2) sensor, ZnO (50% O2)
sensor, and ZnO (100% O2) sensor, respectively; Figure S4. Normalized impedance as a function
of clarithromycin concentration in RW at fixed frequencies: 1, 3.98 × 102, 2.51 × 103 and 106 Hz
measured by the ZnO (100% O2) sensor, ZnO (50% O2) sensor, TiO2 (100% O2) sensor, and TiO2
(50% O2) sensor, respectively; Figure S5. Normalized impedance as a function of erythromycin
concentration in MW at fixed frequencies: 1, 1.58 × 102 and 2.51 × 103 Hz measured by the TiO2 (50%
O2) sensor, ZnO (50% O2) sensor, ZnO (100% O2), and TiO2 (100% O2) sensor, respectively; Figure S6.
Normalized impedance as a function of erythromycin concentration in RW at fixed frequencies: 1,
10, 2.51 × 104, and 106 Hz measured by the TiO2 (50% O2) sensor, TiO2 (100% O2) sensor, ZnO
(50%O2) sensor, and ZnO (100% O2) sensor, respectively. Figure S7. SEM images with 30,000 times
magnification for (a) ZnO 50%; (b) ZnO 100%; (c) TiO2 50%; (d) TiO2 100%. Table S1. Normalized
Impedance data (Ω) reproducibility of the TiO2 based sensors devices produced with 100% O2, when
immersed in MW and RW at different AZI, CLA and ERY concentrations. Table S2. Normalized
Impedance data (Ω) reproducibility of the TiO2 based sensors devices produced with 50% O2, when
immersed in MW and RW at different AZI, CLA and ERY concentrations. Table S3. Normalized
Impedance data (Ω) reproducibility of the ZnO based sensors devices produced with 100% O2, when
immersed in MW and RW at different AZI, CLA and ERY concentrations. Table S4. Normalized
Impedance data (Ω) reproducibility of the ZnO based sensors devices produced with 50% O2, when
immersed in MW and RW at different AZI, CLA and ERY concentrations.

Author Contributions: Conceptualization, C.M. and S.S.; methodology, C.M. and S.S.; software,
C.M. and T.M.; validation, C.M., P.A.R., M.R. and S.S.; formal analysis, C.M., P.A.R., M.R. and
S.S.; investigation, C.M. and T.M.; resources, P.A.R., M.R. and S.S.; data curation, C.M. and T.M.;
writing—original draft preparation, C.M. and J.D.; writing—review and editing, P.A.R., M.R. and
S.S.; supervision, C.M., M.R. and S.S.; funding acquisition, C.M., M.R. and S.S. All authors have read
and agreed to the published version of the manuscript.

Funding: This research was supported in part by Fundação para a Ciência e a Tecnologia (FCT), Por-
tugal, through the research center Grants No. UIDB/FIS/04559/2020 and No. UIDP/FIS/04559/2020
(LIBPhys), from FCT/MCTES, Portugal.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: This research was supported in part by Fundação para a Ciência e a Tec-
nologia (FCT), Portugal, through the research center Grants No. UIDB/FIS/04559/2020 and No.
UIDP/FIS/04559/2020 (LIBPhys), from FCT/MCTES, Portugal.

Conflicts of Interest: The authors declare no conflict of interest.

110



Nanomaterials 2022, 12, 1858

References

1. Water Resources Group. Charting Our Water Future—Economic Frameworks to Inform Decision Making. 2009. Available
online: https://www.mckinsey.com/~{}/media/mckinsey/dotcom/client_service/sustainability/pdfs/charting%20our%20
water%20future/charting_our_water_future_full_report_.ashx (accessed on 4 May 2022).

2. Vo, P.T.; Hao Ngo, H.; Guo, W.; Zhou, J.L.; Nguyen, D.; Listowski, A.; Wang, X.C.; City, M.; Nam, V. A Mini-Review on The
Impacts of Climate Change on Wastewater Reclamation and Reuse. Sci. Total Environ. 2014, 494, 9–17.

3. Hristov, J.; Barreiro-Hurle, J.; Salputra, G.; Blanco, M.; Witzke, P. Reuse of treated water in European agriculture: Potential to
address water scarcity under climate change. Agric. Water Manag. 2021, 251, 106872. [CrossRef] [PubMed]

4. Liu, J.; Yang, H.; Gosling, S.N.; Kummu, M.; Flörke, M.; Pfister, S.; Hanasaki, N.; Wada, Y.; Zhang, X.; Zheng, C.; et al. Water
scarcity assessments in the past, present, and future. Earth’s Future 2017, 5, 545–559. [CrossRef] [PubMed]

5. Mekonnen, M.M.; Hoekstra, A.Y. Sustainability: Four billion people facing severe water scarcity. Sci. Adv. 2016, 2, e1500323.
[CrossRef]
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Abstract: In this study, two green synthesis routes were used for the synthesis of Ag/ZnO nanopar-
ticles, using cassava starch as a simple and low-cost effective fuel and Aloe vera as a reducing
and stabilizing agent. The Ag/ZnO nanoparticles were characterized and used for bacterial dis-
infection of lake water contaminated with Escherichia coli (E. coli). Characterization indicated the
formation of a face-centered cubic structure of metallic silver nanoparticles with no insertion of Ag
into the ZnO hexagonal wurtzite structure. Physicochemical and bacteriological analyses described
in “Standard Methods for the Examination of Water and Wastewater” were used to evaluate the
efficiency of the treatment. In comparison to pure ZnO, the synthesized Ag/ZnO nanoparticles
showed high efficiencies against Escherichia coli (E. coli) and general coliforms present in the lake
water. These pathogens were absent after treatment using Ag/ZnO nanoparticles. The results indi-
cate that Ag/ZnO nanoparticles synthesized via green chemistry are a promising candidate for the
treatment of wastewaters contaminated by bacteria, due to their facile preparation, low-cost synthesis,
and disinfection efficiency.

Keywords: zinc oxide; silver nanoparticles; water disinfection

1. Introduction

Water is a key resource for the existence of life on Earth; therefore, water access is
considered one of the most critical humanitarian goals. Nevertheless, according to World
Health Organization (WHO) [1] in 2020, only 50% of the population had access to safely
managed drinking water, while the remaining 50% still lacked access to drinking water
sources and safely managed services. The same source reports that, on a global scale,
two billion people use drinking water sources contaminated with feces, and the microbial
contamination of drinking water may transmit diseases such as diarrhea, cholera, dysentery,
polio, and typhoid, which is estimated to cause 485,000 diarrheal deaths each year.

Drinking water legislation requires microbial, physical, and chemical water parameters
to be met to ensure adequate public health conditions [2]. Knowing that, the bacterial
contamination of water is a concern, as it causes diseases that can be life-threatening upon
ingestion or exposure. Various traditional water disinfectant methods, along with chemical
(chlorination, ozonation) and physical (ultraviolet radiation) methods, are effective, and
among these, chlorine disinfection has been used to prevent infections for more than a
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century [3,4]. Although the disinfection methods currently used in drinking water treatment
can effectively control microbial pathogens, effective disinfection results in the formation of
harmful disinfection byproducts (DBPs). For example, the water industry uses free chlorine,
chloramines, and ozone for disinfection; these products can react with various components
presents in water to form DBPs [3,5,6].

Given the limitations of conventional disinfection methods, advances in nanotechnol-
ogy have the potential to generate novel treatment capabilities that may allow economic
utilization of unconventional water sources to expand the water supply [6,7]. Depending on
their chemical composition, nanomaterials are promising alternatives offering leapfrogging
opportunities to develop next-generation water supply systems due to their large specific
surface areas and high reactivity, which make them excellent adsorbents, catalysts, sensors,
and as recent studies have shown, antimicrobial agents. For example, silver nanoparticles
are an antibacterial nanomaterial with strong oxidant properties that are relatively inert in
water [5,7].

The effective antibacterial activity of silver (Ag) nanoparticles (NPs) for a wide spec-
trum of bacteria, viruses, protozoa, algae, and yeasts opens up opportunities for their use in
water disinfection [8]. Ag NPs have been widely used against Gram-negative bacteria due
to their higher activity against them. However, Ag NPs in contact with the environment
during water treatment may pose a health risk, as the level of toxicity to the end user is not
well known. For water disinfection, Ag NPs can be combined with particles of inorganic
oxides to prevent the silver leaching into the water due the formation of water-soluble
species. Among the inorganic particles that have been tested against several pathogenic
and non-pathogenic bacteria, zinc oxide (ZnO) has been reported to have high antimicrobial
activity [3,9,10]. ZnO particles are also chemically stable, have large surface areas, and have
strong antibacterial properties, even in very small quantities [4,11]; and most importantly
ZnO particles have been reported to be non-toxic to human cells [12]. Compared to organic
materials, inorganic materials such as ZnO have greater durability, selectivity, and heat
resistance [6].

Both Ag and ZnO particles present satisfactory antibacterial results; however, when
used as individual components, they tend to agglomerate, which reduces their effective-
ness [3]. The use of noble metals such as silver (Ag) to modify the ZnO surface can
increase the chemical stability and antibacterial properties [13]. In recent years, meth-
ods for obtaining nano-Ag/ZnO have been reported for different applications, such as
photocatalysis [14,15], controlled drug release [16], and antimicrobial activity [17].

In this study, ZnO particles decorated with silver nanoparticles were synthesized via
two low-toxicity synthesis routes: route (I) is a one-step synthesis that uses starch as a
complexing gelling and combustion power, and route (II) has two steps synthesis. In the
first step pure ZnO nanoparticles are synthesized, and in the second step Ag decoration
on their surface is performed using Aloe vera leaf extract as the reducing agent for Ag+.
The samples were investigated using X-ray Diffraction (XRD), Raman Spectroscopy, X-
ray photoelectron spectroscopy XPS, X-ray Absorption Near Edge Structure spectroscopy
(XANES), and Extended X-Ray Absorption Fine Structure spectroscopy(EXAFS). XPS
was used to evaluate the near surface chemistry of the nanoparticles because the X-ray
absorption (XAS) measurements were performed in transmission mode; therefore, they
may not indicate the presence of very thin oxide layers on the particle’s surface that can
be detected by XPS. The morphology of the samples was determined by field-emission
scanning electron microscopy (SEM) and transmission electron microscopy (TEM). The
atomic distances from the Zn and Ag atoms were calculated. The antimicrobial activity of
the synthesized Ag/ZnO nanoparticles was tested using contaminated water from a lake
with Gram-negative Escherichia coli, to evaluate the efficacy of these nanomaterials when
applied for disinfection during water treatment.
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2. Materials and Methods

2.1. Materials

All reagents used in the synthesis of the samples were of analytical grade and were
used as received. The inorganic salts used were zinc nitrate hexahydrate (Zn(NO3)2·6H2O),
98%, NEON, Suzano, Brazil) and silver nitrate (AgNO3, 99.8%, Quimex, Cotia, Brazil. All
solutions were prepared with deionized water. Natural Cassava starch in the form of
colloidal suspension was used as fuel [18]. Aloe vera leaves were harvested in the São José
region of Parana-Brazil (Parana, Brazil).

2.2. Synthesis of ZnO Using Cassava Starch: Pure and Ag/ZnO (Route I)

Pure and Ag/ZnO were obtained by the gelatinization method. First a white matrix
was prepared from 200 g of starch in 1000 g of water; second, the Zn(NO3)2·6H2O in the
proportion of 98% to 2% (w/w) was added. This suspension (zinc/starch) was kept under
stirring at room temperature (RT) until complete dissolution of the emulsion. After 60 min
of mechanical stirring (600 rpm), the suspension was calcined in a muffle furnace at 750 ◦C
for 1 h to obtain the pure ZnO [18].

The Ag/ZnO nanoparticles were prepared by adding silver (I) ions (10% w/w) to the
zinc solution containing starch and zinc nitrate hexahydrate. Then, 9.28 g of Zn(NO3)2·6H2O
and 0.32 g of AgNO3 were added to the starch matrix during the formation of the emulsion.
After 60 min under of mechanical stirring (600 rpm), the suspension was calcined in a
muffle furnace at 750 ◦C for 1 h (Figure 1).

 

Figure 1. Schematic diagram of the synthesis routes used.
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2.3. Synthesis of Ag/Zinc Oxide (Route II)

To obtain the extract of Aloe gel, 5 g of Aloe vera leaves were thoroughly washed, then
the leaves were finely cut and boiled in 100 mL of deionized water. Next, the leaves and
mucilaginous gel were crushed using a pistil and a ceramic mortar to obtain the complete
extract. Finally, the solution was washed and filtered, and the resulting Aloe vera gel broth
extract was stored under refrigeration (2 ◦C) for further experiments.

For the synthesis of silver nanoparticles, 0.5 g of AgNO3 was added to 50 mL of Aloe
vera extract, related to (10% w/w) the ZnO. The solution was kept under constant magnetic
stirring for 12 h. Afterwards, 3 g of ZnO obtained in route (I) was added to the solution
and kept under constant magnetic stirring for 4 h. The obtained product was centrifuged,
washed with water and ethanol, and dried at 70 ◦C in an oven for 12 h (Figure 1). The
obtained material was labeled Ag/ZnO (II).

2.4. Characterization Techniques

The crystalline phases were identified by powder X-ray diffraction (XRD) performed
on a Bruker model D2 Phaser with Cu Kα radiation (λ = 1.5418 Å), with scans in 2θ from
20◦ to 70◦ and step rate of 0.2 ◦/sec. The crystallite size (D) was estimated by the Scherrer
equation [19]:

D =
kλ

β cos(θ)
(1)

k is the form factor, λ is the wavelength of incident X-rays, β is the full width at half-
maxima (FWHM) of the maximum intensity peak, and θ is the Bragg angle of the maximum
intensity peak.

Raman spectra were recorded using a Micro-Raman system (Senterra Bruker Optik
GmbH, Massachusetts, USA), λ = 532 nm, laser power 5 mW, time 10 s, resolution 4 cm−1.
The morphology of the samples was examined using a field-emission scanning electron
microscope (JSM − 7600F, JEOL, Tokyo, Japan) and a transmission electron microscope
(JEM − 1011, JEOL, Tokyo, Japan). For SEM analysis, specimens were prepared by dispers-
ing the powder samples in a small amount of deionized water, and a drop of the dispersion
was deposited on a polished surface of an Al sample holder. Prior to the SEM investigation,
an ca. 4 nm thick carbon layer was deposited on the specimens to reduce the charging
effect. Energy dispersive X-ray (EDX) mapping and line analyses were preformed using
SEM (Verios 4G HP, ThermoFischer, Waltham, MA, USA).

Specimens for TEM investigation were prepared by dispersing the prepared samples
of NPs ultrasonically in methanol, and a drop of the dispersed solution was deposited onto
a lacy carbon film supported by a copper grid.

The oxidation state and composition of the chemical elements at the nanoparticle
surface were evaluated by X-ray photoelectron spectroscopy (XPS) (Versaprobe PHI 5000,
from Physical Electronics, Chanhassen, MN, USA), equipped with a monochromatic Al Kα

X-ray source. The XPS spectra were collected at a take-off angle of 45◦ with respect to the
electron energy analyzer, and the spot size was 200 μm. Pass energy (PE) of 20 eV was used
for the high-energy resolution spectra (Zn 2p, O 1s, Ag 3d, and C 1s). The spectra were
analyzed using the CASA-XPS software, and the binding energy of the XPS spectra was
calibrated using the C 1s peak at 284.6 eV [20]. Multipack version 9.8 software (ULVAC-PHI,
2017, Chigasaki, Japan) was used to evaluate the relative composition of the elements.

In order to investigate the local structural properties of Ag NPs in ZnO, the extended
X-ray absorption fine structure (EXAFS) spectra were recorded with standard transmis-
sion setup at the Zn K edge (9.6586 keV) and Ag K edge (25.5140 keV) at BAMline at
the Helmholtz–Zentrum Berlin (BESSY II, Berlin, Germany) [21]. The X-ray beam was
monochromatized with a Si(111) double crystal monochromator (ΔE/E = 2 × 10−4). The
energy was scanned in 10 eV steps until 20 eV before the edge, followed by 0.5 eV steps
around the edge until 100 eV, and then 1.5 eV steps until 200 eV. From then on, acquisition
in 0.04 A−1 equidistant k-steps was carried out until k = 16 A−1. Samples in powder
form were mixed with hexagonal BN powder to get enough transmission and pressed
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between two Kapton foils to get 1 mm thick pellets. All measurements were performed
with standard metal foil, i.e., Ag and Zn foil, for calibration, and repeated twice to check the
reproducibility of the Ag K and Zn K-edge spectra. Initial data processing with background
removal and Fourier transformation of EXAFS oscillation was performed with Athena
software of the IFEFFIT package. Simulation of EXAFS spectra was accomplished with
FEFF and fitted in Artemis software of the same package [22].

2.5. Water Disinfection

For the study, samples of contaminated water were collected during February 2022
from a lake located on the UNICENTRO, Campus Cedeteg, in the city of Guarapuava,
Parana, Brazil. The samples were prepared in 100 mL sterile plastic flasks containing sodium
thiosulfate pellets that are used for neutralization of chlorine present in the lake water.

2.5.1. Preliminary Tests

The amount of the synthesized nanoparticles required for the disinfection process was
optimized by testing different concentrations of Ag/ZnO particles. The disinfection process
consisted of direct contact between the contaminated water (100 mL) and the prepared
ZnO and Ag/ZnO samples (0.25, 0.5 and 1 g) for 15 min under constant agitation (300 rpm)
at RT. Subsequently, filtration was carried out on filter paper, with a few seconds waiting
time for the sample to settle in the filter. The treated water was collected in a sealed and
sterilized bottle for microbiological and physical-chemical analysis at the Water Analyses
Laboratory UNICENTRO.

2.5.2. Water Disinfection Ability of Nanoparticles

Leveraging the optimization results, the water disinfection test was performed ac-
cording to Section 2.5.1. Physicochemical and microbiological analyses were performed
on the contaminated water and after treatment with the particles. The physicochemical
and bacteriological analyses were carried out according to the methodologies described
in “Standard Methods for the Examination of Water and Wastewater” [23]. The evaluated
parameters were total coliforms (TC), pH, turbidity, and Escherichia coli. The methods used
for analysis of these parameters are shown in Table 1.

Table 1. Methods used for analysis of the parameters evaluated in the present study.

Parameter Analyzed Method

Total coliforms SMEWW 9223 B–Enzymatic Substrate Coliform Test
Escherichia coli SMEWW 9223 B

pH SMEWW4500H+B—Eletrometric Methods
Turbidity SMEWW 2130 B. Nephelometric Method

3. Results and Discussion

3.1. XRD

The crystal structures of ZnO and Ag/ZnO samples were determined using X-ray
diffraction (XRD). The diffraction patterns of the three samples (Figure 2) have peaks
characteristic of the hexagonal wurtzite structure of ZnO (ICDD card number 01-075-9742).
According to some prior reports, the incorporation of Ag ions into the ZnO lattice can be
substituted for Zn2+ or as an interstitial atom [24,25]. In the case of silver replacing Zn2+, a
corresponding peak shift would be expected in the XRD; however, for our samples, shifts
were not observed, indicating that there was no substitutional doping. For Ag/ZnO (II),
substitutional doping was not expected because the ZnO particles were already formed
when Ag+ were added.

Additional diffraction peaks at 2θ = 38.1◦ (111), 44.2◦ (200), and 64.3◦ (311) are shown
in the diffractogram of Ag/ZnO (I), corresponding to (111), (200), and (220) planes of the
face-centered cubic (fcc) structure of Ag (ICDD card number 04-0783) [13,26,27]. For the
sample obtained by route II, only a low intensity peak centered at 38.1◦ can be observed
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(Figure 2b). The absence or low intensity of other peaks characteristic of Ag indicates a low
concentration and/or small Ag NPs [24,28,29]. This peak alone may be associated with
the Ag fcc structure or Ag2O. Further, EXAFS analysis was performed to determine the
local structure.

Figure 2. (a) XRD patterns of ZnO and Ag/ZnO prepared by route I and II; (b) the amplified XRD
pattern in the range of 2θ = 35 – 40 for the sample Ag/ZnO (II).

The crystallite sizes of the samples were calculated from the X-ray line broadening
using Scherrer’s equation [19]. The average calculated values were 23.4 nm for pure ZnO,
32.5 nm for Ag/ZnO (I), and 33.9 nm for Ag/ZnO (II). This increase in crystallite size can
be attributed to the Ag nanoparticles anchored to the surface of ZnO [14].

3.2. Raman Spectroscopy

In order to investigate the ZnO defects and chemical bonding at the Ag/ZnO interface,
Raman spectra of all samples were measured (Figure 3). The Raman spectrum of the pure
ZnO sample (Figure 3a) consisted of four predominant bands located at about 99, 380,
437, and 573 cm−1, which correspond to the fundamental phonon modes of ZnO wurtzite
structure [18], in accordance with the XRD results. The Ag/ZnO spectra (Figure 3b,c) show
characteristic peaks centered at 99 and 435 cm−1, which can be assigned the fundamental
phonon modes E2

low and E2
high of hexagonal wurtzite ZnO, respectively [30,31]. The

A1(LO) polar branches appeared at about 555 cm−1 for the samples decorated with Ag.
Due to the deposition of Ag on ZnO, this mode was broadened and shifted toward lower
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energy. Such a shift and broadening of A1(LO) phonon mode can be attributed to the
scattering contributions with the phonons away from the center of Brillouin zone [32]. The
A1(LO) phonon mode is commonly assigned to the oxygen vacancies (Vo) [32–34], zinc
interstitial (Zni) defects in ZnO [31,34], or defect complexes of combined Vo and Zni in
the host lattice [34]. Additionally, a broad Raman peak positioned at about 483 cm−1 only
appeared in the spectra of the samples containing Ag, which was assigned as the interfacial
surface phonon mode in the literature [35,36]. This phonon mode was also observed for
ZnO loaded with cobalt [36], and thus could not be a local vibrational mode associated
with Ag cations.

(

Figure 3. Raman spectra of synthesized (a) pure ZnO, (b) Ag/ZnO (I), and (c) Ag/ZnO (II) using
starch and Aloe Vera Barbadensis miller extract.

3.3. SEM

An investigation with SEM was used to assess the morphology and size of ZnO
particles (Figure 4). The particles in all three samples had no particular shape, and their size
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was in the range of 100 to 350 nm. A comparison of the SEM images shown in Figure 4a,c
with that in Figure 4b also revealed that the presence of Ag+ in the reaction mixture of
Ag/ZnO (I) had no effect on the morphology and size of the ZnO particles.

 
Figure 4. SEM images of pure ZnO (a), Ag/ZnO (I) (b), and Ag/ZnO (II) (c).

To distinguish ZnO and Ag particles and to determine the Ag NP density distribution,
the Ag-loaded ZnO samples were visualized with a back scattered electron (BSE) mode of
SEM (BSE-SEM). First, the particles in bright contrast BSE-SEM images were identified as
Ag NPs (Figures S1 and S2). A comparison of BSE-SEM images of both Ag/ZnO samples
(Figure S3, see Supplementary Materials) revealed that: (i) the distribution of Ag NPs was
denser in Ag/ZnO (II) and (ii) the Ag NPs in Ag/ZnO (I) were bigger (up to 300 nm)
(Figure S1).

3.4. TEM

TEM was used to further examine the ZnO and Ag particles and determine the size
of Ag NPs in Ag/ZnO (II). No amorphous layer around ZnO particles was observed
(Figure 5 and Figure S4), indicating that during calcination, organic species were removed
successfully. ZnO particles were crystalline (see inset of Figure 5a). The average measured
d-spacing of 0.26 nm well corresponds with the (002) planes of the hexagonal wurtzite
structure of ZnO (ICDD card number 01-075-9742) [37], and is in accordance with the results
of Raman and XRD analyses. In Figure 5c, besides the presence of larger ZnO particles,
smaller particles with diameters from 10 to 40 nm can be observed (arrows in Figure 5c
are pointing to these particles). The measured inter-planner lattice spacing was 0.25 nm
(Figure S4) and agrees well with (111) planes of fcc Ag.
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Figure 5. TEM images of (a) ZnO pure, (b) Ag/ZnO (I), and (c) Ag/ZnO (II). The white rectangle in
the (a) defines the area of the inset. Arrows in the image (c) point toward Ag nanoparticles.

3.5. XPS

The chemical bonding states of Ag decorated ZnO samples were evaluated by analyz-
ing the XPS spectra (Figure 6). The core-level XPS spectra of Zn (2p), Ag (3d), and O (1s)
are shown in Figure 6a–c. In Figure 6a, the doublet peak with components at ~1021.0 and
~1044.0 eV for both Ag/ZnO samples were assigned to Zn 2p3/2 and Zn 2p1/2, respectively.
These values agree with the binding energies of Zn 2p3/2 and Zn 2p1/2 in stoichiometric
ZnO, which is attributed to Zn2+ state oxidation [38,39].

Figure 6. XPS spectra of Ag/ZnO particles obtained by two different synthesis routes. High-
resolution regional XPS spectra of (a) Zn (2p), (b,c) Ag (3d), and (d,e) O (1s).

Figure 6b shows the spectrum recorded in the region of the Ag 3d core level. For the
sample Ag/ZnO (I), the components of the Ag 3d core levels are centered at 366.8 eV (Ag 3d5/2)
and 372.8 eV (Ag 3d3/2). The spin-orbit splitting of 6 eV indicates that Ag atoms were
mainly in the metallic state Ag0 [39]. The Ag 3d core-level binding energy in the Ag/ZnO (I)
sample was shifted to the lower binding energy compared to the corresponding value of
the pure metallic Ag (Ag 3d5/2 is about 368.2 eV). This was associated with the interaction
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between Ag NPs on the surfaces of ZnO nanocrystals, which led to the adjustment of
Fermi level [39,40]. These results are in good agreement with the presence of the fcc
metallic Ag crystal structure obtained by XRD. As can be seen, the Ag 3d5/2 spectrum
of the Ag/ZnO (II) sample was fitted by two components centered at 367.1 and 368.2 eV,
corresponding to Ag2O and Ag0 electronic states, respectively [37–39,41]

The O (1s) core-level spectra illustrated in Figure 6d were fitted with three components
centered at 529.5, 530.8, and 532.6 eV for sample (I), and two components centered on
529.8 and 531.2 eV for sample (II) (Figure 6f). The peak with the lower binding energy
(~529.0 eV) was attributed to O2− ions participating in the Zn–O bonding in the wurtzite
structure of the hexagonal ZnO [42,43]. The component centered at ~531.0 eV is associated
with photoelectrons emitted from O2− ions in oxygen-deficient regions in the matrix of
ZnO [42]. As shown in Figure 6c, the sample obtained in synthesis route (I) had one more
component at 532.5 eV, which was attributed to oxygen species chemisorbed on the surface
of the Ag/ZnO [44]. The adsorbed oxygen species in Ag/ZnO (I) may affect the physical
and chemical properties of the material.

3.6. EXAFS

The local environments of the Ag and Zn atoms in the samples were probed by EXAFS
spectra of Ag K edge and Zn K edge. The EXAFS oscillations occur due to the interference
between outgoing and backscattered photoelectron wave. The scattering signal χ(E) is
defined as follows [45]:

χ(E) =
μ(E)− μ0(E)

Δμ0 (E0)
(2)

E0 is the tabulated energy of an absorption edge, Δμ0 (E0) is step or edge jump between pre-
and post-edge lines, μ0 (E0) is the mass absorption coefficient of the isolated atom, and μ(E)
is the mass absorption coefficient of the element in the sample. For EXAFS interpretation, it
is convenient to have the data in k-space, which follows the mathematical relation.

k =

√
2m(E − E0)

�2 (3)

m represents the electron mass in the Equation (3). In the Fourier transformed plot, the
actual distance of the oscillation from the photo-absorbing atom is plotted. The background
removal, normalization, and Fourier transformation of the k2 weighted χ(k) spectra were
performed with Athena software from the IFEFFIT package [22]. Simulation of the Ag K
edge and Zn K edge was performed with FEFF within Artemis software. From the XRD
pattern in Figure 1, we already had an idea about the existing phases. Therefore, considering
the concerned crystallographic information file (CIF), the different scattering paths were
obtained mainly for the first coordination shell around the central Ag and Zn atoms. With
the cubic Ag and hexagonal wurtzite CIF file, the Ag–Ag, Zn–O, and Zn–Zn paths were
considered for simulation of Ag K and Zn K edges, respectively. Debye–Waller factor (σ2),
nearest neighbor coordination number (CN), and bond distance (c) were considered as
variable parameters during simulations. We calculated the amplitude reduction factor (s2

0)
from the simulation of standard metallic foil’s (Ag and Zn) EXAFS spectrum and used
the same value for simulating the EXAFS profile for Ag-K and Zn-K edges of the doped
oxides samples.

Figure 7a,c shows the normalized XANES spectra for the Ag K edge and Zn K edge.
Figure 7b,d portrays the χ(k).k2 EXAFS spectra for Ag K edge and Zn K edge. In Figure 7a,
no changes are visible in the intensity or scattering features of the Ag K edge for both
samples as compared to the Ag foil, which indicates the same local environment around
the photo-absorbing Ag atom, and proves the presence of a metallic Ag phase. There was
no change observed in the Zn K edge in XANES region for both samples (Figure 7c). The
fitting of the Ag K edge in Figure 8a with the cubic Ag cif file indicates that there is no
variation in Ag in coordination number between Ag/ZnO(I) and Ag/ZnO(II) samples. The
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same is the case for the Zn K edge in Figure 8c, showing that coordination number does
not vary and no charge transfer took place due to any kind of cationic substitution between
Ag and Zn. The Zn K edge fitting was performed with the hexagonal wurtzite cif file. The
ionic radii of Ag2+ (0.94 Å) and Zn2+ (0.60 Å) are significantly different [46]. The change
in Gibbs’ free energy with cationic substitution might be higher as compared to the bond
formation energy of Ag–Ag bonding. Therefore, it is easier for Ag to make a bond with
another nearby Ag atom rather than cationic substitution, resulting in a metallic Ag phase
in both of the samples. The amplitude reduction factor (s2

0) was calculated with a standard
metallic foil of Ag K edge and Zn K edge. For the Ag K edge and Zn K edge, the s2

0 values
were found to be 0.7 and 1, respectively, which were kept fixed for all fits. Figure 8a–d
portrays the EXAFS fitting for magnitude and the real part of the χ(R) spectra for Ag K
and Zn K edges. From this simulation, we calculated the CN, R, and σ2 values, i.e., for
Ag–Ag, Zn–O, and Zn–Zn single scattering paths. The k-range for Fourier transformation
was 3 to 11.5 A−1 during the simulation of the Zn K edge. The same for the Ag K edge was
3 to 9.5 A−1. The R ranges were 1.85–3.15 Å and 1–3.65 Å for Ag and Zn fits, respectively.

 

Figure 7. Ag loaded ZnO NPs. (a,c) Normalized XANES data for Ag K edge and Zn K edge. (b,d) k2-
weighted χ(k) spectra for Ag K edge and Zn K edge. XANES and χ(k) were both shifted vertically
and stacked for observational clarity.
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Figure 8. (a,c) Magnitude and (b,d) real component of χ(R) for Ag/ZnO (I) and Ag/ZnO (II) samples.

Using the fcc Ag cif file, the EXAFS fitting of experimental Ag K edges for Ag/ZnO (I)
and Ag/ZnO(II) samples is shown in Figure 8a. For the Ag/ZnO (I) sample, the Ag atom
was coordinated with the 11.9 nearest Ag atoms with a bond length of 2.87 (0) Å. The stan-
dard fcc metallic Ag has fcc structure and 12 as the first coordination number (CN). This
implies high crystallinity and no ionic substitution for Ag unit cells in the Ag/ZnO (I) sam-
ple, as this had the same CN as the standard fcc Ag unit cell. However, for the Ag/ZnO (II)
sample, the CN was reduced to 8.9. However, the bond lengths (2.86 (0) Å) were the same.
The reduced CN indicates the presence of Ag vacancies in the first coordination shell. The
presence of such vacancies might be the reason behind tiny increment in σ2 values from
0.008 (0) A2 to 0.009 (0) A2. The presence of cationic interstitials or vacancies increases the
σ2 value [47]. Therefore, both samples, Ag/ZnO (I) and Ag/ZnO (II), indicate the presence
of metallic Ag with both of the synthesis methods.

The real part of χ(R) R spectra for the Zn K edge in Figure 8c indicates two major peaks
corresponding to the nearest Zn–O coordination and second nearest Zn–Zn coordination.
The modelling for the Zn K edge was performed with the hexagonal wurtzite ZnO cif file.
The R values for Zn–O and Zn–Zn do not indicate any significant changes in Ag/ZnO (I) or
Ag/ZnO (II) samples with different synthesis routes. The CN values for Zn–O coordination
were 2.9 (4) and 2.9 (3) for Ag/ZnO (I) and Ag/ZnO (II) samples, which are different from
the ideal ZnO lattice values. In ideal wurtzite ZnO cif file Zn–O CN is 4. The reduced Zn–O
CN suggests the presence of Vo in both of the samples. These fitting results regarding the
presence of Vo are in complete agreement with our retrospective O 1s edge XPS analysis.
The second nearest neighbor, i.e., Zn–Zn CN, was 11.9 for both samples, alongside no
noteworthy change in the Zn–Zn R value. The σ2 values also remained the same for Zn–Zn
coordination in both samples. All results from fitting of the Ag K edge with fcc Ag structure
and the Zn K edge with wurtzite ZnO structure are mentioned in Table 2.
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Table 2. The obtained values of the first shell, coordination number (CN), bond length(R) and Debye–
Waller σ2 factor for nearest neighbor (Ag–Ag), (Zn–O), and (Zn–Zn) scattering from EXAFS fitting.
The number in the parenthesis indicates the uncertainty in the last digit.

Sample Shell
CN

(1st Shell)
R (Å) σ2

Ag−Ag(Å
2
) σ2

Zn−O(Å
2
) σ2

Zn−Zn(Å
2
)

Ag/ZnO (I)
Ag–Ag 11.9 (0) 2.87 (0) 0.008 (0) - -
Zn–O 2.9 (4) 1.96 (0) - 0.004 (2) -
Zn–Zn 11.9 (0) 3.22 (0) - - 0.01 (0)

Ag/ZnO (II)
Ag–Ag 8.9 (0) 2.86 (0) 0.009 (0) - -
Zn–O 2.9 (3) 1.96 (0) - 0.003 (1) -
Zn–Zn 11.9 (0) 3.23 (3) - - 0.01 (0)

3.7. Water Disinfection

For optimization of the sample mass used in the disinfection of the water, preliminary
tests were carried out using 0.25, 0.5, and 1.0 g of the particles. Considering both the
microbiological and physicochemical parameters, the best performance was obtained
using 0.5 g of sample because it met the requirements for absence of total coliforms and
Escherichia Coli (Table 3) and kept the disinfected water sample within the pH and turbidity
limits accepted by the standard Standard Methods For The Examination of Water and
Wastewater [23]. For the larger (1 g) and smaller (0.25 g) masses, the pH and turbidity of
the water after disinfection were not satisfactory.

Table 3. Results validated according to the Standard Methods For The Examination of Water and
Wastewater—23th Edition—SMEWW.

Sample

Parameters

Total Coliforms
(MPN/100 mL)

Escherichia coli
(MPN/100 mL)

pH Turbidity (NTU)

Contaminated Water >2419.6 59.4 7.5 28.1
Pure ZnO Presence Presence 8.2 1.5

Ag/ZnO (I) <1 (Absence) <1 (Absence) 7.7 1.9
Ag/ZnO (II) <1 (Absence) <1 (Absence) 7.5 3.1

The results in Table 3 are in accordance with the Standard Methods For The Examina-
tion of Water and Wastewater—23th Edition—SMEWW [23]. According to this method,
the microbiological parameter limit for total coliforms and Escherichia coli in the water is
“<1 or absence MPN/100 mL,” and as for the physicochemical parameters, the pH must
be between 5.0 to 9.0 and the turbidity between null to 5.0. The effluent showed the count
of > 2419.6 MPN/100 mL of total coliforms and 59.4 MPN/100 mL for E. coli. Figure 9
shows the effluent before and after treatment using ZnO and Ag/ZnO samples. After
treatment with the pure ZnO sample, there was not total elimination of total coliforms
or E. coli from the water. After disinfection with the pure ZnO, the pH increased to 8.2
and turbidity decreased to 95% of the original value (Table 3). After using the Ag/ZnO
nanoparticles, no significant change in pH was observed, and the turbidity decreased to
93% or 90% after disinfection with Ag/ZnO (I) or Ag/ZnO (II), respectively (Table 3). It is
known that various factors compromise the bacterial efficiency, such as turbidity, chloride,
presence of organic matter, and pH [48]; however, the parameters assessed (pH and turbid-
ity) did not affect the efficacy of silver-containing materials relative to total coliforms and
E. coli, as the samples Ag/ZnO (I) and Ag/ZnO-Ag (II), physicochemical parameters, and
microbiological parameters were within the limits permitted by the standard [23]. In this
context, the absence of E. coli (<1 MPN/100 mL) indicated that the water after disinfection
with Ag/ZnO nanoparticles did not present a sanitation risk [49].
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Figure 9. Pictures of the wastewater before and after disinfection tests using: (a) pure ZnO,
(b) Ag/ZnO (I), and (c) Ag/ZnO (II).

According to the results, ZnO exhibited higher antibacterial efficiency when decorated
with Ag NPs, suggesting that Ag NPs promote the antibacterial efficiency of ZnO, and
this can be explained by the widely known bacterial effect of Ag nanoparticles [50,51]. As
shown in the TEM analyses, the Ag/ZnO (I) was composed of Ag NPs at the nanometer
scale. Several works report on the sizes of Ag particles in their antimicrobial properties
against E. coli [52,53]. These results indicated that Ag/ZnO exhibited strong antimicrobial
activity against E. coli compared to pure ZnO.

The mechanisms of antibacterial activity of ZnO and Ag NPs have not yet been clearly
elucidated. However, some hypotheses have been proposed for the antimicrobial property
of ZnO, such as the generation of reactive oxygen species (ROS) on the surfaces of the
particles, release of zinc ions, membrane damage, and alteration of protein and nucleic acid
functions [51,54–56]. On the other hand, AgNPs’ Ag+ ions may be attached to the negatively
charged proteins and nucleic acids, leading to structural changes within the cell wall and
membrane [57], Ag NPs penetrating inside the bacterial cell, resulting in DNA damage,
and adhesion of nanoparticles to the surface altering the membrane properties [5,57]; and
dissolution of AgNPs may release Ag+ ions [5,50,58], which may be disruptive to the cell
walls. Considering the efficiency in disinfection performance, these materials obtained by
green syntheses are potential alternative disinfectant agents to chlorine and its derivatives,
which despite being widely used, has harmful impacts on human health [59].

Characterization of the Ag/ZnO Samples after Water Disinfection

XPS analyses of Ag/ZnO samples were carried out before and after their use in the
disinfection treatment to investigate if the Ag and Zn (at%) concentrations varied, and we
then evaluated the leaching of silver ions in water. Table 4 summarizes the results. Taking
into consideration the error in the evaluation, we can observe that the relative amount of
Ag did not vary significantly.

Table 4. Relative concentration of elements evaluated by XPS.

Sample Elements
Atomic Concentration (%)

Before After

Ag/ZnO (I)

C1s 5.6 8.2
O1s 46.0 43.0

Zn 2p3 47.4 47.8
Ag 3d 1.0 1.0

Ag/ZnO (II)

C1s 11.9 10.3
O1s 43.0 45.0

Zn 2p3 43.3 43.0
Ag 3d 1.8 1.7
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4. Conclusions

Pure ZnO and Ag-loaded ZnO were successfully synthesized by an eco-friendly
method using Cassava starch and Aloe vera leaves. Aloe vera was used as a reducing agent
and the starch in metal complexing and fuel for the reaction. The XRD results confirm that
the decoration with silver did not alter the structural properties of pure ZnO that remained
pure hexagonal wurtzite. The presence of Ag NPs on the surface of ZnO particles was
confirmed by TEM and XPS. XANES and EXAFS denote the presence of metallic Ag NPs
with both synthesis methods.

The synthesized pure ZnO and Ag-loaded ZnO through different methods were
applied to wastewater disinfection. The Ag/ZnO suspensions showed a bactericidal effect
against E. coli and total coliforms, exhibiting potential to be also used as an effective
prophylactic agent for the disinfection of wastewater.
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Abstract: In this work, the design, manufacture, and testing of three different magnetic microreactors
based on torus geometries (i.e., one-loop, two-horizontal-loop, and two-vertical-loop) is explored
to increase the enzyme-based transformation of dyes by laccase bio-nanocomposites, improve the
particle suspension, and promote the interaction of reagents. The laccase enzyme was covalently
immobilized on amino-terminated silanized magnetite nanoparticles (laccase-magnetite). The optimal
configuration for the torus microreactor and the applied magnetic field was evaluated in silico with
the aid of the CFD and particle tracing modules of Comsol Multiphysics®. Eriochrome Black T (EBt)
dye was tested as a biotransformation model at three different concentrations, i.e., 5 mg/L, 10 mg/L,
and 20 mg/L. Phenol oxidation/removal was evaluated on artificial wastewater and real wastewater.
The optimal catalytic performance of the bionanocomposite was achieved in the range of pH 4 to
4.5. A parabolic movement on the particles along the microchannels was induced by the magnetic
field, which led to breaking the stability of the laminar flow and improving the mixing processes.
Based on the simulation and experiments conducted with the three geometries, the two-vertical-loop
microreactor demonstrated a better performance mainly due to larger dead zones and a longer
residence time. Additionally, the overall dye removal efficiencies for this microreactor and the laccase-
magnetite bionanocomposite were 98.05%, 93.87%, and 92.74% for the three evaluated concentrations.
The maximum phenol oxidation with the laccase-magnetite treatment at low concentration for the
artificial wastewater was 79.89%, while its phenol removal efficiency for a large volume of real
wastewater was 17.86%. Treatments with real wastewater were carried out with a larger volume,
equivalent to 200 biotransformation (oxidation) operating cycles of those carried out with dyes or
phenol. Taken together, our results indicate that the novel microreactors introduced here have the
potential to process wastewaters rich in contaminant dyes in continuous mode with efficiencies that
are attractive for a potential large-scale operation. In this regard, future work will focus on finding
the requirements for scaling-up the processes and evaluating the involved environmental impact
indexes, economic performance, and different device geometries and processing schemes.

Keywords: dye; phenol; removal; bionanocomposites; laccase; magnetic nanoparticles; microreac-
tor; torus
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1. Introduction

Water pollution is one of the main environmental problems that mankind is facing
over the coming few decades [1,2]. Industrial and agricultural processes are thought to be
major causing agents due to the continuous discharge of large volumes of wastewaters to
these aquatic environments [3]. Some of the most common discharged pollutants include
pathogens, excess nutrients, suspended solids and sediments, pesticides, plastics, fertilizers,
acids, detergents, pharmaceuticals, phenols, minerals, dyes and pigments, and heavy
metals [4]. Phenolic compounds are mainly found in wastewater of many industries
such as coal conversion, resin, plastic, and petroleum refineries. These compounds are
toxic pollutants in industrial waste imposing risk to human health, and some of them
are suspected carcinogens. Phenols and cresols are highly corrosive and toxic and can
cause damage to the respiratory system, scarring of the skin, damage to gastrointestinal
tracts, kidney failure, hematological changes, and nervous system depression [2,5]. The
annual industrial production of synthetic or azo dyes approaches 70 million tons [6]. These
xenobiotic chemicals are not normally encountered in nature and show high solubility in
water and consequently, stand as one of the major sources of water pollution [7]. Due to
their production ease, azo dyes are ubiquitously found around the world in many industries
including textiles, leather goods, paper, plastics, foodstuffs, cosmetics, and candles [8].
Despite the industry’s efforts to couple wastewater treatment processes to their continuous
production process, 90% of reactive textile dyes entering activated sludge sewage treatment
plants will pass through unchanged [9]. As a result, between 30 to 150 thousand tons of
dyes are discharged into water bodies, soil, and aquatic ecosystems annually [6].

The main methods used to treat water effluents containing azo compounds or phe-
nolic compounds are coagulation/flocculation and precipitation, adsorption, flotation,
membrane filtration, chlorine disinfection, bioflocculation, ion pair extraction, ultrasonic
mineralization, electrolysis, ion exchange, advanced oxidation processes, sonication, photo-
catalysis, and ozonation [2,6,7]. Some of these processes, however, are difficult to operate,
rely on costly feedstocks, require complex instrumentation and control schemes, exhibit
limited versatility, and are negatively affected by other wastewater pollutants. Moreover,
they can generate genotoxic or hazardous byproducts [10,11]. One attractive alternative
to overcome some of these issues is the incorporation of enzyme-based biocatalysts as
active components into treatment processes. This approach facilitates the degradation of
the recalcitrant organic compounds, including the azo dyes and phenols, without introduc-
ing any extra toxic components, processing an ample range of pollutant concentrations,
requiring shorter treatment times, and with low operation costs [12]. One of the most
attractive families of enzymes for treatment of azo dyes are laccases [13]. These enzymes
are oxidoreductases capable of oxidizing phenolic compounds into phenoxyl radicals, with
the aid of four copper electrons in their structures [7,14].

Laccases have proven to catalyze the oxidation of a wide range of potential substrates,
and they have high activity and specificity toward phenolic and non-phenolic aromatic
compounds [15,16]. Nevertheless, free laccases are environmentally sensitive and difficult
to recover from reaction media; have low long-term stability, costly isolation and purifi-
cation processes, and limited large-scale applications due to their disposable use; and
their catalytic activity shows a marked decrease in harsh environments [14,16]. Enzyme
immobilization on different types of supports provides a technological route to compensate
for many of these drawbacks, improve their stability, and allow their reuse in a cyclic
reaction scheme [17,18].

Recently, laccases have been successfully immobilized on microscopic supports such
as porous glasses [19,20], TiO2 [21], membranes [22], and microspheres [23]. Main im-
mobilization methods include adsorption, self-immobilization, covalent binding, mesh
embedding, microencapsulated embedding, and two-step combination. Yet, compared with
conventional immobilization carriers, nanostructured materials are regarded as promising
supports due to their small size, high surface area, and large surface-to-volume ratio [16].
MagnetiteM (Fe3O4) nanoparticles (MNPs) stand out as promising supports due to their

132



Nanomaterials 2022, 12, 1688

large surface areas, superparamagnetism, ease of separation and recovery by applying
external magnetic fields, and well-defined surface properties and morphology [24,25].
MNPs also stand out for their low toxicity, mature synthesis technology, and the possibility
to be recycled without major changes in properties [16,19,26–28]. Thus far, MNPs have
been exploited for the immobilization of several enzymes, including lipases, lactase, and
glucosidase for degradation of pollutants [29].

Recent developments have focused on enabling incorporation of free and immobi-
lized laccases into continuous treatment processes, which might be beneficial for low-cost
industrial applications [13,30,31]. In this regard, continuous microreactor devices have
been recently developed by taking advantage of important advances in the microfluidics
field. One of the most attractive features of these devices is that they can carry out chemical
processes with low reagent consumption due to the small sample volumes handled. There
are different device configurations and peripherals that have been developed to assemble
systems capable of complying with different analysis and functions including sampling,
sample processing and in-line real-time monitoring, and processing of the collected data.
With the advent of easier and cheaper ways of manufacturing at the microscale, the field
of microfluidics has had an exponential growth and therefore has reached the sufficient
maturity for its incursion into industrialization routes [32]. One of such tools is CFD simu-
lations of the fluid flow and transport of objects within the microsystems [33]. With the
simulation results, manufacturing takes shorter times and favor only prototypes with the
highest performance, which can be further optimized with much less investment [34].

Here, we explore the design and manufacture of microreactors with toroidal topolo-
gies to enable the enzyme-based oxidation of phenols and dyes. We hypothesize that
such microreactors are suitable for maximizing biotransformation processes due to the
absence of dead volume, the efficient mixture of reagents, and the possibility of continuous
reaction within the toroidal loop [35]. A first attempt to find an optimal configuration
for the torus microreactor was explored in silico by analyzing mixing patterns and fluid
dynamics. Low-cost device prototyping was conducted in polymethyl methacrylate using
a laser cutting system and commercially available fittings for the assembly and subse-
quent testing. The microreactor’s potential for biotransformation of dyes was evaluated
for laccases covalently immobilized magnetite (Fe3O4). The model reactions were the
oxidation of the commercially available dye Eriochrome Black T (EBt) as well as phenol. To
maintain the nanoparticles suspended during the treatment process and maximize contact
between the components; one or two permanent magnets were coupled to the microreactor.
Finally, the extent transformation of the azo molecules was examined in a real wastewater
after measuring some water quality parameters and evaluating the removal of phenolic
compounds from this water.

2. Materials and Methods

2.1. Materials

Polymethyl methacrylate (PMMA) sheets, also known as acrylic sheets, were pur-
chased from Surtiacrylicos (Bogota, Colombia), Methyl methacrylate based-glue Veracril
® was obtained from New Stetic (Guarne, Colombia), Ethanol (96%) was acquired from
Expert Clean Colombia (Bogota, Colombia), and 345 mT Neodymium cylindrical magnets
(φ: 6 mm × h 7 mm) were purchased from Constructor Mil Imanes (Bogota, Colom-
bia). 2,2-azino-bis(3-ethylbenzothiazoline-6) sulphonic acid (ABTS), glutaraldehyde (25%),
sodium hydroxide (NaOH) (98%), tetramethylammonium hydroxide (TMAH) (25%), and 3-
aminopropyl-triethoxysilane (APTES) (98%) were purchased from Sigma-Aldrich (Burling-
ton, MA, USA). Iron (II) chloride tetrahydrate (98%) (FeCl2*4H2O), iron (III) chloride
hexahydrate (97%) (FeCl3*6H2O), phenol crystallized (99,5%) (C6H6O) (phenol) and dye
Eriochrome Black T (EBt) (C.I. 14645) were obtained from PanReac AppliChem (Castellar
del Valles, Spain).
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2.2. Laccase

Laccases from Pycnoporus Sanguineus CS43 (EC 1.10.3.2) were obtained from tomato
medium as described elsewhere [36]. In brief, mycelia were separated from the tomato
medium supernatant after 10 days of culture by membrane filtration (0.2 μm RC Whatman).
Then, it was concentrated by ultrafiltration with a tangential-flow filter (Membrane cut-
off of 10 kDa, Sartorius Sartojet, Göttingen, Germany). The ultra-filtered sample was
purified with a DEAE-cellulose ion exchange column eluted with 20 to 300 mM phosphate
buffer pH 6.0 at a flow rate of 2 mL/min. The obtained laccase cocktail was collected
and concentrated using an Amicon ultrafiltration cell (Membrane cut-off of 10 kDa, Merk
Millipore, Burlington, MA, USA).

2.3. Synthesis of Magnetite Nanoparticles

Magnetite nanoparticles (Magnetite) were synthesized via coprecipitation by mixing
20 mL of 1 M FeCl2 and 20 mL 2 M FeCl3 under agitation at 1500 revolutions per minute
(rpm) and 90 ◦C. Subsequently, 40 mL of 8 M NaOH and 40 mL 2% (v/v) of TMAH were
added to the mixture during 3.5 h at a flow rate of 12 mL/h. The obtained magnetite
nanoparticles were purified by magnetic separation with the aid of a strong permanent
magnet, then washed thoroughly with 2% (v/v) TMAH, and finally sonicated for 100
min using a VibraCell sonication system (Sonics, Newtown, CT, USA). The synthesized
Magnetite exhibited an average hydrodynamic diameter of 88.59 nm with a polydispersity
index of 0.182 as determined by Dynamic Light Scattering (DLS) analysis with the aid
of a Zetasizer Nano ZS, (Malvern, UK) as previously reported by Lopez-Barbosa et al.
(2020) [37]. Microscopic inspection of the Magnetite structure, morphology, and shape
was achieved via transmission electron microscopy (TEM) in a Tecnai F30 instrument (FEI
Company, Fremont, CA, USA)

2.4. Enzyme Immobilization
2.4.1. Enzyme Immobilization on Magnetite Nanoparticles

A nanoparticle suspension (5 mg/mL) was buffered using a NaOH 1M solution
until reaching pH 11, then sonicated for 10 min. Next, 50 μL of 2% (v/v) TMAH was
pipetted, and the resulting reaction mixture sonicated for 10 min. Silanization was carried
out by adding 50 μL of 2% (v/v) APTES, and then the mixture was sonicated again for
20 min. Subsequently, 50 μL of 2% (v/v) glutaraldehyde was added to the mixture as the
crosslinker and left to react for 30 min. Finally, 50 μL of 960 U/L laccase enzyme was added
and left overnight to immobilize on the surface of the MNP via covalent bonding. The
resulting bionanocomposites (laccase-magnetite) were recovered with the aid of a strong
permanent magnet and washed thoroughly with Milli Q water. Laccase immobilization on
magnetite was confirmed by Fourier transform infrared spectroscopy (FT-IR) aided by an
A250/D FTIR-ATR (Bruker, Bremen, Germany). The resulting laccase-magnetite exhibited
an immobilization ratio of 0.0096 U/g of laccase activity per MNP mass, and 13 μg/g of
laccase mass per MNP mass.

2.4.2. Effect of pH and Temperature on Enzymatic Activity

Stability of free (free-laccase) and immobilized laccase (laccase-magnetite) bionanocom-
posites was examined in phosphate–citrate buffer solutions at pH values of 2.0, 3.0, 4.0,
4.5, 5.0, 6.0, 7.0, and 10.0, at 25 ◦C and at different temperatures ranging from 30 to 70 ◦C,
at pH 4.0. Laccase activity, of free and immobilized laccase, was determined spectropho-
tometrically as described by Moilanen et al. [11] at 436 nm using a GENESYS 10S UV-Vis
v4.004 2L5R078128 (Thermo Fisher Scientific, Waltham, MA, USA). One activity unit was
defined as the amount of enzyme that oxidized 1 μmol of ABTS per min. The activities
were expressed in U/L. All measurements were carried out in triplicate.
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2.5. Microreactors Design and Manufacture
2.5.1. Microreactor Geometry Design and Simulation

Three different geometries for the torus microreactor were studied in silico via Comsol
Multiphysics 5.3® (Stockholm, Sweden). Figure 1 shows such geometries, namely, one-loop,
two-horizontal-loop, and two-vertical-loop microreactors. All microreactors were designed
to work under continuous operation, with a wastewater continuous input flow through the
inlet that travels through the microchannel until reaching the outlet. During its trajectory,
wastewater meets with the laccase-magnetite bionanocomposites that are contained inside
the microchannel by the effect of the magnetic field of a permanent magnet or magnets
coupled to the systems, depending on the design. Wastewater is then treated by the
laccase-magnetite and continue its trajectory to the outlet of the microreactor, while laccase-
magnetite is retained inside the microreactor. To study the behavior of each microreactor
design, the Computational Fluid Dynamics (CFD) and Magnetic Field no current (MF)
modules of Comsol® were coupled to simultaneously simulate the hydrodynamics and
impact of the imposed magnetic fields, respectively. To evaluate the impact of magnetic
fields on the transport of the individual nanoparticles, the Particle Tracing (PT) module
was implemented solely for the one-loop microreactor.

Figure 1. (a) Simulation geometry and actual picture of one-loop microreactor. (b) Simulation ge-
ometry and actual picture of the two-horizontal-microreactor. (c) Simulation geometry and actual
picture of the two-vertical-loop microreactor. (d) Schematic of the experimental setup for the biotrans-
formation process. The numbers 1, 2, 3, 4, and 5 in the figure correspond to the solution injection,
microreactor, permanent magnet, treated sample, and absorbance analysis, respectively.

The laminar flow module (Equation (1)) was used here to describe the fluid flow due
to the low Reynolds number (Re) calculated for the microreactors (Re = 4.4). The inflow
to the microreactor was 12 mL/h, while the output pressure was set to 1 atmosphere.
Density and viscosity of water were assumed as the properties of the flowing fluid. The
non-slip boundary condition was imposed at the walls of the microchannels. The imposed
boundary conditions are summarized in Figure 1. MF was used to simulate the magnetic
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field generated by a neodymium permanent magnet (Equations (2) and (3)). An additional
domain representing the surrounding air was added to the computational domain. Air
and water were assumed with magnetic permeability of 1. These two physics were solved
simultaneously in a stationary study with the direct solver PARDISO:

0 = −∇P + μ∇2V (1)

B = μ0μr H (2)

B = μ0μr H + BR (3)

In these equations, ∇P is the pressure gradient in the fluid, μ is the viscosity of the fluid,
and V is the velocity of the fluid. For the equations of MF, B is a magnetic flux density, μ0 is
the magnetic permeability of the vacuum, μr is the magnetic permeability of the fluid, H is
the magnetic field, and BR is the remanent flux density of the neodymium magnet. The PT
module was used to study the dynamics of the magnetic particles within the microreactor.
The particle diameter was assumed as 1.2 μm with a density of 5180 kg/m3. The particle
size was decided according to our own previous experimentation that demonstrated the
presence of agglomerations of NPs forming clusters (data not shown). Additionally, the
magnetic permeability of the particle was set to 5000 H/m. The particles were delivered at
the main inlet of the device. The PT was solved in a time-dependent study for 10 s using
0.1 s steps. In this case, a projected conjugate gradient iterative solver was chosen due to
the high demand for computational resources. Additionally, a parametric analysis was
performed to evaluate the impact of the remanent flux density of the neodymium magnet
on the particles transport. Equations (4)–(7) describe the forces experienced by a particle.
This study considered the interactions between the particles and the fluid (drag force)
and the magnetic attraction between particles. Particle-particle interactions, lifting force,
and Brownian motion were disregarded to avoid dealing with unnecessary complexity
that provides little extra information at the expense of exceedingly large computational
resources:

FD =
1
τP

mP(U − V) (4)

τP =
ρPd2

P
18μ

(5)

Fmp = 2πr3
pμ0μrk∇H2 (6)

k =

(
μrp − μr

)
(
μrp + 2μr

) (7)

In these equations FD is the drag force, mP is the mass of the particle, U is the velocity
of the particle, V is the fluid velocity, ρP is the density of the particle, and dp is the
particle diameter. Fmp is the magnetophoretic force, rP is the particle radius, and μrp is the
magnetic permeability of the particle. As described before, the meshing was subjected to a
convergence analysis to determine the minimum number of elements necessary to arrive to
a meaningful solution. For this study, five random measurement points in the microchannel
were selected along the computational domain, and the change in magnitude of speed
was evaluated as the number of mesh elements was increased. As a convergence criterion,
it was determined that the velocity magnitude change obtained for a meshing level and
the next one was below 3%. An unstructured mesh with 60,000 tetrahedral elements was
therefore generated. A stationary study was then run with the direct solver PARDISO that
allows to parallelize processes solving large symmetric or structurally symmetric dispersed
linear systems of equations in shared memory multiprocessors [38].
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2.5.2. Manufacture of the Torus Microreactors

Device prototyping was conducted by engraving the microchannels (1 mm of depth)
on PMMA slides of 2.5 mm thickness with an area of 75 mm × 25 mm. The proposed
torus geometries were cut with the aid of a laser cutter system Speedy 100, 60 W (TROTEC,
Germany). Proper assembly and sealing were achieved by gluing the slides with ethanol
followed by heating at 105 ◦C for 8 min. The device was then maintained under constant
pressure with the aid of a home-made press. Inlets and outlets were equipped with
commercially available fittings to facilitate connection to pumping devices (e.g., syringe
pumps) (See Figure 1).

2.6. Dye Decolorization Studies
2.6.1. Experimental Tests for Decolorization of Dyes

EBt dye was used as the model compound to study dye treatment using MNP or
laccase-magnetite inside the microreactors at pH 5.5 and three different dye concentrations,
namely, 5 mg/L, 10 mg/L, and 20 mg/L. The setup consisted of a microreactor previously
loaded with magnetite or laccase-magnetite, neodymium permanent magnets placed in
the corresponding slots, and 5 mL of Ebt solution, at previously described concentrations,
pumped through the inlet at a constant rate of 12 mL/h for 25 min. Prior to the decoloriza-
tion experiments, 5 mg of MNP or laccase-magnetite (representing 4.85 × 10−5 U of laccase
activity) was introduced to each microreactor in the presence of the neodymium permanent
magnets, of 349.23 mT, to retain the bionanocomposites at the reaction loops. Samples were
analyzed spectrophotometrically by measuring the absorbance peak at 545 nm, which is the
maximum absorbance for EBt, and the absorbance area of the visible spectrum in the range
between 400 and 700 nm (See Figure 1). All measurements were carried out in triplicate.

% Removal =
AbsDye Control − AbsSample

AbsDye Control
(8)

The dye decolorization was calculated as removal percentage according to Equation (8),
where the AbsDye Control is the average absorbance (at the absorbance peak or the area under
the absorbance curve, respectively) of the dye at each concentration prior to entering the
microreactor, and the AbsSample is the absorbance at the outlet of each replica.

2.6.2. Treatment of Artificial Wastewater

Artificial wastewater (AW) (pH 4.42) containing three different concentrations of
phenol, namely, 5 mg/L, 10 mg/L, and 20 mg/L was prepared. A total of 5 mg of laccase-
magnetite (representing 4.85 × 10−5 U of laccase activity) was introduced to each microreac-
tor in the presence of the neodymium permanent magnets to retain the bionanocomposites
at the reaction loops. Each microreactor was then infused with 5 mL of each artificial
wastewater solution at a constant rate of 12 mL/h for 25 min. Effluent samples were
analyzed spectrophotometrically by measuring the absorbance peak at 270 nm, which is
the maximum absorbance for phenol, and the absorbance area in the range between 190
and 1100 nm. All measurements were carried out in triplicate.

Phenol oxidation was calculated as a percentage of change in the phenol concentration,
according to Equation (9). Where the AbsAW Control is the average absorbance (at the
absorbance peak or area under the absorbance curve, respectively) of phenol at each
concentration previous to entering the microreactor, and the AbsSample is the absorbance of
each replica, while AbsTotal conversion is the absorbance of the total oxidized phenol. A value
of zero in the percentage corresponds to a situation of no noticeable change in the phenol
contents while negative values represent a reduction in such a concentration mainly due to
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physical phenomena (e.g., adsorption). Additionally, positive values might be explained by
the polymerization of phenol upon oxidation by the Laccase molecules.

% Oxidized Phenol =
AbsSample − AbsAW Control

AbsTotal conversion − AbsAW Control
(9)

2.6.3. Treatment of Real Wastewater

Real Wastewater (RW) samples were collected from the laboratories of the School
of Medicine at los Andes University (Bogota, Colombia). RW was then filtered through
filter paper Munktell grade 3 HW with a pore diameter of 110 nm (Ahlstrom, Finland)
to remove solid particles and some colloids that could interfere with the process. RW
was then classified as untreated-RW (U-RW) and characterized. In contrast, treated-RW
(T-RW) corresponds to U-RW after treatment through the laccase-magnetite system inside
the two-vertical-loop microreactor. A total of 5 mg of laccase-magnetite (representing
4.85 × 10−5 U of laccase activity) was introduced to the microreactor prior to treatment, as
explained previously. One liter of U-RW was pumped into the microreactor at a constant
rate of 12 mL/h. T-RW was then collected at the outlet of the microreactor.

Samples of U-RW and T-RW were analyzed to quantify phenol, biochemical oxygen
demand (BOD), NH3-nitrogen, and total Kjeldahl nitrogen concentrations. BOD was
analyzed using the Standard Method 5210B; NH3-nitrogen was analyzed by Standard
Method 4500-NH3-C; total nitrogen was evaluated by Standard Method 4500-N. Phenol
was selected as a role contaminant, as it is susceptible to oxidation by the immobilized
laccase molecules. Nitrogen was analyzed due the presence of amine groups in the chemical
structure of immobilization linkers. Finally, the biochemical oxygen demand was quantified
to estimate the amount of dissolved organic matter present in the samples, which can be
partially oxidized by laccase enzymes.

The removal ratio for each of the parameters above was calculated according to
Equation (10), where the XU−RW is the value obtained for each parameter in the untreated
sample (U-RW), and XT−RW is the value of the same parameter after treatment (T-RW).

Removal Ratio [%] =
(XU−RW − XT−RW )

XU−RW
(10)

3. Results and Discussion

3.1. Characterization of Laccase Immbolized on Magnetite

FTIR was carried out to confirm the immobilization of laccase on magnetite nanopar-
ticles (laccase-magnetite) (Figure 2). Bare magnetite exhibited two bands at 1620 and
3160 cm−1 related to the vibration of the hydroxyl groups on the surface of the mag-
netite ν (Fe-OH) [39,40]. Laccase-magnetite nanobiocomposites presented a peak at 3350
cm−1 attributed to the NH stretching vibration of laccase amines and a peak at 1080 cm−1

characteristic of the Si-O-Si bond resulting after silanization [39].
We evaluated the impact of pH and temperature on enzyme activity (Figure 3). Opti-

mal activity for the free-laccase was observed under acidic conditions (maximum activity
at pH 2). Similar optimal values between pH 2–4 were reported previously [41]. In contrast,
for pH values of 6 and above, the activity decreases and becomes almost negligible. In the
case of the bionanocomposites, maximum activity was observed at pH 4, followed by a
considerable decrease for pH values of 6 and above. The change in the optimal pH for
Laccase-Magnetite to higher values is likely caused by an uneven concentration of the H+

and OH− ions between the support matrix and the bulk solution [33]. Regarding the effects
of temperature on the activity of the enzyme, both the immobilized laccase and the free
laccase showed more than 85% of relative activity between 40 and 60 ◦C; in both cases
(free-laccase and laccase-magnetite), there is a pronounced deactivation effect above 60 ◦C,
being slightly higher for the immobilized laccase, losing around 15–30% of the relative
activity.
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Figure 2. FTIR analysis of magnetite nanoparticles and laccase-magnetite nanobiocomposites, show-
ing the identified peaks at 1080, 1620, 3160 and 3350 cm−1.

Figure 3. Effect of pH and temperature on enzyme activity: (•) free-laccase and (�) laccase-magnetite.

3.2. Microreactor Geometry Design and Simulation

Figure 4 shows the convergence plot for a one-loop microreactor. All the simulations
were carried out with a minimum of 60,000 mesh elements for the fluid domain to assure
the system convergence.
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Figure 4. Mesh convergence analysis for the one-loop torus microreactor. Five points along the
computational domain were selected for the analysis and plotted as a function of number of mesh
elements. Additionally, the simulation time for the different levels of meshing is presented as dotted
circles.

The velocity profiles and magnetic field fluxes for the three proposed devices are
shown in Figure 5. Dead zones of low velocities (blue color) are observed in the three
configurations; however, the two-vertical-loop microreactor shows a larger dead zone
compared to the other 2 devices. This can be explained by the relatively important changes
in height as the fluid passes through the loops. In addition, the fluid decelerates because
of changes in the cross-sectional area of the microchannels. This velocity reduction is
beneficial for biotransformation purposes as the contact time of the bionanocomposites
with the fluid is likely to be significantly exacerbated.

 

Figure 5. (a) Velocity profile of one-loop microreactor. (b) Velocity profile of two-horizontal-loop
microreactor. (c) Velocity profile of two-vertical−loop microreactor. (d) Magnetic field flux of one-
loop microreactor. (e) Magnetic field flux of two-horizontal-loop microreactor. (f) Magnetic field flux
of two-vertical-loop microreactor.
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The magnetic field flux results show a uniform distribution around the magnet for the
case of the single loop (Figure 5d). For the two magnets arranged in a horizontal configu-
ration (Figure 5e), there is no interaction between the field lines of the magnets. Finally,
the configuration of two-vertical-loop (Figure 5f) showed the greatest field interaction, and
consequently superior chances to retain the bionanocomposites within the loops.

The time evolution of the particle’s transport within the one-loop microreactor was
studied under varying intensities of the applied magnetic field (i.e., 0, 50, 100, 200, 300,
350, 500, and 1000 mT). The simulations were conducted for a total time of 30 s with data
collection at 1, 5, 15 and 25 s (See Figure 6). For these simulations, each particle trajectory is
random and driven by the exerted drag and magnetophoretic forces. As the particles are
attracted to the magnet and due to the interplay of involved forces in the loop, they follow
a parabolic trajectory until finally sticking to the wall of the microreactor channel. For
some particles, the magnetic field will not be enough to retain them within the loop. These
unique trajectories have been exploited by others for the separation and manipulation of
magnetic particles within microchannels [42]. In our case, the movement is enough to
perturb the laminar flow, thereby generating mixing patterns that are useful to promote
the intimate interaction of the nanoparticles with other components present in the solution.
This was also evidenced by a better suspension of the nanoparticles as the magnetic field
was increased.

Total retention of the particles was achieved for the fields of 500 and 1000 mT, as the
particles remain statically attached to the walls of the microreactor. To support this result,
the particle’s loss and retention ratio were analyzed by counting the particles leaving the
system through the microreactor’s outlet during the 30 s of simulation (See Table 1). The
magnetic field applied experimentally by the magnet was of 349.23 mT, which is close to the
one simulated at 350 mT. In this case, the particle’s retention approached 96.83% while the
loss ratio was 3.17%. The actual particle’s loss ratio obtained experimentally was between
13–20%, which was closer to the results obtained in silico at 300 mT where the retention
ratio was 82.67%. In this case, the loss ratio approached 17.33%. The reduction in the actual
strength of the magnetic field can be explained by the marked difference in the medium
surrounding the fluid computationally (i.e., air) and the actual medium (i.e., PMMA walls),
which attenuates the applied magnetic field.

Table 1. Retention ratio analysis at the microreactor’s outlet after 30 s of simulation.

Remanent Flux Density ((mT)) Particle’s Loss Ratio (%) Particle’s Retention Ratio (%)

0 93.67 6.33

50 91.17 8.83

100 85.00 15.00

200 56.00 44.00

300 17.33 82.67

350 3.17 96.83

500 0.00 100.00

1000 0.00 100.00
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Figure 6. (a) Particle distribution in the one-loop microreactor after 1 s. (b) Particle distribution in the
one-loop microreactor after 5 s. (c) Particle distribution in the one-loop microreactor after 15 s. (d)
Particle distribution in the one-loop microreactor after 25 s.
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3.3. Decolorization and Degradation Studies
3.3.1. Experimental Tests for Decolorization of Dyes and Degradation of Phenols

Potential for dye retention on the surface of the microreactor´s walls was estimated by
pumping the dye solution into the system in the absence of magnetite. The average reten-
tion obtained was 24.3%, 52.1%, and 26.2% for the three dye concentrations evaluated (i.e.,
5, 10, and 20 mg/L). Figure 7 shows the average removal of EBt for each device, condition,
and concentration evaluated. Data are presented for the two types of analysis implemented
in this work, i.e., absorbance peak and area under the absorbance spectrum. For almost all
treatments, maximum removal/decolorization was achieved with the laccase-magnetite
except for one-loop at 10 mg/L and two-horizontal loop at 20 mg/L, where bare mag-
netite nanoparticles were more effective in removing the dye. We attributed this superior
performance to the adsorption of the dye molecules on the surface of the nanoparticles.
The maximum removal of dye was 98.74% (4.9 mg/g dye/laccase-magnetite) for the two-
vertical-loop microreactor. The average removals for laccase-magnetite systems based on
absorbance (545 nm) (Figure 7a) were 91.08% (10.5 mg/g dye/laccase-magnetite), 74.38%
(6.9 mg/g dye/laccase-magnetite) and 96.21% (11.1 mg/g dye/laccase-magnetite) for the
one-loop, two-horizontal-loop, and two-vertical-loop microreactors, respectively. The dye
removals for the same treatments but with quantification based on the area under the
absorbance spectrum (Figure 7b) approached 85.62% (10.0 mg/g dye/laccase-magnetite),
62.44% (4.7 mg/g dye/laccase-magnetite), and 93.56% (10.7 mg/g dye/laccase-magnetite)
for the three microreactors. Figure 8 shows a TEM micrograph of the magnetite, describing
a size diameter ranging from 10 to 20 nm approximately, suggesting that the hydrodynamic
diameter calculated via DLS is based on the agglomeration of nanoparticles in solution. In
addition, Figure 8b,c show pictures of the operation of the one-loop microreactor during
the Ebt removal process. Taken together, these results strongly suggest that the microre-
actor with the best performance in terms of the dye removal was the two-vertical-loop
system. Additionally, in the case of the laccase-magnetite treatment, the overall (absorbance
peak and area under the absorbance spectrum) removal efficiencies for this microreactor
approached 98.05% (4.9 mg/g dye/laccase-magnetite), 93.87% (9.3 mg/g), and 92.74%
(18.5 mg/g) for the low, medium, and high dye concentrations (5, 10, and 20 mg/L). The
initial ratio between mass of laccase and dye for each experiment, corresponded to 2.6,
1.3 and 0.65 μg/mg, and the ratio between activity of laccase and dye mass was 0.00192,
0.00096 and 0.00048 U/mg, for the dye concentrations mentioned above.

Phenol removal was evaluated using the two-vertical-loop system (best performing
microreactor from the three evaluated), at three initial phenol concentrations (5, 10 and
20 mg/L). Data (Figure 7c,d) are presented for the two types of analysis implemented in this
work i.e., absorbance peak and area under the absorbance spectrum. The maximum phenol
biotransformation was approximately 75% (3.75 mg/g phenol/laccase-magnetite) for the
lowest phenol concentration, followed by approximately 50% (10 mg/g) at the highest
concentration, and approximately 35% (3.5 mg/g) at the middle concentration. The initial
ratio between mass of laccase and phenol for each experiment corresponded to 2.6, 1.3, and
0.65 μg/mg, and the ratio between activity of laccase and phenol mass was 0.00192, 0.00096,
and 0.00048 U/mg, for the phenol concentrations mentioned above. Further research is
needed to identify the potential intermediates that result from the transformation of the
dye or phenol, their potential toxicity, and the potential need to include additional systems
carrying other enzymes to complete the biodegradation process.
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Figure 7. (a) Removal of Eriochrome Black T for the three microreactor configurations as estimated
by absorbance peak. (b) Removal of Eriochrome Black T for the three microreactor configurations as
estimated by absorbance area. (c) Percentage of oxidized phenol for the two-vertical-loop microre-
actor as estimated by absorbance peak. (d) Percentage of oxidized phenol for the two-vertical-loop
microreactor as estimated by absorbance area.
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Figure 8. (a) Transmission electron microscopy micrograph of magnetite nanoparticles. (b) Picture
of the one-loop microreactor during Eriochrome Black T dye treatment. (c) Picture of the one-loop
microreactor during Eriochrome Black T dye treatment under optical microscope (10X magnification).

3.3.2. Treatment of Real Wastewater

Phenol containing real wastewater (1 L) was treated through the two-vertical-loop
microreactor in the presence of laccase-magnetite. Table 2 shows the measured water
quality parameters before (U-RW) and after (T-RW) treatment. The removal of phenol
reached 17.86% (700 mg/g phenol/Laccase-Magnetite), achieving a final concentration
of 16.10 mg/L, which is close to but still greater than the Drinking Water Equivalent
Level maximum (DWEL) in the U.S. i.e., of 11 mg/L [43] as imposed by the United States
Environmental Protection Agency (EPA) regulations. Relatively low oxidation of phenol
was expected due to the presence of very high concentrations of biodegradable organic
matter (BOD) in real wastewater and its simultaneous oxidation by the laccase-magnetite
system. It also needs to be considered that the initial ratio between mass of laccase and
phenol for this experiment was only 0.00325 μg/mg, and the ratio between activity of
laccase and phenol mass was 0.00000024 U/mg, representing 800-fold less than the ratio
used for the dye and artificial wastewater experiments at the lower concentrations, or
200-fold reduction for the highest dye or artificial wastewater phenol concentration.

Recent studies have evaluated systems for treating large volumes of phenol-
contaminated wastewater. These reports indicate that the most successful phenol remedia-
tion strategies for real wastewater rely on batch biodegradation processes [24]. For instance,
Garg et al. reported the use of low-purity peroxidases extracts for the removal of phenol
from textile industry wastewater in a batch process with an efficiency of 94.95 ± 0.82%.
Additionally, the same process led to 91.49 ± 1.54% removal efficiency in leather industry
wastewater [44]. Hayati et al. reported a removal ratio of 85.9% (TOC) and 92.1% (COD),
with GZnTi nanocomposites [45]. However, studies that evaluate the transformation of
phenol in continuous systems are rather scarce. Therefore, the observed reductions of
phenol in our continuous system are promising and encourage us to continue exploring
further improvements to the microreactors in continuous flow for future contributions.
Moreover, to our knowledge, no other microreactor system has been identified in the
literature capable of continuous operation for phenol-contaminated water treatment that
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treats large volumes of real wastewater and that also offers the possibility for in-line and
real-time monitoring.

Table 2. Characterization of the large volume samples of real wastewater treated with the developed
bionanocomposites.

Parameter
Sample Removal

Ratio (%)

Sorption Capacity
(mg/g)U-RW T-RW Units

Phenols 19.60 16.10 mg
Phenol/L 17.86 700

Biochemical
oxygen

demand (BOD)
385.00 345.00 mg O2/L 10.39 8000

NH3 nitrogen 0.60 0.50 mg N/L 16.67 20

Kjeldahl
nitrogen 12.40 9.90 mg N/L 20.16 500

As there are amine groups present in the molecules used as linkers to complete the
immobilization process, the nitrogen content becomes a parameter of interest. According to
the results of two different techniques, i.e., NH3-nitrogen and Kjeldahl nitrogen, removal
reached 16.67% and 20.16%, respectively, indicating that there was organic nitrogen oxida-
tion due to laccase, but also that the nitrogen present in the linkers of the immobilization
method were not released or lost during the treatment. This indicates that the functionaliza-
tion of the laccase-magnetite was successful. Additionally, as the emission limit value (ELV)
for nitrogen in wastewater by the regulation presented by the United States Environmental
Protection Agency (EPA), is 10 mg/L and 15 mg/L [46], for NH3-nitrogen and Kjeldahl
nitrogen, respectively; the treatment is likely helping in the nitrogen removal (final con-
centrations of 0.50 and 9.90 mg/L) as well. In the case of the biochemical oxygen demand
(BOD), the removal was 10.39%, which allowed us to conclude that the treatment might
this system can aid with the oxidation of BOD in real wastewater.

The initial phenol concentration of the real wastewater sample was 19.60 mg/L,
which is close to the highest concentration evaluated in the case of biodegradation of
dyes with model wastewaters. Additionally, the experiments with real wastewaters were
also conducted in the presence of 5 mg of laccase-magnetite, but with a larger volume of
wastewater than those carried out using dyes and phenol. Consequently, an equivalent
number of cycles to treat the total volume of sample in each case can be estimated to be
roughly 200.

In general, our results showed that our continuous flow treatment presented a maxi-
mum phenol oxidation of about 75% using nanocomposites, while other authors, as Hayati
et al. [45], have reached phenol degradation, also using nanoparticles, between 90 and
100%. This higher phenol oxidation [45] was obtained in the presence of photocatalytic
effects, and under non-continuous operation. The differences in the results might also be
related to a longer reaction time and also the differences in the efficiency of a photocatalytic
process, which requires also more external energy, compared to an enzymatic one. Abdol-
lahi et al. [47] showed phenol degradation of 100% using nanoparticles and biocatalysis,
a more related oxidation method to ours, however; it took between 4 and 12 h to reach
those oxidation rates. Phenol oxidation was about 70 to 90% after 1 h, an oxidation rate
similar to that obtained in our continuous process, which means that the efficiency might
be highly related to the reaction time. Their results [47] also showed that their method lost
50% of the efficiency after 7 cycles, while our experiments with real wastewater, which
represented roughly 200 cycles, reported lost 25% of the initial efficiency. Unfortunately, to
our knowledge, there are no reports of microfluidic systems tested at such high number of
cycles.
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4. Conclusions

The removal of contaminants from industrial effluents remains a major challenge, thus,
we aimed to evaluate laccase enzymes immobilized on magnetite nanoparticles (i.e., bio-
nanocomposites) by controlling their interactions with real and synthetic wastewaters with
the aid of low-cost microfluidic toroidal microreactors equipped with loops to accommo-
date permanent magnets that take advantage of the strong magnetic response of magnetite
to control the residence time of laccase based bionanocomposites within the device without
inducing detrimental perturbations. Multiphysics simulations indicated that the movement
of the particles induced mixing patterns that can increase the interactions between the
wastewater and the bionanocomposite. This is an improvement over large-scale torus
reactors where mixing requires a mechanical stirring and significant energy consumption.
The microreactor with the best overall performance (i.e., longest residence time and best
interaction) was the two vertical loop system. This was corroborated experimentally by
evaluating the biotransformation dyes in artificial wastewater, reaching efficiencies above
90%, and phenol removal from synthetic wastewater reaching efficiencies of about 80%.
Real wastewater tests showed a decrease in phenol removal efficiency to about 18%, but
using the same amount of bionanocomposites but with 200-fold the volume of the treated
wastewater, representing the equivalent of 200 biodegradation operating cycles. Then, it
would be worth exploring the idea of expanding the process for newer and more sustain-
able enzyme-based biodegradation routes enabled by microreactors [48]. Next steps should
focus on exploring strategies for sustained and continuous operation, including recircu-
lation and parallelization processing schemes. We also believe that it is worth exploring
other microreactor geometries where a dynamic array of magnets can be tuned to maximize
magnetic gradient and other geometry mixing approaches. Finally, based on the superior
performance, we are exploring scaling-up routes and processing schemes and whether with
such approaches key environmental indexes are positively impacted, while maintaining
profitability.
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Abstract: CdS nanoparticles were successfully synthesized using cadmium acetate and sodium
sulfide as Cd and S precursors, respectively. The effect of using sodium thiosulfate as an additional
sulfur precursor was also investigated (combined milling). The samples were characterized by XRD,
Raman spectroscopy, XPS, UV-Vis spectroscopy, PL spectroscopy, DLS, and TEM. Photocatalytic
activities of both CdS samples were compared. The photocatalytic activity of CdS, which is produced
by combined milling, was superior to that of CdS, and was obtained by an acetate route in the
degradation of Orange II under visible light irradiation. Better results for CdS prepared using a
combined approach were also evidenced in photocatalytic experiments on hydrogen generation. The
antibacterial potential of mechanochemically prepared CdS nanocrystals was also tested on reference
strains of E. coli and S. aureus. Susceptibility tests included a 24-h toxicity test, a disk diffusion
assay, and respiration monitoring. Bacterial growth was not completely inhibited by the presence of
neither nanomaterial in the growth environment. However, the experiments have confirmed that
the nanoparticles have some capability to inhibit bacterial growth during the logarithmic growth
phase, with a more substantial effect coming from CdS nanoparticles prepared in the absence of
sodium thiosulfate. The present research demonstrated the solvent-free, facile, and sustainable char-
acter of mechanochemical synthesis to produce semiconductor nanocrystals with multidisciplinary
application.

Keywords: mechanosynthesis; combined milling; semiconductor; photocatalysis; hydrogen evolution;
antibacterial activity; wastewater treatment
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1. Introduction

Recently, due to increasing environmental pollution, the requirements for searching for
renewable energy sources to create environmentally friendly processes for decontaminating
the environment are growing every day. Among all types of pollution, the most important is
the discharge of wastewater from industrial enterprises [1]. The use of organic contaminants
such as pesticides, herbicides, solvents, organic dyes, pharmaceuticals, cosmetics, etc., poses
many problems and concerns for the scientific community and environmental regulators
around the world [2]. To tackle this problem, photocatalysis is the best option among all
methods, according to its simplicity and non-toxicity [3]. Consequently, the development of
photocatalysts with enhanced activities for purifying wastewater from organic pollutants
is hot now [4].

There are many types of photocatalysts, including metal oxides and ending metal
sulfides [5,6]. Among them, photocatalysts based on CdS nanoparticles are of huge interest
of scientists due to their wide bandgap energy (2.42 eV) [7] and reusability in photocatalytic
processes [8]. In addition to photocatalysis, cadmium sulfide nanoparticles can be used in
various fields of industries such as medicine [9], hydrogen production [10], photovoltaic
devices [11], optoelectronics [12], diodes [13], gas sensors [14], etc. For example, in medicine,
CdS nanoparticles reveal antibacterial [15], antimicrobial [16], and antifungal [17] activities
against micro-organisms.

Recently, many methods have been developed to produce CdS nanoparticles such as
microwave-assisted co-precipitation [18], the wet chemical method [19], microwave irradi-
ation [20], reverse micellar methods [21], electrochemical deposition [22], the Langmuir–
Blodgett method [23], solvothermal [24] and hydrothermal [25] processes, green synthe-
sis [26], gamma irradiation [27], biological methods [28], and mechanochemical meth-
ods [29,30].

The last one is of particular interest in connection with the rapid supplementing of the
high amount of mechanical energy to activate the chemical reaction between the reagents
through the high-energy milling process [31]. This method is also environmentally friendly,
since no harmful organic solvents are used [32]. Mechanochemistry is a universal tool for
the synthesis of new substances, and it can be utilized in organic chemistry, supramolecular
chemistry, organometallic compounds, polymers, inorganic chemistry [33], and even for
waste treatment [34].

Until now, several papers reported on the synthesis of CdS nanoparticles by the
mechanochemical approach. Acetate-route-based mechanosynthesis of nanocrystalline
metal sulfides, in particular CdS nanoparticles, was proposed for the first time by the
Slovak mechanochemists [35,36]. In this approach, the corresponding acetates and sodium
sulfide were used as precursors. Later, using this approach, CdS nanoparticles with average
sizes of 4–18 nm were produced in an industrial mill at ambient temperatures, in a very
short processing time [29]. CdS nanoparticles also can be mechanochemically synthesized
from elementary precursors. In the work [37], CdS nanoparticles with an average crystallite
size of 8 nm were obtained.

In our previous work, needle-like copper sulfide (nCuS) nanocrystals have been
synthesized, introducing in situ-prepared sulfur particles (using Na2S2O3 as an additional
sulfur source and crystalline acid as a catalyst) to the mechanochemical reaction media
of copper acetate monohydrate and sodium sulfide nonahydrate. Produced needle-like
CuS nanocrystals showed less selective antibacterial activity in comparison with spherical
ones [38]. In this work, we applied a similar approach for cadmium sulfide, with the aim
to improve its application potential in photocatalytic degradation of organic dyes and
antibacterial treatment. The novelty of this work is in the use of additional sulfur sources,
rapid mechanochemical synthesis, and enhanced photocatalytic activity of CdS samples.
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2. Materials and Methods

2.1. Chemicals

Sodium thiosulfate (Na2S2O3·5H2O, Sigma-Aldrich, Taufkirchen, Germany), citric acid
(C6H8O7, Sigma-Aldrich, Taufkirchen, Germany), cadmium acetate (Cd(CH3COO)2·2H2O,
Sigma-Aldrich, Taufkirchen, Germany), sodium sulfide (Na2S·9H2O, Acros Organics, Geel,
Belgium), and Orange II sodium salt (C16H11N2NaO4S, Sigma-Aldrich, Taufkirchen, Ger-
many) were of analytical grade and used without further purification. Distilled and
deionized water was used in all washing and cleaning procedures.

2.2. Mechanochemical Synthesis of CdS Nanoparticles

In a typical mechanochemical synthesis procedure, the reactants (in an overall mass
of 1 g) in stoichiometric amounts were transferred into a 100 mL silicon nitride (Si3N4)
milling chamber containing 20 silicon nitride balls (10 mm), and they were milled for 5 min
using an Activator 2SL planetary ball mill (Activator, Novosibirsk, Russia). The rotational
speed of milling chambers was 550 rpm, the ball-to-powder ratio was 37, and all milling
procedures were carried out under an air atmosphere.

CdS nanoparticles have been synthesized using two mechanochemical approaches:
acetate route (aCdS) [35] and combined mechanochemical synthesis (cCdS), where sulfur
prepared in situ should enter the formation of cadmium sulfide [38].

For the mechanochemical synthesis of aCdS nanoparticles by a simple acetate route,
0.526 g of Cd(CH3COO)2·2H2O and 0.474 g of Na2S·9H2O was milled in a stoichiometric
amount according to the chemical reaction reported in [35]:

Cd(CH3COO)2·2H2O + Na2S·9H2O → CdS + 2CH3COONa + 11H2O (1)

cCdS nanocrystals were prepared by the combined mechanosynthesis approach via
co-milling reactants, mirroring the procedure described in ref. [38]. In a typical procedure,
0.4328 g of Cd(CH3COO)2·2H2O, 0.1950 g of Na2S·9H2O, 0.2015 g of Na2S2O3·5H2O, and
0.1706 g of C6H8O7·H2O are homogenized in a stoichiometric amount and milled.

2.3. Characterization Methods and Techniques

X-ray diffraction patterns were obtained on a MiniFlex 600 diffractometer (Rigaku,
Tokyo, Japan) in a digital form using copper radiation. Sample analysis modes were as
follows: X-ray tube voltage—40 kV, the tube current—15 mA, goniometer movement step
size—0.02 2θ, and step time was 0.12 s. During shooting, the sample was rotated in its
plane at a speed of 60 rpm. For phase analysis, the ICCD-PDF2 Release 2016 database and
the PDXL2 software (Rigaku Corporation, Tokyo, Japan) were used.

The Raman data were obtained using a combined system Solver Spectrum (NT-MDT
Spectrum Instruments, Moscow, Russia), equipped with a photomultiplier tube (PMT) de-
tector, a high-stability fast confocal laser (Rayleigh, UK) with imaging and 600/600 grating,
and 473 nm solid-state laser excitation. In all experiments, laser power at the sample was
35 mW and the exposure time was 60 s. Continuously tunable filters with ND = 0.5, which
reduce the laser intensity by 30%, were also used. When using a blue laser, an error of
±4 cm−1 is provided.

The X-ray photoelectron spectroscopy (XPS) measurements were performed in the
XPS by Kratos Axis Supra apparatus (Manchester, UK), with a monochromatic Al Kα X-ray
radiation, an emission current of 15 mA, and a hybrid lens model. Wide and high-resolution
spectra were recorded with a pass energy of 80 eV and 20 eV, using scanning steps of 1
and 0.05 eV, respectively. The obtained data were calibrated by setting the C1s emission
at 284.7 eV. The deconvolution and fitting of the interesting elements were carried out
using the CasaXPS software (version 2.3.22), by applying a Spine Shirley background in
the high-resolution spectra and a Gaussian/Lorentzian line shape for fitting the XPS peaks.

The ultraviolet-visible (UV-Vis) spectra were obtained by a UV-Vis spectrophotometer
from Helios Gamma (Thermo Electron Corporation, Rugby, UK) measuring in the range

152



Nanomaterials 2022, 12, 1250

300–800 nm, using a 1 cm path-length quartz cuvette. The samples were diluted in distilled
water by ultrasonic stirring.

The photoluminescence (PL) spectra at room temperature were recorded at the right
angle on a photon-counting spectrofluorometer PC1 (ISS, Champaign, IL, USA) with
an excitation wavelength of 325 nm. A 300 W xenon lamp was used as the excitation
source. Excitation and emission slit widths were set at 1 and 2 mm. A one cm, path-length
rectangular quartz cuvette was used. The PL intensity was measured from the powder
samples ultrasonically dispersed in absolute ethanol.

Imaging of the samples was performed by transmission electron microscopy (TEM).
Prior to TEM analyses, the samples were ultrasonically dispersed in absolute ethanol for a
few minutes, then a droplet of the suspension was applied onto a carbon-coated nickel grid.
The dried grids were additionally carbon coated to prevent charging of the samples under
the high-energy electron beam. TEM analyses were performed using a 200-kV microscope,
JEM 2100 (JEOL, Tokyo, Japan) with a LaB6 electron source.

The morphology and size of the products was investigated by a scanning electron
microscope, Tescan Vega 3 LMU (TESCAN, Brno, Czech Republic) using an accelerating
voltage of 20 kV. In order for the samples to be conductive, the powder was covered by a
layer of gold on a FINE COAT ION SPUTTER JFC-1100 fy (JEOL, Akishima, Japan). To ob-
tain the information about chemical composition, the energy-dispersive X-ray spectroscopy
(EDS) analyzer, Tescan: Bruker XFlash Detector 410-M (TESCAN, Brno, Czech Republic),
was used (in this case, the Au coating was not applied). The same device was used to
record elemental maps.

The grain size analysis (DLS) was performed using a particle size laser diffraction analyzer.
Mastersizer 2000E (Malvern Panalytical, Malvern, UK) was used in the dry mode (dry

feeder Scirocco 2000M). Each sample was measured three times.

2.4. Photocatalytic Measurements

Photocatalytic experiments of CdS samples were performed by recording the UV-
visible absorption of the solution after irradiation with a sunlight-simulated lamp, Osram
Vita-Lux 300W, with a UV-cutter (λ = 400 nm). The organic dye Orange II was selected as a
model solution. The simulated visible light intensity at the surface of the dye solution was
15 mW/cm2.

In a typical procedure, 20 mg of a photocatalyst CdS sample was transferred to the
40 mL of Orange II aqueous solution (10 mg/L). Before irradiation, the mixture was stirred
for 1 h in a dark regime to attain an adsorption–desorption equilibrium. After that, the
lamp was turned on and each 30 min sample was taken for photocatalytic degradation
measurements of the sample. Before measurements, the sample was centrifuged to remove
the solid CdS photocatalyst from the solution. The filtrate was analyzed with the help of a
UV-Vis spectrophotometer SF-56 (LOMO, St. Petersburg, Russia). All photocatalytic tests
were carried out in two repetitions to confirm the accuracy of the results obtained.

2.5. Hydrogen Evolution

The photocatalytic activity of cadmium sulfide nanoparticles for hydrogen generation
experiments was studied using an Osram Ultra-Vita Lux 300 W lamp with a UV cutter
(λ ≥ 420) as a source of visible light, as well as an aqueous solution of glycerin (10% by
v/v), which uses glycerin as a sacrificial agent. In the typical photocatalytic experiment, a
30 mg catalyst and 100 mL glycerin solution were placed into a 250 mL tree naked flask
and sonicated for 15 min. The photocatalytic reactor was connected to an argon gas flow
to remove oxygen molecules, and the dispersed solution was kept in the dark for the first
hour. The dispersed solution was magnetic and stirred during throughout experiment. An
argon gas flow was fed into the solution through a needle at a rate of 100 mL/min at the
degassing (1 h), and 5 mL/min during the photocatalytic experiment. Argon gas served
to maintain an inert atmosphere in the reaction system and transport generated hydrogen
from the reactor to the chromatograph (Chromos 1000, Dzerzhinsk, Russia).
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2.6. Antibacterial Activity

Nanoparticles were tested on two bacterial models—Escherichia coli ATCC® 25922™
and Staphylococcus aureus ATCC® 33591™. The micro-organisms were kept frozen at −20 ◦C
in trypticase soy broth (TSB) medium with 20% v/v glycerol. Before experiments, micro-
organisms were revived on a trypticase soy agar (TSA) medium and incubated at 37 ◦C.

The nanomaterial was suspended in deionized water, heated at 100 ◦C for 15 min to
ensure sterility, cooled down to room temperature, and sonicated in a water bath sonicator
for 30 min. The concentrations used in the analyses were ranging from 6.5 μg/mL to
100 μg/mL, depending on the test.

The antibacterial activity was tested in a 24-h toxicity test, disk assay, and respiration
monitoring during the logarithmic growth phase.

For a 24-h toxicity test, bacteria were inoculated at 1:500 from the overnight culture
(14–16 h old) to a fresh TSB medium and incubated at 37 ◦C with agitation (150 rpm). At
times of 0 and 24 h, optical density (λ = 600 nm) was measured on a BioTek Synergy H1
(Winooski, VT, USA) spectrophotometer. Afterward, 10% (v/v) of resazurin (1 mg/mL,
Merck, Darmstadt, Germany) was added to the cultures, the samples were incubated at
ambient temperature for five minutes, and fluorescence was recorded (λex = 520 nm and
λem = 590 nm).

The material for the disk assay was prepared according to EUCAST standards for
antimicrobial susceptibility testing [39]. Five μL of nanomaterial (100 μg/mL) was applied
to blank disks. Plates were incubated at 37 ◦C for 18 h and photographed. Four repetitions
were prepared for each case.

The cultures for respiration monitoring during the logarithmic growth phase were
prepared in the same manner as for the 24-h toxicity test. After 2 or 3 h of incubation (E. coli
and S. aureus, respectively), 10% of resazurin was added. The fluorescence was measured
every ten minutes for four hours.

All samples in the 24-h assay were measured in 24 repetitions, whereas each case
in the respiration monitoring assay was measured in eight repetitions. The differences
between samples were analyzed with One-way ANOVA performed in Origin 2021 software
(OriginLab Corp., Northampton, MA, USA) which was also used to visualize the results
on figures. Tukey’s posthoc test was used for comparisons. Results with p < 0.05 were
considered significantly different.

3. Results

3.1. XRD Results

The X-ray diffraction patterns of CdS obtained from different approaches of mechanosyn-
thesis are shown in Figure 1. The diffraction peaks in the patterns of both cadmium
sulfide (aCdS and cCdS) samples match those of cadmium sulfide from the database
(PDF2 089-0440). The three main peaks of both samples with 2-theta values of 26.76◦,
44.14◦, and 52.37◦ correspond to the three crystal planes of (111), (220), and (311) of cubic
phase β-CdS with the mineralogical name, hawleyite. The presence of another polymorph-
hexagonal greenockite (PDF2 041-1049) has also been discovered. The broadness of the
peaks indicates the nanocrystalline nature of the obtained CdS powders. As shown in the
XRD patterns, no other clear peaks were detected, therefore suggesting a high purity of the
processed compounds.

3.2. Raman Spectroscopy Results

Raman spectra of mechanochemically prepared CdS nanoparticles are presented in
Figure 2. All characteristic peaks for CdS are almost the same for both samples. Usually, the
Raman spectrum of the CdS exhibits a well-resolved band at 302 cm−1, corresponding to the
first-order scattering of the longitudinal optical (LO) phonon mode and the second-order
band at approximately 599 cm−1. Also, CdS can have both hexagonal wurtzite and cubic
zinc blended structures. The zone-center, longitudinal–optical A1 (LO) phonon frequency
for both structures are nearly 305 cm−1 [40]. In this paper, the Raman spectrum of cadmium
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sulfide prepared by mechanochemical method contains three distinguishable peaks at
300.40, 599.44, and 910.42 cm−1 (acetate route (aCdS)), and 300.40, 592.42, and 900.42 cm−1

(combined approach (cCdS)), respectively. These values are in accordance with the main
wavenumber peaks of CdS [41]. As a blue laser during shooting reveals an error with a
±4 cm−1 wavenumber, a negligible difference in LO2 and LO3 wavenumbers in the Raman
pattern can be ignored. Detailed characterizations of CdS samples by Raman spectroscopy
can be found in [42].

Figure 1. XRD patterns of mechanochemically synthesized aCdS and cCdS samples.
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Figure 2. Raman spectra of as-synthesized aCdS and cCdS samples.

3.3. X-ray Photoelectron Spectroscopy Results

The results of XPS analysis are presented in Figure 3. The XPS measurements on the
processed aCdS and cCdS compounds revealed the presence of traces from the reactants,
such as sodium, and carbon or oxygen from organic compounds that could get absorbed in
the surface of the fine powders during their processing. However, those impurities were
very low in amount, e.g., on average less than 0.3 % in the case of Na. Besides the extra
residues, the XPS spectra allowed determination of the surface chemical composition of the
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processed CdS compounds by analyzing the characteristic core-level emissions of sulfur
and cadmium.

Figure 3. Core level emissions of (a) Cd 3d and (b) S 2p from the XPS spectra of mechanochemically
synthesized aCdS and cCdS powders.

For the Cd, the 3d core-level spectra decomposition showed the presence of the
characteristic doublet with the 3d5/2 at ~405.5 eV, and additional doublets were found at
a lower binding energy (~405.2 eV), which are both related to Cd2+ species [43]. A load
of sulfur connected to the CdS particles was evidenced by the 2p spectra, which were
decomposed in two peaks positioned at 161.6 and 162.7 eV, which are connected to the
S 2p3/2 and S 2p1/2 spin-orbit levels of sulfur in the CdS, respectively [44]. Additional
peaks at a higher binding energy between 165–170 eV revealed a grade of oxidation in the
CdS compounds. The doublets positioned at 166.8, 168.3, and 168.9 eV are connected to
sulfate species formed by the oxidation of the sulfur-based compounds in air or during
high-energy milling. The aCdS sample seems to be more oxidized. However, these peaks
have been attributed previously to oxidized sulfur species in the form of SOx

2− (x = 3 or 4),
which are located on the CdS particle’s surface [45].

3.4. UV-Vis Spectroscopy Results

The optical properties of aCdS and cCdS samples were investigated by ultraviolet-
visible (UV-Vis) absorption spectroscopy (Figures 4 and 5). The optical bandgap energy of
prepared samples was calculated from the empirical formula (Equation (2))

(ahν)n = A (hν− Eg) (2)

where Eg is the optical bandgap energy, h is Planck constant, a is the absorption coefficient
at ν frequency, A is constant, and n = 2, 1/2, and 3/2, correspondingly.
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Figure 4. UV-Vis absorption spectra of aCdS and cCdS samples.

Figure 5. Tauc’s plots with the determined bandgap energy of aCdS and cCdS samples.

UV-Vis absorption spectra of aCdS and cCdS samples (Figure 4) exhibit a broad
absorption in the whole ultraviolet-visible region with the absorption maximum in the
visible region. Figure 4 shows UV-Vis spectra with a clearly higher intensity of light
absorbance evidenced in the case of the aCdS sample, in comparison with cCdS.

The optical band gap, Eg, was determined based on the Tauc Equation (2) for directly
allowed optical transition, αhν = A (hν − Eg)1/2, by the plotting (αhν)2 against photon
hν energy and extrapolating the slope in the band edge region to zero, as shown in
Figure 5. The optical bandgap was determined to be 2.36 eV for aCdS and 2.78 eV for cCdS,
respectively. The optical bandgap of aCdS sample is red-shifted and cCdS is blue-shifted
in comparison with the bulk CdS, which has a characteristic bandgap energy of about
2.4 eV [46]. The determined bandgap for cCdS (2.78 eV) is in accordance with the results
published in previous papers [47]. This blue shift indicates the presence of quantum-
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size effects in the cCdS sample. However, the determined bandgap for aCdS (2.36 eV) is
in agreement with other reports [48,49]. The slightly red shift could originate from the
surface defects of the CdS nanoparticles [50]. These shifts can be due to the influence of
various factors such as grain size, structural parameters, carrier concentration, presence of
impurities, deviation from stoichiometry, lattice strain, etc.

3.5. PL Spectroscopy Results

The optical properties of aCdS and cCdS samples were also analyzed by photolumi-
nescence (PL) emission spectroscopy (Figure 6). The room-temperature PL spectra of aCdS
and cCdS samples were taken using an excitation wavelength of 325 nm (3.8 eV) and are
displayed in Figure 6.

Figure 6. PL emission spectra of aCdS and cCdS samples.

The PL spectra of aCdS and cCdS samples are a little different, but both show emission
spectra in the visible range. The aCdS sample has broad emission bands at 550 nm (2.2 eV)
and 580 nm (2.1 eV), almost consistent with the literature [51]. However, the cCdS sample
shows the broad emission bands at 470 nm (2.6 eV) and 490 nm (2.5 eV), which are in
accordance with results reported in previous papers [52]. CdS nanoparticles show two
types of PL emissions, identified as band-edge (400–500 nm) and surface defect, or surface
state emissions (500–700). In our case, the observed green emission at 550 nm, for sample
aCdS, can be assigned to charge the carrier recombination at the surface states of CdS
nanoparticles. This recombination was reported as a radiative recombination of the free
charge carrier and trapped charge carriers at surface defects [53]. The yellow emission
observed at 580 nm (2.1 eV) for sample aCdS is less than the bandgap energy calculated
(2.21 eV); the luminescence may be due to transitions involving defect states. The source of
defect states may be associated with sulfur vacancies, intrinsic defects, or impurities [54].
In the case of the cCdS sample, the blue emission at around 470 nm (2.6 eV) is attributed to
direct recombination of electron and hole pairs at the bandgap that cause the band edge
luminescence [55]. The results for synthesized CdS nanoparticles in contrast to bulk CdS
indicate that the emission depends on the particle size, shape, preparation method, etc.

3.6. SEM Results

The morphology of the prepared aCdS and cCdS samples was investigated by SEM
(Figure 7). The sample prepared by a traditional acetate route contains finer particles, while
in the case of cCdS, the fine particles are embedded into the matrix of large grains the
size in tens of microns. It seems that the presence of an additional source of sulfur that
leads to the formation of needle-like structures of CuS [38] results in the formation of large
agglomerates in the present case. The distribution of Cd and S elements in both samples
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is homogeneous, and the locations perfectly match each other (Figure S1), thus providing
another proof of successful CdS synthesis. The EDS analysis (Table S1) has shown almost
ideal stoichiometry for the CdS products, albeit the content of Cd is slightly higher in
all cases. The small sulfur deficiency is common for the mechanochemical synthesis of
sulfides [56].

Figure 7. SEM images of the mechanochemically synthesized CdS samples: (a,b) aCdS; (c,d) cCdS.

3.7. TEM Results

Figure 8 shows the results of TEM analyses of the two samples. Low-magnification
images of the samples with selected area diffraction (SAED) patterns shown in Figure 8a,d
reveal that the samples are composed of agglomerated nanoparticles, which is a typical
product morphology in mechanochemical synthesis. The d-values of the diffraction rings
in both samples are in agreement with the results of XRD analyses, and indicate that the
sphalerite-type (cubic) modification is the prevailing one in both samples. There are two
main differences between the samples. According to the diffuse diffraction rings of the
aCdS sample, it is composed of very small nanoparticles with an average size below 10 nm;
whereas the SAED pattern of the cCdS sample contains reflections dots in addition to
the diffuse rings, indicating the presence of slightly larger nanoparticles in addition to
the smaller ones. The second difference between the samples is the presence of a fairly
high fraction of amorphous material in addition to the crystalline CdS nanoparticles in
the cCdS sample. High-resolution TEM analysis of the aCdS sample confirmed that it is
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composed of very small crystallites with a diameter of 10 nm or lower (Figure 8b). A more
detailed analysis revealed that the grains are composed of sphalerite-type slabs that contain
wurtzite-type defects, or even layers with the wurtzite-type structures (Figure 8c). We
estimate that the sphalerite modification prevails in the grains of both samples; whereas
the wurtzite-type sacking is mainly present at defects and thinner sections formed as a
consequence of high-energy milling. The presence of both structural types is possibly due
to the close structural relationship of the two modifications, as shown in the structural
models in Figure 8c. A single layer is identical in both structures, but the stacking of layers
is different. In sphalerite type, the subsequent layers (the (111)Sp-t layers) have an identical
orientation, which results in the cubic close-packed stacking (ccp: -A-B-C-) of the anionic
sublattice; whereas in the wurtzite-type modification, the subsequent layers (here, these
are the (001)Wur-t layers) can be described by in-plane rotation of 180◦, and this results in
hexagonal close-packed stacking (hcp: -A-B-A-B-). Due to this close structural relationship
between both structural types, intergrowths are common in CdS and similar compounds,
e.g., ZnS, and can form for different reasons. For example, these happen as a result of
crystallization near the Sph–Wur transition temperature or mechanically induced crystal
slip due to high-energy milling or as observed in CdS samples synthesized in this work.

Figure 8. TEM analysis of the mechanochemically synthesized CdS samples: low-magnification
images of the (a) aCdS and (d) cCdS samples with SAED; high-resolution TEM analysis of the
(b) aCdS and (e) cCdS samples; (c) detailed analysis of aCdS sample.

3.8. DLS Analysis Results

Results of DLS analysis of mechanochemically synthesized aCdS and cCdS samples are
presented in Figure 9. The grains of cCdS sample are significantly coarser, as the maximum
grain size is reached around 107 μm and the overall size distribution is polymodal. On
the other hand, a bimodal grain size distribution has been observed in the case of aCdS,
prepared using the traditional acetate route, with the maximum being located slightly
below 3 μm and being detected for the smaller fraction. A significantly minor, coarser
fraction for this sample has a maximum located around 134 μm. The coarser character of
the cCdS sample is in accordance with the observation of SEM analysis (Figure 7).
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Figure 9. Grain size distribution of aCdS and cCdS samples.

3.9. Photocatalysis Results

Comparison of the photocatalytic activity of mechanochemically synthesized aCdS
and cCdS (Figure 10) revealed that both substances can degrade almost all molecules of
Orange II after 180 min of visible light irradiation. In general, uniform photodegradation
of the model solution without sharp fluctuations is observed. However, cCdS was a more
active photocatalyst than aCdS.
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Figure 10. Photocatalytic degradation profiles of mechanochemically synthesized aCdS and cCdS
catalysts under visible light irradiation.

The study of the kinetics of the photocatalytic degradation of Orange II is shown in
Figure 11. The rate of the photocatalytic reaction was accepted as a pseudo-first-order
reaction and described with Langmuir–Hinshelwood kinetics [57]:

ln
(

C0

C

)
= kt, (3)

where C0 and C are initial and final concentrations of Orange II solution in the moment of
time, t, and k (min−1) is the rate constant of the reaction. The correlation coefficient, R2,
served as proof of the kinetic order of organic dye degradation. The values of the k and
R2 are presented in Table 1. The rate constant (Table 1) of photocatalytic decomposition
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of Orange II by cCdS catalyst (k = 0.018 min−1) is 1.5 times higher than the aCdS catalyst
(k = 0.012 min−1). This difference explains the effect of the shape of nanoparticles on the
ability to rapidly excite an electron in a semiconductor and slow down the rate of recom-
bination of an electron and an electron-hole, and thereby the effect on the photocatalytic
activities of cadmium sulfide nanoparticles. Similarly, the higher photocatalytic activity
can be compromised by the surface chemistry of the particles, and as revealed by the
XPS spectra, the presence of oxidized species in the aCdS compounds was higher than
in the cCdS, which increases their electrical resistivity [58]. cCdS nanoparticles have a
greater propensity for photocatalytic activity on the degradation of organic compounds
than usually spherical aCdS nanoparticles.
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Figure 11. Kinetic linear simulation curves for Orange II photocatalytic degradation over aCdS and
cCdS samples.

Table 1. The parameters for the pseudo-first-order photocatalytic reaction of aCdS and cCdS.

The Sample k, min−1 R2

aCdS 0.012 0.98
cCdS 0.018 0.98

Figure S2 reveals the results from the cyclic test of aCdS and cCdS samples for Orange
II degradation. The degradation activity of both samples for Orange II exhibits only a slight
decrease after five circles. This proves that both samples have a good cyclic utilization. After
checking the stability of photocatalysts, utilized aCdS and cCdS samples were centrifuged
at 4000 rpm for 10 min and dried for 12 h to perform XRD analysis.

Figure S3 shows the XRD patterns of both CdS photocatalysts after performing cyclic
tests. The diffraction peaks of CdS in the patterns of the samples closely match those of cad-
mium sulfide from the database (JCPDS 89-0444). In addition to the peaks of cadmium sul-
fide, both samples contain cadmium carbonate (CdCO3; ICCD PDF card No. 00-001-0907),
which clearly shows that some Cd(II) ions are leached out from the process. The pres-
ence of carbonate ions might come from the interaction between the solution with the
photocatalayst and ambient atmosphere.

In comparison with others, photocatalysts such as TiO2 and ZnO, and the CdS nanopar-
ticles have a significantly narrow band gap energy and demonstrate that they can absorb a
broad absorption sunlight spectrum. Moreover, the photogenerated e− and h+, due to the
high surface-to-volume ratio, can access the particle surface more efficiently and can be
easily captured by redox couples in the solution with less recombination [59].

Spectral analysis results show that the band gap of the cCdS nanoparticles was 2.78 eV,
which is larger than the band gap of bulk CdS (2.42 eV) and acetate-method-synthesized
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aCdS nanoparticles (2.36 eV). When the visible light has a wavelength less than 448 nm,
with an energy of hn that matches the energy of the band gap (Eg) of the cCdS nanoparticles,
it generates electron (e−) and hole (h+) pairs with strong oxidizing and reducing properties:

2CdS + hν → CdS
(
e−

)
+ CdS

(
h+) (4)

The large band gap of cCdS nanoparticles forms to a nonradiative recombination of
e− and h+ pairs [60], which enhances photocatalytic activity. Water (H2O) adsorbed on
the surface of CdS nanoparticles captures the hole (h+) and is oxidized to form a hydroxyl
radical (•OH), which is expressed as:

H2O + CdS
(
h+) → OH• + H+ + CdS (5)

Also, the presence of oxygen (O2) prevents the recombination of pairs of electrons
(e−) and holes (h+), and it leads a radical anion (•O2

−), accepting electrons (e−) from the
conduction band and further combining with a proton to give •OOH:

O2 + CdS(e−) → •O2− + CdS
•O2− + H+ → •OOH

(6)

Formed radicals, •OH and •O2−, decompose organic compound Orange II during the
photocatalytic process by reacting to the aromatic ring of Orange II molecules and opening
it at the azo bond and the hydroxylated ring, finally giving gaseous N2, H2O, and CO2 [61]:

Orange II + •OH/•O2− → products (N2, H2O and CO2) (7)

In Table 2, results of photocatalytic tests of CdS nanoparticles prepared with different
approaches for recent years are reviewed. According to the collected data, the photocatalytic
activities of our samples are in no way inferior to those obtained by other methods. Since
our approach is environmentally friendly, as no harmful organic solvents are used and only
5 min of the treatment at room temperature was necessary to obtain CdS nanoparticles, it is
more beneficial than the ones reported in the Table 2.

Table 2. Comparison of photocatalytic activities of CdS nanoparticles with other methods.

№ Synthetic Method
Experimental Conditions

Precursors
Degraded

Dye,
Concentration

Photocatalytic
Efficiency

Rate Constant
(min−1)

[Ref]
Time Temperature (◦C)

1
Composite-molten-

salt
(CMS)

24–72 h 160–220
Cd(NO3)2·4H2O,

Na2S·9H2O, LiNO3,
KNO3

MB,
4 mg/L

76.3%@140
min -

[62]
RhB,

8 mg/L
94.9%@140

min -

2 Solvothermal 6 h 180 CdCl2·5H2O, CS(NH2)2
MB,

6 mg/L 95%@80 min 0.0365 [63]

3 One-step
solid-state reaction 30 min - Cd(CH3COO)2·2H2O,

Na2S2O3·5H2O
RhB,

10 mg/L 95%@80 min 0.0429 [64]

4 Biogenic synthesis 72 h 28 Strain of T. Harzianum,
CdCl2, Na2S

MB,
10 mg/L

37.15%@60
min 0.0076 [59]

5 Hydrothermal 24 h - Cd(Ac)2·2H2O, PVP-K30,
CS(NH2)2

MO,
20 mg/L

93.3%@240
min - [65]

6 Sonochemical 1 h RT Cd(CH3COO)2, Na2S,
tryptophan

MO,
5 × 10−6 M

75.33%@240
min 0.0062 [66]

7 Photochemical 24 h - CdSO4, Na2S2O3
MO,

8 × 10−6 M 26.3%@70 min 0.0058 [67]

8 Commercial CdS - - - MO,
10 mg/L 78%@90 min - [68]

9 Mechanochemical 5 min RT
Cd(CH3COO)2·2H2O,

Na2S·9H2O,
Na2S2O3·5H2O, C6H8O7

Orange II,
10 mg/L 93%@180 min 0.018 this

work
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3.10. Hydrogen Evolution Results

Figure 12 shows the results of a photocatalytic experiment on hydrogen generation
using photocatalysts aCdS and cCdS, where the maximum values of hydrogen formation
are recorded in the first hour of photocatalysis for aCdS and the second hour of photocatal-
ysis for cCdS, and they are equal to 4.1 and 7.8 μmol g−1 h−1, respectively. After 2 h of
photocatalysis, the activity of cadmium sulfide photocatalysts drops significantly, which
indicates their unstable structure. The results of photocatalytic experiments on hydrogen
generation showed that cadmium sulfide obtained by combined mechanosynthesis (cCdS),
once again, confirms its superiority over cadmium sulfide synthesized by the traditional ac-
etate method (aCdS). The manifestation of a higher photocatalytic activity during hydrogen
generation of cCdS nanoparticles compared to aCdS nanoparticles can be associated with
the size of crystallites, morphology, and structural defects of crystal lattices of cadmium
sulfide nanoparticles. From the XRD results, the diffraction peaks of cCdS nanoparticles
are slightly wider, and this cCdS average crystallite size is slightly smaller than those of
aCdS. A decrease in the crystallite size improves the photocatalytic activity of nanoparticles.
From the results of TEM, it can be seen that there is greater content of crystal defects in
cCdS nanoparticles, which should also be the reason for the higher photocatalytic activity
of cCdS. The large band gap of cCdS nanoparticles (Eg = 2.78 eV) is also increased with
hydrogen generation performance, due to strong oxidizing and reducing properties [59].
A decrease in hydrogen generation on the surface of both CdS nanoparticles is observed
after 120 min, but the performance of cCdS remains higher than that of aCdS. The decrease
in hydrogen generation could be caused by the increase in the concentration of glycerol
oxidation products during photocatalysis in the solution [69]. Glycerol was used as a
sacrificial agent for generating hydrogen.
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Figure 12. Photocatalytic H2 production over aCdS and cCdS samples.

3.11. Antimicrobial Activity

To demonstrate the multidisciplinary application of the mechanochemically prepared
CdS nanoparticles, their antibacterial potential was also investigated. The measurements
of optical density shown in Figure 13 did not show any significant differences between
the two samples in the case of S. aureus. On the other hand, in this test, all samples of
E. coli had significantly higher optical density than the control sample (Supplementary
Material, Figure S4). This observation confirms previous findings that bacteria could build
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their population after a long incubation, even if it is initially inhibited [70]. This was also
confirmed in the disk diffusion test that the current study did not produce any halo zones
around the nanomaterial, suggesting that ions were not being released to the agar medium
(Supplementary Material, Figure S5) [71]. The respiration recorded in E. coli was not
significantly different from the control sample (Figure 14), whereas the samples containing
the highest concentrations of nanomaterials showed significantly higher respiration in
S. aureus (Supplementary Material, Figure S6). This phenomenon could be explained by the
inhibition observed during the respiration monitoring in the logarithmic phase (Figure 15).
This experiment has clearly shown that nanomaterials could actively inhibit the growth of
both micro-organisms, starting from the smallest concentration. Judging from the curves
obtained within this step, the application of aCdS nanoparticles resulted in higher growth
inhibition than in the case of cCdS. The probable cause for this effect was the difference in
grain size distribution recorded for these nanoparticles. The data confirmed the concept
that a nanomaterial’s toxicity increases with the decrease in its size [72]. The inhibition was
increasing with the concentration of the used nanomaterial. In this view, higher respiration
of S. aureus after 24-h incubation may be a result of the retardation that occurred during the
logarithmic growth. Staphylococci have a longer generation time than E. coli. Therefore,
the effect could still be observed in this case [73,74]. Even though the inhibition was not
complete in the cultures, the results have shown that the produced nanomaterials can be
considered antibacterial and included in a broader group of antimicrobial agents that are
used for various applications [75,76].

Figure 13. Optical density of 24-h cultures of S. aureus (first row) and E. coli (second row) contacted
with CdS nanoparticles or deionized water.
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Figure 14. Respiration of cultures after 24-h incubation with nanomaterials or deionized water;
S. aureus (first row) and E. coli (second row).

Figure 15. Respiration of cultures in the logarithmic growth phase in resazurin assay; S. aureus (first
row) and E. coli (second row).
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4. Conclusions

In summary, CdS nanoparticles have been successfully obtained by a mechanochemical
pathway, either using the acetate route (aCdS) or its combination with sodium thiosulfate,
an additional source of sulfur (cCdS). The results of UV-Vis spectroscopy revealed that
the bandgap energy of cadmium sulfide (2.78 eV), produced via combined milling (cCdS),
is higher than the aCdS sample prepared by acetate route (2.36 eV). The rate constant of
photocatalytic degradation of dye by cCdS was 1.5 times higher than aCdS. The antibacterial
properties of both CdS samples were tested on reference strains of E. coli and S. aureus.
Results of experiments have confirmed that the CdS samples have some capability to inhibit
bacterial growth during the logarithmic growth phase, in which the effect of aCdS was
more potent than in the case of cCdS.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/nano12081250/s1. Figure S1: EDS elemental mapping of aCdS
(top) and cCdS samples (bottom). (a,d) Complex image showing the analyzed data are in a green
rectangle; (b,e) Cd mapping; (c,f) S mapping. Table S1: Content of Cd and S in atomic % from distinct
areas in each sample, according to EDS analysis. Figure S2: Results of the cyclic test of aCdS and
cCdS samples for Orange II dye. Figure S3: XRD pattern of remained cCdS and aCdS photocatalysts
after performing stability tests of catalysts for Orange II dye. Figure S4: Statistical analysis of results
obtained from optical density measurements after 24-h incubation with nanomaterials or deionized
water. In columns, starting from the left side: S. aureus with aCdS, S. aureus with cCdS, E. coli with
aCdS, and E. coli with cCdS; bottom row presents results from Tukey’s test. Figure S5: Disk assays
for with the produced nanomaterials; EC—E.coli and SA—S. Aureus. Figure S6: Statistical analysis
of results obtained from resazurin assay (respiration) after 24-h incubation with nanomaterials or
deionized water. In columns, starting from the left side: S. aureus with cCdS, S. aureus with aCdS, E.
coli with aCdS, and E. coli with cCdS; bottom row presents results from Tukey’s test.
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Abstract: Ordered mesoporous Santa Barbara amorphous (SBA-15) materials have high surface areas
and are widely used in adsorption, separation, filtration, and heterogeneous catalytic processes.
However, SBA-15 surfaces contain hydroxyl groups that are unsuited to the adsorption of organic
pollutants; thus, SBA-15 must be chemically modified to promote its adsorption activity. In this study,
amino-functionalized nanoporous SBA-15 was fabricated by employing sodium silicate as a precursor.
The structural characteristics of the prepared composites were examined using thermogravimetric
analysis, X-ray diffraction, Fourier transform infrared spectrometry, field-emission scanning electron
microscopy, transmission electron microscopy, and surface area analysis. The prepared SBA-15
had a large pore size (6.46–7.60 nm), large pore volume (1.037–1.105 cm3/g), and high surface area
(546–766 m2/g). Functionalization caused a reduction in the SBA-15 pore volume and surface area,
whereas amino groups that promoted an interaction between adsorbates and solids facilitated solute
adsorption. The adsorption of tannic acid (TA) onto amino-modified silica composites (SBA-15
and 3-aminopropyltriethoxysilane (SBA-15/APTES) and SBA-15 and pentaethylenehexamine (SBA-
15/PEHA)) was studied. Their adsorption capacities were affected by solution temperature, solution
pH, agitation speed, adsorbent dosage, and initial TA concentration. The maximum adsorption
capacities for SBA-15/APTES and SBA-15/PEHA were 485.18 and 413.33 mg/g, respectively, with
SBA-15/APTES exhibiting ultrafast removal of TA (98.61% removal rate at 15 min). In addition, this
study explored the thermodynamics, adsorption isotherms, and kinetics. A comparison of two types
of amino-functionalized SBA-15 was used for the first time to adsorb TA, which providing valuable
information on TA adsorption on high adsorption capacity materials in water media.

Keywords: SBA-15; amino groups; adsorption; tannic acid; mesostructure

1. Introduction

Nanomaterials are widely applied in many fields such as pharmaceutics, energy, semi-
conductors, and the environment [1,2]. The synthesis of SBA-15 nanomaterials has attracted
considerable attention since Chmelka et al. developed the process in 1998 [3]. According to
the International Union of Pure and Applied Chemistry, mesoporous materials have pore
sizes of 2–50 nm, and SBA-15 materials possess uniform mesopores, a high pore volume,
large specific surface area, and stability, making them suitable for numerous applications re-
lated to adsorption [4], catalysis [5], tissue engineering [6], drug release [7], CO2 capture [8],
and energy cells [9]. SBA-15 is prepared in an acidic environment through the interaction
between a surfactant template and silicon precursor, producing a two-dimensional and
well-ordered hexagonal structure. As compared with microporous materials, such as zeo-
lites, mesoporous SBA-15 material has large pore sizes (approximately 10–30 nm), which
can decrease mass transfer resistance for large adsorbates, making it a potential material
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for the adsorption of wastewater. Sodium silicate (Na2SiO3) and tetraethyl orthosilicate
(TEOS) are both typically used as a silicon source to synthesize SBA-15 materials [10,11].
However, the high-priced TEOS reagent increases the cost of raw materials. By contrast,
sodium silicate is a low-cost silicon source for the mass manufacture of SBA-15. Converting
sodium silicate into mesoporous silica materials can eliminate hazardous pollutants from
wastewater and air.

Tannic acid (TA) is an organic compound that is frequently found in surface and
drinking water [12]. TA is also a raw material used in many industries, including in
the manufacturing of ink, medicines, paper, and leather products [13]. Recently, TA has
raised concerns because of its toxicity to aquatic animals and plants [14]. Furthermore,
in drinking water, TA can interact with chlorine in a manner that is hazardous to human
health. Therefore, removing TA from water media is essential. Many methods, such as
adsorption, membrane separation, biological processes, ion exchange, coagulation, and
chemical oxidation, have been used to remove TA from aqueous solutions [15]. Adsorption
is considered the most efficient method because it is less expensive, highly efficient, and
straightforward [16].

Because it contains Si–OH and Si–O groups, the exterior of SBA-15 has a negative
charge density. This makes it unsuitable for TA adsorption because organic molecules
have a negative charge. Surface modification of SBA-15 with amino groups is effective in
improving the adsorption activity. Castaldo et al. [17] prepared amino-functionalized hyper-
crosslinked resins through a nitration-reduction process. Functionalization can promote
the evolution of microporous structures, which effectively increase the adsorption of polar
dyes and CO2. Melnyk et al. [18] used a one-stage sol-gel method to synthesize amino silica
spherical particles. The highest adsorption capacity values for acid red, fluorescein, and
methylene blue dyes were 262, 132, and 146 mg/g, respectively. Tang et al. [19] synthesized
polyethyleneimine-modified silica nanoparticles containing abundant amino groups. The
maximum adsorption capability of acid organic II was as high as 705.3 mg/g. Babapour
et al. [20] used a solvothermal method to fabricate a metal organic framework (MOF),
which was then amino functionalized using triethylamine. The highest adsorption amount
for Cr (VI) was 78.12 mg/g. Huang et al. [21] used the functionalization of chitosan by
using tetraethylenepentamine to adsorb eosin Y dye. The highest amount of adsorption
(292.4 mg/g) was observed at 25 ◦C.

In this study, two types of amino groups (aminopropyltriethoxysilane and pentaethy-
lene hexamine) were used for the functionalization of SBA-15 to improve TA adsorption.
SBA-15 was prepared with a surfactant template and sodium silicate precursor by using a
hydrothermal treatment method. The effects of the calcination temperature, calcination
time, hydrothermal treatment temperature, and hydrothermal treatment time on the pore
textures of the SBA-15 specimens were observed. The surface characteristics and physical
properties of specimens were examined. Furthermore, the adsorption of TA on SBA-15
materials after surface modification of amino groups was explored. The influences of
the experimental parameters, such as solution temperature, solution pH, agitation speed,
adsorbent dosage, and initial TA concentration, on the elimination of TA were also ex-
plored. Finally, the thermodynamics (entropy, enthalpy, and Gibbs free energy), isotherm
adsorption (Freundlich and Langmuir equations), and kinetics data (pseudo-first-order
and pseudo-second-order models) were evaluated.

2. Materials and Methods

2.1. Materials

Sodium silicate (Na2O(SiO2)x(H2O)x, SiO2 ~26.5 wt.%, Na2O ~10.6 wt.%), 3-aminopro
pyltriethoxysilane (APTES), pluronic triblock copolymer (P123, EO20PO70EO20), and TA
(C76H52O46, 1701 g/mol) were obtained from Sigma-Aldrich (Taufkirchen, Germany).
Pentaethylene hexamine (PEHA), ethanol (99.9 wt.%), hydrochloric acid, sodium hydrox-
ide, and sulfuric acid were purchased from Merck (Gernsheim, Germany). High-purity
(99.995%) mixed gas (79% N2 and 21% O2) was purchased from Sun Fu (Taipei, Taiwan).
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2.2. Synthesis of the SBA-15 Materials

The SBA-15 specimens were fabricated utilizing sodium silicate as the silicon precursor
and P123 as the template [22,23]. For a representative experiment, 2.0 g of P123 was added
to 60 mL of 2.0 M HCl solution under continuous stirring at 300 rpm and 35 ◦C. Then,
sodium silicate (5.2 g) was dissolved slowly into the P123 solution with agitation at 600 rpm
and 35 ◦C. The suspension was stirred for 24 h, and then placed in a Teflon-lined autoclave.
After heating the mixture at 100 ◦C for 24 h, a white precipitate was collected through
filtration and washed by distilled water. The solid was dried at 60 ◦C for 24 h. Then, SBA-15
was acquired by calcining the solid in air at 550 ◦C for 6 h.

2.3. Synthesis of the Amino-Functionalized SBA-15 Specimens

Using a reflux apparatus, 2.0 g of SBA-15 and 2.0 g of APTES were mixed in 60 mL
of anhydrous alcohol at 78 ◦C for 24 h [24]. The sediment was repeatedly rinsed with
ethanol, and then dried in a vacuum oven at 60 ◦C. The collected sample was marked
as SBA-15/APTES. In addition, 1.0 g of PEHA was dissolved in 50 mL of ethanol under
agitation for 40 min [25]. After adding 2.0 g of SBA-15, the mixture was heated under reflux
at 80 ◦C for 4 h. Finally, the specimen was dried in a vacuum oven at 60 ◦C. The collected
specimen was marked as SBA-15/PEHA. Figure 1 shows a schematic representation for
synthesis of amino-functionalized SBA-15 specimens.

Figure 1. Schematic representation of SBA-15, SBA-15/APTES, and SBA-15/PEHA synthesis.

2.4. Characterization of the Silica Specimens

The pore characteristics and surface area of the mesoporous silica specimens were
investigated using a N2 sorption experiment at 77 K by using a Micrometrics ASAP 2020
apparatus (Norcross, GA, USA). The surface functional groups of the amino-modified
SBA-15 samples were inspected by a Shimadzu FTIR-8300 analyzer (Nakagyo-ku, Kyoto,
Japan). The mesophases and crystalline phases of the silica specimens were assembled on
an X’pert pro system X-ray diffractometer (XRD, PANalytical, Malvern, UK) equipped with
Cu-kα radiation. The mesoporous structure of the functionalized and unfunctionalized
silica materials was inspected by a JEM-2100 (JEOL, Akishima, Tokyo, Japan) transmis-
sion electron microscope (TEM). The surface morphologies of the silica specimens were
observed through an S-3400N (HITCHI, Chiyoda, Tokyo, Japan) field-emission scanning
electron microscope (SEM). The thermal decomposition path of the uncalcined SBA-15 was
observed through a thermogravimetric analyzer (TGA, Mettler Toledo, OH, USA, model
TGA/SDTA851e). W/W0 represented the remaining mass of the sample.

2.5. Adsorption Studies

The adsorption experiments were performed to observe the adsorption performance
of the mesoporous silica materials by using a bath method to study changes in solution
temperature, solution pH, agitation speed, initial TA concentration, and adsorbent dosage.
For a typical experiment, 50 mg of adsorbent (SBA-15, SBA-15/APTES, or SBA-15/PEHA)
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was put into 250 mL of the TA solution, and the solution was agitated constantly. The initial
TA concentrations were changed from 10 to 50 mg/L, adsorbent dosages from 10 to 100 mg,
agitation speed from 100 to 250 rpm, solution pH from 2 to 5, and solution temperatures
from 25 to 60 ◦C. After adsorption, the residual concentrations of TA at constant periods
from 0 to 120 min were determined using the ultraviolet–visible Genesys spectrophotometer
(Thermo Electron Corporation, Waltham, MA, USA). The maximum absorbance wavelength
was 278 nm. A standard solution was used to calibrate the UV–visible spectrophotometer
for every analysis. The amount of TA adsorption capacity (qt, mg/g) and removal efficiency
(R, %) of the adsorbents were evaluated using the formulas:

qt =
(C0 − Ct)V

W
(1)

R =
C0 − Ct

C0
× 100 (2)

where W (g) is the mass of adsorbent, C0 and Ct (mg/L) are the TA concentrations at the
beginning and at time t, and V (L) is the volume of the TA solution.

3. Results and Discussion

3.1. Analysis of Phase Features and Surface Functional Groups

The XRD technique is frequently developed to analyze the characteristics of phase
composition of silica materials in synthesis process. Figure 2 presents the XRD patterns
with small-angle diffraction of silica samples obtained under different synthesis conditions.
These samples exhibited three peaks at (100), (110), and (200) planes, corresponding to
two-dimensional and hexagonal SBA-15 mesostructures [26]. Figure 2a displays the XRD
images of the SBA-15 prepared at hydrothermal treatment time of 12–72 h. The peak
intensity increased with an increase in hydrothermal time, indicating that increasing the
hydrothermal time can help the formation of a well-ordered SBA-15 structure. The change
in hydrothermal temperature from 25 to 130 ◦C (Figure 2b) exhibited the same trend as that
of the change in hydrothermal time, indicating that enhancing hydrothermal temperature
favors the formation of well-ordered mesoporous material. However, when the temperature
was enhanced to 130 ◦C, the (110) and (200) peaks disappeared, indicating that violent
hydrothermal reaction may destroy the micellar template, leading to a collapse of pore
structure. Therefore, the optimum hydrothermal treatment temperature is 100 ◦C. The XRD
patterns of the silica specimens synthesized at calcination time of 2–8 h are displayed in
Figure 2c. The aim of calcination is to eliminate organic surfactants to obtain a porous solid.
A high-ordered SBA-15 structure was observed by increasing the calcination time. The
optimum calcination time was identified as 6 h. The XRD images of the silica specimens
synthesized at calcination temperature of 160–760 ◦C are presented in Figure 2d. The
peak intensity was increased with an increase in calcination temperature, suggesting that
increasing the calcination temperature was useful in the synthesis of well-ordered SBA-15
materials with hexagonal symmetry. However, at a low calcination temperature of 160 ◦C,
the three peak intensities were obviously weakened. This is probably because the surfactant
template was not removed completely.

Figure 3a displays XRD images before and after amino-functionalized SBA-15 ma-
terials. The XRD data exhibit three peaks at (200), (110), and (100), implying that the
pure SBA-15 sample has hexagonal symmetry. In the same situation, the amino-modified
samples (SBA-15/APTES and SBA-15/PEHA) also maintained an intense (100) peak and
weaker (110) and (200) peaks. The observation further confirmed that both SBA-15/APTES
and SBA-15/PEHA maintained a hexagonally ordered structure after functionalization [27].
Figure 3b presents an XRD pattern with a wide-range scan (2Θ = 10◦–80◦) of the SBA-
15 sample. A broad peak presented at diffraction angles from 20◦ to 30◦, indicating the
formation of disordered cristobalite [28].
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Figure 2. XRD images of SBA-15 samples prepared under various synthesis conditions: (a) Hydrother-
mal treatment time; (b) hydrothermal treatment temperature; (c) calcination time; (d) calcination
temperature.

Qualitative identification of functional groups was accomplished by FTIR spectroscopy.
The FTIR spectra of the amino-functionalized and unfunctionalized SBA-15 materials are
presented in Figure 4a. In the pure SBA-15 sample, a wide peak at 3200–3700 cm−1 was
caused by the presence of O–H groups [29]. The C=O vibrations were observed at a
band of 1635 cm−1. The C=C groups were identified at 1605 cm−1, and the band at 1375
cm−1 was the –CH3 stretching of the methyl group. The band at 980 cm−1 represented
the appearance of the Si–OH groups, and Si–O–Si groups were located at 790 and 450
cm−1 [30]. In the SBA-15/APTES and SBA-15/PEHA samples, amino group stretching
vibrations were found at 692, 1499, and 1572 cm−1 [31]. This verified that amino groups
were grafted onto the silica surface. Anbia and Salehi [32] observed that broad −NH2
vibrations appeared at 3250–3450 cm−1 in amino-modified silica samples. Nevertheless,
the functional group was not easily examined due to the fact that the −NH2 bands may
be covered by the wide band of the –OH groups. Furthermore, SBA-15/PEHA exhibited
a stronger relative amino peak intensity than SBA-15/APTES. Figure 4b displays the TG
curve of the uncalcined SBA-15 sample. The mass loss occurring at temperatures lower than
200 ◦C was caused by water evaporation. The mass loss decreased slowly with an increase
in thermal decomposition temperature because a longer heating time was required for the
release of the surfactant matter from the high-porosity SBA-15 structure. The differential
TG curve revealed only one peak at 195 ◦C. Similar results were observed by Liou [33] for
the thermal decomposition of an uncalcined MCM-41 sample in air.
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Figure 3. (a) XRD images of unfunctionalized and amino-functionalized silica samples;
(b) SBA-15 sample.

Figure 4. (a) FTIR spectra of unfunctionalized and amino-functionalized silica samples; (b) TG and
DTG thermograms of uncalcined SBA-15 samples.

3.2. Analysis of the Pore Structure

The pore structure is an important physical property of mesoporous materials. Nitro-
gen isotherm method can standardly determine the porous structure and textural parame-
ters. Figure 5a displays the nitrogen sorption isotherms of the SBA-15 specimens prepared
at hydrothermal treatment times of 12–72 h. Pure SBA-15 exhibited a type-IV hysteresis
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loop with type H1 at a relative pressure of P/Po = 0.6–0.9, which is characteristic of a meso-
porous structure [34]. By comparing the SBA-15 samples prepared at various hydrothermal
treatment times, it was revealed that the isotherms were similar. This observation indicates
that an increase in hydrothermal time does not affect the mesostructure of the SBA-15
framework. Figure 5b presents the features of pore size distribution. The SBA-15 samples
had pore sizes of 6.62–7.60 nm. The SBA-15 obtained at hydrothermal times of 12–24 h had
a smaller pore diameter than those obtained at 48–72 h. These samples displayed a narrow
and uniform pore distribution, implying that the pore structure of SBA-15 was stable.

Figure 5. Nitrogen sorption isotherms and pore size distributions: (a,b) SBA-15 samples at different
hydrothermal treatment times; (c,d) SBA-15/APTES and SBA-15/PEHA samples.

The isotherms of the amino-functionalized SBA-15/APTES and SBA-15/PEHA speci-
mens are presented in Figure 5c. The two isotherms also exhibited a type-IV hysteresis loop,
implying a mesoporous material. The amino-functionalized SBA-15 samples (Figure 5c)
exhibited similar loops to those of pure SBA-15 (Figure 5a), indicating that the combination
of SBA-15 and amino groups did not destroy the silica mesostructure. The pore size of
SBA-15/APTES (6.10 nm) was larger than that of SBA-15/PEHA (4.49 nm; Figure 5d).
Table 1 lists the pore volume, surface area, and mesopore fraction of the unfunctionalized
and amino-functionalized silica specimens. The surface areas of the pure SBA-15 samples
ranged from 546 to 766 m2/g, which decreased with an increase in hydrothermal treatment
time. The SBA-15 at a hydrothermal time of 48 h had the largest pore volume (1.105 cm3/g).
The SBA-15 samples exhibited higher surface area and pore volume as compared with the
SBA-15/APTES and SBA-15/PEHA samples. The addition of amino functional groups
into silica pores led to reductions in textural parameters. This is consistent with the liter-
ature [35]. Moreover, the pore volume and surface area of SBA-15/APTES (0.521 cm3/g
and 264 m2/g) were higher than those of SBA-15/PEHA (0.272 cm3/g and 167 m2/g).
The mesopore fractions of the pure SBA-15 samples ranged from 97.69% to 99.42%, which
increased with an increase in hydrothermal time.
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Table 1. Surface area, pore volume, and pore diameter of silica specimens.

Sample
SBET

(m2/g)
Vt

(cm3/g)
Vmic

(cm3/g)
Vmeso

(cm3/g)
Vmeso/Vt

(%)
dp

(nm)

SBA-15–12 h 766 1.038 0.024 1.014 97.69 6.62
SBA-15–24 h 655 1.044 0.014 1.030 98.66 6.46
SBA-15–48 h 604 1.105 0.009 1.096 99.19 7.60
SBA-15–72 h 546 1.037 0.006 1.031 99.42 7.55

SBA-15/APTES 264 0.521 0.005 0.516 99.04 6.10
SBA-15/PEHA 167 0.272 0.005 0.267 98.16 4.49

SBET, specific surface area; Vt, total pore volume; Vmic, micropore volume; Vmeso, mesopore volume; dp, pore
diameter (BJH desorption).

3.3. Surface Morphology of the Mesoporous Silica Samples

The SEM technique was utilized to observe the changes of surface morphology before
and after amination of samples. The SEM pictures of SBA-15 without amination are
presented in Figure 6a–d. The SBA-15 sample comprised agglomerates of rod-like particles
(Figure 6a), consistent with the literature [36], whereas the SBA-15 sample acquired at a
hydrothermal treatment time of 12 h exhibited irregular-shaped particles, indicating that the
silica structure was not completely developed (Figure 6b). The SBA-15 samples obtained at
hydrothermal times of 24 and 72 h had a glossy and regular surface (Figure 6c,d), indicating
the formation of organized structures. This is consistent with the XRD measurements in
Figure 2a. The width of the SBA-15 particles was in the range between 380 and 830 nm.
The morphology of SBA-15/APTES and SBA-15/PEHA (Figure 6e,f) did not vary as much
as that of pure SBA-15, but the average width was reduced by adding the amino groups
(330–610 nm for SBA-15/APTES and 300–560 nm for SBA-15/PEHA).

(a) (b)

(c) (d)

(e) (f)

Figure 6. SEM images: (a) SBA-15; (b–d) SBA-15 synthesized at hydrothermal treatment times of 12,
24, and 72 h, respectively; (e) SBA-15/APTES; (f) SBA-15/PEHA.
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The TEM characterization technique was utilized to identify the difference of the mi-
crostructure of the prepared silica materials. The mesostructures of the amino-functionalized
and unfunctionalized SBA-15 samples were investigated using TEM. Figure 7a,b verify that
SBA-15 consists of parallel pore channels and highly ordered mesopores. The silica sample
also possessed a large-scale hexagonal structure (Figure 7b). The mesostructure was formed
through the self-assembly of surfactant micelles and silicate species [37]. The average pore
size of 7.80 nm was similar to the N2 adsorption test in Figure 5b. After the amination
reaction, the SBA-15/APTES (Figure 7c) and SBA-15/PEHA (Figure 7d) morphology was
analogous to pure SBA-15. However, the pore diameters were reduced to 6.25 and 5.00 nm,
which was attributed to the amino group coating on the silica surface.

(a) (b)

(c) (d)

Figure 7. TEM images: (a,b) SBA-15; (c) SBA-15/APTES; (d) SBA-15/PEHA.

3.4. TA Adsorption Study

TA organic compound was utilized as the adsorbate to characterize the adsorption
performance of the amino-functionalized SBA-15 materials. In order to evaluate the efficacy
of the prepared adsorbents, the equilibrium adsorption of the TA was studied by changing
various operating conditions. In the study, different types of amino-modified silica samples
were used to remove TA from the aqueous solution. The influence of contact time on
the adsorption capacities of adsorbents is exhibited in Figure 8. The adsorption capacity
decreased in the following order: SBA-15/APTES > SBA-15/PEHA > pure SBA-15. The
hydroxyl groups on the silica surface could not supply adsorption sites sufficiently strong
to interact with the TA molecules. Therefore, the pure SBA-15 sample had the lowest
adsorption performance. The amino-modified SBA-15 specimens showing the higher
adsorption capacity can be explained as follows: Typically, amino groups are favorable
to the adsorption of anionic species, and TA is an anionic compound. In the aqueous
solution, the electrostatic attraction between the negatively charged TA molecules and
positively charged amino groups on the SBA-15 surface (−NH3

+) led to an increase in
TA adsorption [32]. Furthermore, the SBA-15/APTES specimen had a higher surface
area and pore volume than the SBA-15/PEHA specimen (Table 1) and, consequently, SBA-
15/APTES exhibited more efficient adsorption than SBA-15/PEHA. The contact time curves
also demonstrated that TA uptake was rapid in the first few minutes, and then proceeded
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at a slower rate. The rapid adsorption during the initial adsorption period was because the
adsorbent surface was unoccupied. After the adsorption reached the saturation point, the
slow permeation of TA into the silica pores resulted in a reduction in the adsorption rate.

Figure 8. Effects of contact time on the adsorption performance of various kinds of adsorbents.

Figure 9a,b illustrates the influence of the initial TA concentration on adsorption
capacity and the removal efficiency of amino-modified adsorbents. The adsorption capacity
increased rapidly with an increase in the initial TA concentration. A higher initial TA
concentration resulted in an increased mass gradient between the solute and adsorbent,
which accelerated the diffusion of the TA molecules onto the SBA-15 surface. In addition,
collisions between the TA and adsorbent also increased when the initial TA concentration
increased. These results enhance the adsorption activity. By contrast, the removal efficiency
decreased with an increase in the initial TA concentration. This was also observed in
the elimination of reactive blue 21 dye from manganese oxide nanoparticles [38]. The
SBA-15/APTES samples revealed a higher adsorption capacity and removal efficiency as
compared with those of SBA-15/PEHA. For SBA-15/APTES specimen, a maximum removal
efficiency of approximately 94% was observed at an initial concentration of 10 mg/L,
suggesting that the adsorbent had sufficient ability to treat trace pollutants.

The effect of adsorbent dosage on the adsorption capacity and removal efficiency of
the adsorbents is displayed in Figure 9c,d. The results indicate that increasing the adsorbent
dosage from 10 to 100 mg increases the removal efficiency but decreases the adsorption
capacity. Removal efficiency is increased because the available surface areas and adsorption
sites are increased, whereas the reduction in adsorption capacity is because the adsorption
sites are not saturated. This is consistent with a report by El-Sewify et al. on the adsorption
of malachite green dye on zinc MOFs [39]. The SBA-15/APTES and SBA-15/PEHA samples
displayed the maximum adsorption capacities of 485.15 and 423.33 mg/g and the highest
removal efficiency of 98.61% and 87.43%, respectively.

Agitation speed can influence the dispersion of solute in the solution, which is an
important factor in the adsorption process. The influence of agitation speed on adsorption
capacity and removal efficiency is illustrated in Figure 9e,f. For the SBA-15/APTES speci-
men, the removal efficiency and adsorption capacity were enhanced with an increase in the
agitation speed, whereas the adsorption capacity and removal efficiency were enhanced for
the SBA-15/PEHA specimen when the agitation speed increased from 100 to 150 rpm, and
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then remained constant. Increasing the agitation speed can reduce the film resistance of the
adsorbent, resulting in an increase in TA adsorption.

Figure 9. Effects of various adsorption conditions on the adsorption capacity and removal efficiency
of adsorbents: (a,b) Initial TA concentration; (c,d) adsorbent dosage; (e,f) agitation speed.

The influence of solution pH on the adsorption capacity and removal efficiency of the
adsorbents is presented in Figure 10a,b. The removal efficiency and adsorption capacity
were increased with an increase in the pH values. The maximum adsorption capacities
of the two adsorbents (133.76 and 111.37 mg/g) were observed at pH 5. TA exists in its
molecular form at pH 4.5. The adsorption capacity at pH 5 was enhanced because of the
increasing hydrogen bonding and electrostatic force attraction between the TA molecules
and SBA-15 surface [31]. However, TA is an anionic molecule, and at a pH of 8–11, the
negatively charged sites on the adsorbent surface increased. The existence of excess OH−
ions compete with the TA anions, and result in the dissociation of TA during the adsorption
process. Hence, this study focused on TA adsorption in acidic media.

The influence of solution temperature on the adsorption of TA is presented in Figure 10c,d.
The adsorption capacity and removal efficiency were increased with a decrease in the
solution temperature. The maximum removal efficiency and adsorption capacity presented
at 25 ◦C, indicating an exothermic process. Temperature was a key factor for SBA-15/APTES
in the adsorption process. However, SBA-15/PEHA was not sensitive to the solution
temperature. Increasing solution temperature may cause an increase in TA solubility,
weakening the interaction forces between the adsorbent and adsorbate and decreasing TA
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adsorption. Koyuncu and Okur [40] observed similar behavior in the adsorption of acid
violet 90 dye on ordered mesoporous carbon.

Figure 10. Effects of various adsorption conditions on the adsorption capacity and removal efficiency
of adsorbents: (a,b) Solution pH; (c,d) solution temperature.

3.5. Thermodynamic Studies

Thermodynamic parameters provide in-depth information on internal energy changes
associated with adsorption. The standard free energies (ΔG, kJ/mol) for the adsorption
of TA onto SBA-15/APTES and SBA-15/PEHA were calculated using the thermodynamic
equilibrium constant (Kc), which is written as below [41]:

ΔG = −RT lnKc (3)

Kc =
Cs

Ce
(4)

where R is the gas constant (8.314 J/mol-K); T is the absolute temperature (K); and Cs
and Ce (mg/L) are the equilibrium concentration of TA on the solid and in the solution,
respectively.

The enthalpy (ΔH, kJ/mol) and entropy (ΔS, J/mol-K) can be estimated by the van’t
Hoff equation:

ln Kc =
ΔS
R

− ΔH
RT

(5)

ΔS and ΔH can be acquired from the intercept and slope of Equation (5) (Figure 11),
and Table 2 lists the thermodynamic parameters. The ΔG values were negative at 25 and
40 ◦C, indicating that adsorption was spontaneous. However, the ΔG values increased
with an increase in temperature, suggesting that the adsorption process was not feasible
at a high temperature. The negative values of ΔH (−100.99 and −24.58 kJ/mol) further
confirmed that the adsorption process was exothermic. The negative values of ΔS (−324.99
and −72.99 J/mol-K) reflect the decrease in the freedom of mobility of TA at the liquid–solid
interface of the adsorption process [42].
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Figure 11. Plot of equilibrium constant versus temperature by using Van’t Hoff equation: (a) SBA-
15/APTES; (b) SBA-15/PEHA.

Table 2. Thermodynamic parameters for TA adsorption onto amino-modified silica specimens.

Sample ΔS (J/K × mol) ΔH (kJ/mol)
ΔG (kJ/mol)

25 ◦C 40 ◦C 50 ◦C 60 ◦C

SBA-
15/APTES −324.99 −100.99 −4.434 −1.096 4.909 6.507

SBA-
15/PEHA −72.99 −24.58 −2.734 −1.953 −0.926 −0.227

3.6. Adsorption Isotherm Experiments

The adsorption equilibrium between the solid and liquid surfaces in the adsorp-
tion processes can be characterized using the Langmuir and Freundlich equations. The
adsorption isotherm experiments were performed using 10 mg of SBA-15/APTES or SBA-
15/PEHA in 50 mL of TA solution. To reach adsorption equilibrium, the solution was
stirred for 24 h. The concentrations of TA were altered from 10 to 50 mg/L. The solution
pH was 5.

The linear forms of the Langmuir and Freundlich equations are [43]:

1
qe

=
1
qL

+
1

qLKLCe
(6)

log qe = log KF +
1
n

log Ce (7)

where Ce (mg/L) is the equilibrium concentration, qe (mg/g) is the adsorption capacity, KF
and n are the Freundlich constants, KL (mL/mg) is the Langmuir constant, and qL (mg/g)
is the maximum adsorption capacity.

The Freundlich and Langmuir equation plots are displayed in Figure 12, and the
corresponding parameters are given in Table 3. The R2 value was employed to estimate the
fit of the models to the experimental data. The adsorption of TA onto SBA-15/APTES and
SBA-15/PEHA followed both Langmuir and Freundlich isotherms, as shown by R2 values
(0.98–0.99) in Table 3 [44]. The maximum adsorption capacities (qL) of SBA-15/APTES
and SBA-15/PEHA were 418.41 and 303.03 mg/g, respectively. The RL values of the two
adsorbents were within the range of 0–1, with n > 1 indicating an advantageous adsorption
course. This result implies that adsorption was likely to occur [45].
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Figure 12. Plots of Langmuir model for (a) SBA-15/APTES and (c) SBA-15/PEHA; Freundlich model
for (b) SBA-15/APTES and (d) SBA-15/PEHA.

Table 3. Isotherm constants for TA adsorption onto amino-modified silica specimens.

Sample
Langmuir Freundlich

RL qL (mg/g) KL R2 n KF (mg/g) R2

SBA-15/APTES 0.154 418.41 0.11 0.986131 1.44 47.49 0.990632
SBA-15/PEHA 0.333 303.03 0.04 0.984151 1.02 10.7 0.978013

3.7. Kinetic Studies

To further realize the adsorption mechanism, pseudo-first-order and pseudo-second-
order models were examined. The equations for the two models are [46]:

qt = qe(1 − e−k1t) (8)

t
qt

=
1

k2q2
2
+

t
qe

(9)

where k1 and k2 are the rate constants of each model, respectively; qt and qe (mg/g) are the
adsorption capacities of adsorbents at time t and at equilibrium, respectively. The solution
pH was 5.

Adsorption capacity versus time using Equations (8) and (9) is plotted in Figure 13.
In Table 4, R2 indicates that the pseudo-second-order model provides the optimum fitting
for the adsorption of TA onto SBA-15/APTES and SBA-15/PEHA, suggesting that the ad-
sorption was mainly controlled by chemisorption. Furthermore, the experimental qe values
(215.78 and 205.52 mg/g) are similar to the calculated qe values (218.34 and 206.61 mg/g).
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Figure 13. Plots of pseudo-first-order model for (a) SBA-15/APTES and (c) SBA-15/PEHA; pseudo-
second-order model for (b) SBA-15/APTES and (d) SBA-15/PEHA.

Table 4. Kinetics constants for TA adsorption onto amino-modified silica specimens.

Model Parameter
Value

SBA-15/APTES SBA-15/PEHA

Pseudo-first-order
adsorption kinetic

qe,experiment (mg/g) 215.78 205.52
qe,calculated (mg/g) 219.25 218.08

k1 (min−1) 0.6473 43.49
R2 0.97224 0.98146

Pseudo-second-order
adsorption kinetic

qe,experiment (mg/g) 215.78 205.52
qe,calculated (mg/g) 218.34 206.61

k2 (min−1) 0.02 0.01
R2 0.99971 0.99978

Table 5 displays the maximum adsorption capacity of TA onto different adsorbents.
The SBA-15/APTES and SBA-15/PEHA samples prepared in this study had high adsorp-
tion capacities (485 and 413 mg/g, respectively) as compared with adsorbents used in other
studies. Thus, the amino-functionalized and mesoporous silica-based materials synthesized
in this work could be utilized as efficient adsorbents for the elimination of TA from aqueous
solutions.

Table 5. Maximum adsorption capacity for TA adsorption onto various adsorbents.

Adsorbent q (mg/g) Reference

Montmorillonite 219 [47]
Activated carbon 162 [48]

Clay 138 [49]
Polyaniline 117 [50]

Chitosan/NaOH/fly ash
composite 244 [51]

Porous crosslinked
polystyrene 248 [52]

Biochar 87 [53]
SBA-15/APTES 485 Present work
SBA-15/PEHA 413 Present work
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4. Conclusions

The preparation of amino-functionalized SBA-15 composites for the adsorption of TA
was investigated in the present work. The XRD observations indicate that the mesostructure
of SBA-15 materials is highly sensitive to hydrothermal time, hydrothermal temperature,
calcination time, and calcination temperature. The FTIR analysis revealed that amino
groups were successfully grafted onto the SBA-15 surface, and TEM verified that the silica
pore framework remained nearly unchanged after the amination reaction. The surface area
and pore volume of the adsorbents were SBA-15 > SBA-15/APTES > SBA-15/PEHA. The
adsorption efficiency of SBA-15 material was enhanced by way of surface modification
with amino groups, and the adsorption capacity increased because of the formation of
an electrostatic interaction and hydrogen bond between the adsorbent surface and TA
molecules. SBA-15/APTES exhibited higher adsorption activity for the removal of TA than
SBA-15/PEHA. The adsorption capacities were increased with increases in the initial TA
concentration, agitation speed, and solution pH. However, increasing the adsorbent dosage
and solution temperature resulted in a reduction in adsorption capacity. Pure SBA-15
had little affinity for TA in aqueous solution. Amino-functionalized SBA-15 presented
higher TA adsorption efficiency than pure SBA-15. The results of the study identified
high-efficiency adsorbents that could be applied to the removal of organic pollutants. As
future perspectives, we propose to use magnetic iron compounds to facilitate the separation
for larger scale application, as well as to adsorb other pollutants of interest, for example,
hazardous heavy metals, and finally to a real industrial wastewater.
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Abstract: Due to the shortage of freshwater availability, reclaimed water has become an important
source of irrigation water. Nevertheless, emergent contaminants such as antibiotics in reclaimed
water can cause potential health risks because antibiotics are nonbiodegradable. In this paper, we
report the adsorptive removal of azithromycin (AZM) antibiotics using activated porous carbon
prepared from Azolla filiculoides (AF) (AFAC). The influence of the adsorption process variables,
such as temperature, pH, time, and adsorbent dosage, is investigated and described. The prepared
AFAC is very effective in removing AZM with 87% and 98% removal after the treatment of 75 min,
at 303 and 333 K, respectively. The Langmuir, Temkin, Freundlich, and Dubinin–Radushkevich
isotherm models were used to analyze the adsorption results. The Freundlich isotherm was best
to describe the adsorption isotherm. The adsorption process follows second-order pseudo kinetics.
The adsorption was endothermic (ΔH◦= 32.25 kJ/mol) and spontaneous (ΔS◦ = 0.128 kJ/mol·K).
Increasing the temperature from 273 to 333 K makes the process more spontaneous (ΔG◦ = −2.38 and
−8.72 KJ/mol). The lower mean square energy of 0.07 to 0.845 kJ/mol confirms the process’ physical
nature. The results indicate that AFAC can be a potential low-cost adsorbent of AZM from aqueous
solutions.

Keywords: Azolla filiculoides; activated porous carbon; azithromycin; adsorption equilibrium;
thermodynamics; adsorption; water treatment

1. Introduction

Pharmaceuticals play a critical role in saving millions of lives from various infectious
to deadly diseases and lengthening life spans. On the other hand, pharmaceutical contami-
nants in water sources (surfaces, lakes, rivers, and seas), effluents of wastewater treatment
plants, soils, and sludges, are emerging contaminants, leading to chronic and acute effects
on the environment and human life [1,2]. Wastewater effluents are widely discharged
from different sectors, such as industries, households, hospitals, and pharmaceuticals fac-
tories [3,4]. These streams may contain traces of various pharmaceuticals that might lead
to bioaccumulation in the environment and endanger humans and animals [5]. Pharma-
ceuticals are a diverse group of chemical compounds with varying physical and chemical
properties [6]. Therefore, various pharmaceuticals’ successful use has the drawback of their
emergence as rapidly growing harmful contaminants.

Among the pharmaceutical products, antibiotics are a critically important class of
pharmaceuticals extensively used to prevent and cure infectious and deadly diseases in
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human and veterinary applications. Among the antibiotics, azithromycin (AZM) is a
relatively new macrolide employed in eliminating erythromycin shortcomings, such as
intolerance and its limited antimicrobial spectrum. AZM is more widely used as an effec-
tive antibiotic for several bacterial infections, including strep throat, middle ear infections,
traveler’s diarrhea, pneumonia, and intestinal disorders [7]. AZM is also employed to treat
several sexually transmitted diseases, including chlamydia and gonorrhea infections [8].
In addition, AZM could function along with other medications to treat malaria, with
doses administered orally or intravenously [9]. Antibiotics are usually not removed by the
primary and secondary water treatment steps [10]. Therefore, they can exist in reclaimed
water, developing antibiotic-resistant strains and threatening human health and the ecosys-
tem [11,12]. A large portion of antibiotics is excreted as intact from the body, as antibiotics
are usually not biodegradable and can survive in aquatic environments for a long duration.
As a result, antibiotics negatively impact the environment, such as creating toxicity for
infection pathogens, including bacteria, even at very low concentrations, disturbing bio-
logical processes in wastewater treatment, and decreasing the degradation rate of organic
compounds. The discharge of these streams raises bacterial resistance to antibiotics and
negatively impacts the environment. Therefore, the removal of them has become a crucial
issue.

Meanwhile, different processes on removing antibiotics from the aquatic environ-
ment, including reverse osmosis, adsorption, biodegradation, chemical oxidation, solvent
extraction, and nanoemulsion [13–16], have been demonstrated. Recently, the green na-
noemulsion method was used to treat polluted water with AZM [17,18]. Among the
processes, adsorption as a wastewater treatment process has become an attractive method
because it offers the advantages of easy preparation and handling, low cost, high efficacy,
and low or no risk of producing toxic byproducts [19].

Notably, the adsorption process is primarily affected by the adsorbent type and
surface-structural properties, including surface area, pore size, porosity, and pore volume.
Carbonaceous material-based adsorbents are well-recognized for solving such environmen-
tal issues. Among these carbonaceous adsorbents, activated carbon (AC) was one of the
effective adsorbent materials. In this context, an inexpensive AC adsorbent is demanded to
reduce the adsorption process cost [18,19]. The cost of AC production depends mainly on
its precursor [20]. AC production was investigated using inexpensive materials, such as
waste rice hulls, waste potato residue, seaweed, and almond shells [21,22].

Azolla filiculoides (AF) have recently been explored as a candidate for activated porous
carbon production due to their relatively high carbon content and meager cost [23–25]. There-
fore, AF has received tremendous attention when it comes to removing different pollu-
tants [26,27]. AF can grow on wastewater and adsorb inorganic and organic materials from
waste effluents [28]. With the recent interest in the rapid growth of AF [29,30], this alga, as
an inexpensive and readily available adsorbent, should significantly alleviate the severity
of this problem [27]. However, the percentage of removal using alga as an adsorbent is low.
Therefore, activated carbon prepared from alga can increase the removal percentage to a
significant amount [31], which has hardly been explored. Therefore, this study reports on
the facile preparation of porous AC from AF (AFAC) and its performance for the removal
of AZM. AFAC was analyzed by scanning electron microscope (SEM), N2 adsorption
measurements, and X-ray photoelectron spectroscopy (XPS). The main characteristics of
AZM adsorption, including adsorption isotherms, adsorption kinetics, and adsorption
thermodynamics, are also analyzed.

2. Materials and Methods

2.1. Materials

AZM dihydrate (C38H72N2O12·2H2O, the structure is provided in Scheme 1) (Ana-
lytical grade) from Sigma Aldrich (Darmstadt, Germany), and research-grade acetonitrile
from Merck (Darmstadt, Germany), were purchased and used without further purification.
The AC precursor, AF, was obtained from the Anzali wetland (Anzali City, Iran).
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Scheme 1. Chemical Structure of azithromycin (AZM).

2.2. Preparation of Activated Porous Carbon from AF

The washed and dried AF was milled into a fine powder, sieved through 0.45 mm
stainless steel mesh, and immersed in 28% ZnCl2 aqueous solution for 12 h, followed by
drying at 105 ◦C overnight. The zinc-treated AF was then pyrolyzed under N2 atmosphere
in a tube furnace at 350 ◦C for 2 h and then at 600 ◦C for 4 h. The produced porous AC
(AFAC) was washed with hot 0.5 M HCl, filtered, and repeatedly rinsed with warm water
until no free zinc ions were detected. The final AFAC product was dried at 105 ◦C for 24 h
and stored in a desiccator for subsequent uses [31].

2.3. Characterization of Activated Porous Carbon

The porous morphology of the AFAC was observed using SEM (S-4800F FE-SEM,
HITACHI, Japan. The surface area, pore-volume, and pore size distribution were also
measured with Tristar-3000 surface area and porosity analyzer (Micromeritics, Norcross,
GA, USA) at −196 ◦C. Before measuring the surface area, the sample was degassed at
200 ◦C for 12 h.

2.4. Point of Zero Charges (pHpzc) Measurement

The AFAC pHpzc characteristics were measured following the solid addition method.
In this method, 25 mL of 0.2 M KNO3 was placed in different flasks, and their pH was
adjusted between 2 and 12 by adding 0.2 M HCl. The volume of the solution was adjusted
to 50 mL by adding the KNO3 solution. Then, 0.5 g of AFAC was added to each flask, and
the suspension was placed on a shaker for 24 h. After equilibrating for 1 h, the supernatant’s
final pH (pHf) was noted.

2.5. Batch Adsorption Study

A 1000 mg/L AZM stock solution was prepared and used to prepare the other con-
centrations, i.e., 25–200 mg/L, by dilution. Each batch adsorption experiment was carried
in a 150-mL flask containing 100 mL of AZM solution and placed in a thermostatic shaker
(CF0201003, Guangdong, China) (120 rpm) bath. The pH was controlled by adding 0.1 N
NaOH or HCl. The adsorbent dosage was varied from 0.1 to 1.5 g/L, corresponding to an
adsorbent to adsorbate ratio of 0.5 to 60. The temperature was varied from 273 to 325 K to
evaluate the adsorption thermodynamics. Moreover, the adsorption kinetics were analyzed
by measuring the AZM concertation at different time intervals up to 120 min. The concen-
tration of AZM was measured using high-performance liquid chromatography (HPLC)
(Agilent Technologies, Santa Clara, CA, USA) with Eclipse XDB-C18, 5 μm (4.6 × 150 mm)
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column, and UV detector operated at 230 nm with 1 mL/min of 40/60 acetonitrile/water
as the mobile phase.

The AZM removal percentage (R) and adsorption capacity (qe, mg/g) are calculated
as follows [17]:

R =
(C0 − Ct)

C0
× 100 (1)

qe =
(C0 − Ct)× V

m
(2)

where C0 is the initial AZM concentration (mg/L), Ct is AZM concentration (mg/L) at
time t, V is the solution volume (L), and m is the AFAC (g). The Langmuir adsorption
model, Temkin model and other associated calculations are also provided in the Supporting
Information Figures S1–S4 and Table S1.

3. Results and Discussions

3.1. Characteristic of AZM and Characterization of Adsorbent AFAC

AZM is poorly soluble in water, but these antibiotics are widely used against various
infections where different pathogens infect them. Azalide-type drugs, such as AZM,
are recognized as pharmaceutical pollutants when the drug is drained into the water
after use. Meanwhile, few approaches were employed to remove this drug from the
aqueous wastewater, but are found to be very inefficient and ineffective [16–18], as the
removal efficiency largely depends on the important factors, including the physicochemical
characteristics of AZM, type, and nature of the solvent, and approached used for this
purpose. The drug AZM anhydrous has the following physiochemical characteristics
(aqueous solubility ~ 0.514 mg/mL; logP ~ 3.0 [16–18]).

The purpose of preparing a high surface area porous adsorbent is to ensure fast
and efficient adsorption of the antibiotics into the porous network. Figure 1a shows the
SEM image of the AFAC before adsorption, revealing the type of porous structure of
AC derived from AF. As shown in Figure 1a, the particles from AFAC are in irregular
pore sizes and shapes but are porous, revealing that AFAC could be used as the poten-
tial adsorbent. The structure of AFAC post-adsorption (Figure 1b) is different from the
structure shown in Figure 1a, due to the loading of antibiotics into the porous network of
AFAC. The hysteresis loops confirm that the N2 adsorption-desorption isotherm of this
porous structure is consistent with type IV isotherm, corresponding to mesoporous solid
(Figure 1c). The inset in Figure 1c shows the pore size distribution, with an average
pore size of 4.9 nm. The isotherm suggested that the adsorbent contains micropores and
mesopores as the relative pressure (P/P0) at 0.4 to 0.65, which could be ascribed to the
sample’s mesoporous nature [31]. In contrast, low-relative pressure (P/P0) at 0.4 could be
responsible for micropores.

The AFAC nitrogen adsorption-desorption results are also outlined in Table 1, indicat-
ing that the AFAC has a specific surface area of 484.1 m2/g, pore volume of 0.47 cm3/g,
a porosity of 53.4%, bulk density of 0.245 g/cm3, and average pore size of ~ 5 nm. The
results of EDX are shown in Table 1. As you can see, the elements carbon, oxygen, magne-
sium, potassium, and hydrogen are almost the main elements of AFAC, and the negligible
amounts of sodium and iron were observed in the final composition of AFACHere; the
yield (Y) of the prepared AFAC was calculated as follows [32]:

Y =
WAC

WAF
× 100 (3)
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10 m 10 m 

Surface Area 484 m2/g 
Pore volume 0.47 cm3/g 
Pore size 5 nm 

Figure 1. SEM images of (a) the AFAC before and (b) after adsorption of AZM and (c) the N2 adsorption-desorption
isotherm. The inset of Figure 1c shows the pore size distribution curve of AFAC.

Table 1. Surface-structural properties of the AFAC.

Porosity,
%

C% % Moisture Y
Density,

g/cm3 %H Mg% Fe% K% O%

53.4 53.7 0.2 51.3 0.245 3.7 2.4 0.48 1.7 37.9

3.2. Adsorption of AZM on AFAC
3.2.1. Effect of Temperature and Contact Time

The adsorption time and temperature effects were investigated under the optimum
pH of 9, AFAC dose of 1 g/L, and 100 mg initial AZM concentration. The adsorption
capacity and removal efficiency of AZM by the AFAC adsorbent is shown in Figure 2.
The adsorption process is very rapid at the initial stage (0–30 min) due to the adsorbent’s
high surface area and large pore volume. This initial stage is followed by a slower stage
(30–60 min), and finally, an equilibrium stage is reached after ~75 min. The rapid removal
rate at the first stage is due to the high concentration of the active adsorption sites on the
AFAC surface in the early adsorption process [33]. These active sites become fully occupied
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by the adsorbed AZM molecules as the length of contact time between the adsorbent and
the adsorbate increases, and the repulsive force that occurs between the AZM molecules on
the surface of adsorbents and AZM molecules in the bulk liquid phase reduces the AZM
adsorption rate [34,35].

Figure 2. Influence of contact time and temperatures on the adsorption capacity and removal
efficiency of AZM by AFAC.

The high AZM adsorption rate is due to the higher probability of interactions between
AZM ions and AFAC porous particles [32] and the presence of more active pores. These
pores can accommodate more AZM on their surface. The rapid uptake of AZM ions
by AFAC is one of the parameters which could be potentially considered for economic
wastewater treatment plant applications [33].

3.2.2. Effect of Adsorbent Dose

The impact of AFAC dosage on the AZM adsorption capacity and removal efficiency
was investigated using aqueous by changing the AFAC adsorbent dosage between 0.1
to 1.4 g/L. All the other adsorption parameters, i.e., pH, temperature, and contact time,
were constant. The results in Figure 3 show that the AZM adsorption capacity decreased
from 297.4 to 63.8 mg/g, with the adsorption dosage of 0.1 and 1.4 g/L, respectively. This
decrease in adsorption capacity with the AFAC dosage is attributed to the decrease in the
adsorbate/adsorbent ratio with the increase in dosage consistent with previously reported
results [34,35]. On the other hand, the % removal increases with the AFAC dosage and
reaches a near plateau at a 1 mg/mL dosage. Therefore, 1 mg/mL AFAC was selected as
the optimum dosage used in the following experiments.

Consequently, it was found that the availability of a larger surface area and more
adsorption sites already accelerated with an increase in the adsorbent dose [36,37]. In-
creasing the adsorbent dose over 1 mg/mL resulted in a minor change in the removal
percentage. The establishment of a dense screening layer at the adsorbent surface because
of the accumulation of AFAC particles and a decrease in the distance between the AFAC
molecules, known as the screening effect, happens with a higher adsorbent dose, could
explain this phenomenon [38]. The binding sites were hidden from AZM molecules by the
condensed layer on the adsorbent surface. Furthermore, because AFAC overlapped, AZM
molecules competed for a limited number of accessible binding sites [39]. Agglomeration or
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aggregation at higher AFAC dosages lengthens the diffusion channel for AZM adsorption,
lowering the adsorption rate [40].

Figure 3. Effect of AFAC dosage and adsorption temperature on (a) the adsorption capacity and (b) removal efficiency of
AZM by AFAC.

3.2.3. Effect of pH

The effect of solution pH on the adsorption capacity of AFAC is explained by analyzing
the AZM surface charges and dissociation constant (pKa) [35]. The oxygen functional
groups on the adsorbent surface can also impact the adsorbent performance related to the
pH(pzc). In other words, the H+ or OH− ions in the solution change the adsorbent’s surface
charge and ultimately impact the antibiotics removal efficacy [36].

Figure 4a shows the effect of pH on AZM adsorption by AFAC. The pHpzc of AFAC is
shown in Figure 4b. At pH lower than pHpzc, the surface functional groups deprotonate by
the presence of OH− ions in the solution [37]. At pH higher than the pHpzc, the surface
functional groups deprotonate by the H+ ions in the solution [38]. The surface of AFAC is
positively charged at pH lower than pHpzc, i.e., 8.45.

Figure 4. (a) Effect of pH on AZM adsorption by AFAC and (b) the pHpzc of AFAC.

On the other hand, the pKa of AZM is ~8.6–9.5; hence, in an acidic medium, AZM
is protonated. As a result, the adsorption capacity of AFAC in pH < 3 is low due to
electrostatic repulsion between AZM and AFAC, and competition between H+ with AZM
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for adsorption on AFAC active sites. Accordingly, the electrostatic attraction between AZM
and the AFAC surface gradually increases to yield the highest adsorption at pH = 9–11.

3.2.4. Adsorption Isotherms

The adsorption isotherm for removing AZM ions from the aqueous solution was
obtained at equilibrium conditions to establish the relationship between the adsorbed
AZM amount onto the AFAC, and that amount remained in the aqueous solution [39]. The
experimental data were examined using four different isotherm models, i.e., Langmuir,
Freundlich, Temkin, and Dubinin–Radushkevich (D-R) [40–42].

The Freundlich model is an empirical isotherm that describes multilayer adsorption
on a heterogeneous system. It is mathematically expressed by Equation (4) [43]:

ln qe = ln KF +
1
n ln ce n > 1 (4)

where n and KF (mg/g) are the Freundlich Isotherm constants related to adsorption inten-
sity and capacity. n and KF are calculated from the slope and intercept of the linear fit to
the lnqe vs. lnce . A slope ranging between zero and unity indicates the heterogeneity of
the surface and the adsorption intensity, as the slope is very low (near zero). A slope near
unity refers to a chemisorption process, where 1/n higher than unity implies cooperative
adsorption. The Freundlich isotherm constant relates to the favorability of the adsorption
process. The adsorption process is favorable when 1 < n < 10 [44].

The results in Figure 5 show that Freundlich isotherm reasonably describes the adsorp-
tion of antibiotics to AFAC. The value of n for AZM adsorption (Table 2) is in the range of
1 < n < 10, indicating favorable adsorption. The Freundlich constant, KF, signifies the
strength of the interactions between the adsorbate and the adsorbent. The obtained KF
ranged from 3.08 at 273 K to 58.95 at 333 K, indicating enhanced interactions at higher tem-
peratures. It is worth noting that the three other isotherms did not provide any reasonable
fit to the adsorption results, as shown by the very low R2 provided in Table 2.

Table 2. Adsorption isotherm constants for the adsorption of AZM onto AFAC at various temperatures.

T (K)
Freundlich Langmuir Temkin D–R Model

n KF R2 qm KL RL R2 α β R2 qm β R2

273 1.00 3.08 0.96 120.3 0.0003 0.98 0.712 0.08 123 0.92 212.1 1.2 × 10−4 0.93

288 1.10 5.43 0.97 159.7 0.0027 0.79 0.765 0.10 125 0.85 218.8 6.2 × 10−5 0.88

303 1.28 10.57 0.97 164.2 0.0085 0.54 0.781 0.15 118 0.83 221.7 2.8 × 10−5 0.86

318 1.72 26.11 0.95 196.1 0.0243 0.29 0.792 0.32 94 0.86 206.0 6.1 × 10−6 0.71

333 2.43 55.42 0.93 217.4 0.0588 0.15 0.793 1.12 70 0.81 197.0 7.1 × 10−7 0.60

The maximum measured qm was 374 mg/g, obtained at 333 K and a dose of 0.1 g/L.
This maximum adsorption capacity was much higher than the reported capacity for antibi-
otics, using a variety of adsorbents, as shown in Table 3. This indicates the potential of the
AFAC as an adsorbent for large-scale applications.
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Figure 5. The adsorption data fitted to the Freundlich isotherm in (a) nonlinear form, (b) linear form, and (c) model
predicted versus measured capacity at different temperatures. The blue and red lines in (c) represent the ±15% limit.
Conditions: pH = 9, C0 = 100 mg/L, and time = 75 min.

Table 3. The comparison of different adsorption capacities.

Antibiotics Adsorbent qe, max (mg/g) Reference

Amoxicillin Chitosan 46.21 [2]

Tetracycline Illite 78.12 [11]

Penicillin Chestnut Shell 27.4 [14]

Amoxicillin AC 56.81 [16]

Tetracycline maize stalks 71.38 [31]

SMZ GO 54.33 [32]

Tetracycline MWCNTS 56.5 [33]

Penicillin TiO2 252.6 [34]

Amoxicillin Bentonite 46.54 [37]

Tetracycline MIP 38.9 [38]

Cephalexin AC 43.5 [40]

AZM AFAC 374 This work
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3.2.5. Adsorption Kinetic

The kinetic of the AZM adsorption on AFAC is also assessed using the pseudo-first-
order kinetic model, the pseudo-second-order model, and the intra-diffusion model. The
integrated form of the pseudo-first-order kinetic equation is given by [45]:

ln(qe – qt) = ln qe – k1t (5)

where qe is the equilibrium sorption uptake, qt (mg/g) is the amount of adsorbed AZM on
the AFAC at time t, and k1 (1/min) is the rate constant of the first-order adsorption. qe is
extrapolated from the experimental data at time t = 0. A straight line fitting of Ln (qe − qt)
versus t confirms the pseudo-first-order kinetic.

The analysis of the adsorption date (Figure 6) revealed that the adsorption process
follows the pseudo-first-order kinetics, with a rate constant that ranges from 0.046 to
0.055 min−1, indicating a weak temperature dependence. The analysis of the results using
second-order and intra-particle diffusion models showed a poor correlation between the
results and these models, as summarized in Table 4. Other details of the analysis are
included in the Supporting Information.

Figure 6. The adsorption kinetics for the adsorption of AZM on AFAC at various temperatures. (a) qe vs. time, the Symbols
represent the experimental results, and the curves represent the pseudo-first-order model fitting, (b) the linearized (integral
form) of the pseudo-first-order model, and (c) the model calculated adsorption capacity vs. the experimentally measured
adsorption capacity shown the excellent agreement as the data points are on, or very close to, the 45◦ line. Conditions:
pH = 9, C0 = 100 mg/L, and dose = 1 g/L.
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Table 4. Analysis of the kinetics of the adsorption of AZM on AFAC using different kinetic models.

T (K)

Pseudo-First-Order Pseudo-Second-Order

k1

min−1
qe

mg/g
R2 k2

(mg/g)−1min−1 qe, mg/g R2

273 0.045 76.3 0.995 4.5 × 10−4 94.5 0.983

288 0.050 82.3 0.990 5.3 × 10−4 98.7 0.987

303 0.051 88.7 0.996 5.5 × 10−4 104.4 0.991

318 0.053 94.0 0.989 5.9 × 10−4 109.2 0.993

333 0.052 99.6 0.995 5.9 × 10−4 114.4 0.996

In the intraparticle diffusion (IPD) kinetic model is described by Equation (6) [46]:

qt = kPt1/2 + C (6)

where kp is the IPD rate constant
(

mg
g·min0.5

)
and C is a constant that describes the initial

adsorption capacity. When IPD governs the adsorption process, a linear plot is obtained by
drawing qt versus t1/2 (in Figure 7), and IDP is addressed as a rate-controlling step when
the obtained lines pass through the origin. In our case, the kinetic data cannot be described
by a single IPD model (Figure 7a), but by the three-stage process, as shown in Figure 7b.
As shown in Table 5, the first stage (t < 30 min) is very rapid, indicated by the large rate
constant, kd1 . This adsorption mechanism during this stage is associated with adsorption
on the external surface. The second stage (t = 30–60 min) has a moderate rate constant (kd2 ).
During this second stage, the adsorption process proceeds via adsorption on the internal
mesopores. The last stage (t > 60 min) is a very slow process, as indicated by the very low
rate constants (kd3 ). The adsorption could be attributed to the chemical adsorption step on
the remaining active sites.

Figure 7. The adsorption capacity (symbols) of AZM using AFAC fitted to the (a) one stage IPD kinetic model (curves) and
(b) three-stages IPD kinetic model (dashed-curves). Conditions: pH = 9, C0 = 100 mg/L, and dose = 1 g/L.
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Table 5. IPD parameters for the adsorption of AZM on AFAC.

T, (K) Stage 1, (t < 30 min) Stage 2, (30–60 min) Stage 3, (t > 60 min)

kd1 C R2 kd2 C R2 kd3 C R2

273 15.2 −25.8 0.912 6.3 23.2 0.915 0.56 69.5 0.884

288 16.6 −25.7 0.923 5.8 33.1 0.926 0.39 77.6 0.916

303 17.3 −23.4 0.943 6 37.9 0.973 0.47 83.2 0.898

318 17.5 −19.6 0.951 6.5 39.5 0.951 0.33 90.1 0.873

333 17.4 −14.5 0.891 6.7 42.6 0.936 0.41 94.7 0.901

3.2.6. Adsorption Thermodynamics

To study the thermodynamic of the adsorption process, batch adsorption experiments
were carried at 273, 288, 303, 318, and 333 under the optimum adsorption conditions. The
AZM adsorption capacity has increased with temperature. For example, the capacity has
increased from 76.13 mg/g at 273 K, to 99.44 mg/g at 333 K. This is attributed to the
high kinetic energy of AZM cations at higher temperatures; causing sufficient contact
between the AZM and the AFAC active sites, and leading to an increase in the removal
efficiency [47]. These results also indicate that the adsorption is a physical rather than a
chemical process. A similar trend has been observed in other studies to remove pollutants
from the aqueous phase [48,49]. Moreover, increasing the temperature may increase the
pore size significantly, affecting the porous carbon uptake capacity [50].

Thermodynamic parameters such as the change in free energy (ΔG◦), enthalpy (ΔH◦),
and entropy (ΔS◦) were calculated using Equations (7) and (8) [51,52]:

ΔG0 = −RT ln K (7)

ln KL =
ΔS

◦

R
− ΔH

◦

RT
(8)

where T (K) is the absolute temperature, R (8.314 KJ/mol·K) is the ideal gas constant, KL
(L/mol) represents the Langmuir constant. ΔH◦ and ΔS◦ are calculated from the slope and
intercept of the Vant Hoff plot of Ln KL versus (1/T). The thermodynamic parameters of the
adsorption process are provided in Table 6. ΔG◦ was negative over the entire temperature
range, revealing the feasible and spontaneous adsorption process in the 273–333 K studied
temperature range. As physical adsorption process has −20 kJ/mol < ΔG◦ < 0 kJ/mol,
while chemical adsorption has −400 kJ/mol < ΔG◦ < −80 kJ/mol [53]. In this study, ΔG◦
was between −2.38 and −8.72 kJ/mol, confirming the physical nature of the adsorption
process.

Table 6. Thermodynamic parameters for the adsorption of AZM on AFAC.

T, (K) ΔG◦, (kJ/mol) ΔH◦, (kJ/mol) ΔS◦, (kJ/mol)

273 −2.38

33.25 0.128
288 −3.24

303 −4.31

318 −5.81

333 −8.72

The positive ΔH◦ indicates that the adsorption process is endothermic. The diffusion
coefficient of AZM molecules increases with temperature, enhancing the adsorption. The
positive ΔS◦ confirms that the process is spontaneous, with a positive binding affinity of
AZM on the AFAC active sites.
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4. Conclusions

We have successfully prepared the AFAC with a specific surface area of 484.1 m2/g,
pore volume of 0.472 cm3/g, and porosity of 53.4% using Azolla filiculoides (AF) as an
activated porous carbon source for the removal of antibiotic AZM as a pollutant. The
porosity of AFAC was confirmed by SEM and BET isotherms. Then, isotherms, kinetic and
thermodynamic studies were conducted for the AZM antibiotic removal using AFAC. The
characteristics of the AFAC and its performance for the adsorption of AZM from an aqueous
solution were investigated, and the results have suggested that the percentage removal was
dependent on temperature, pH, adsorbent dosage, and contact time. AFAC has exhibited a
high adsorption capacity for antibiotic AZM, and the antibiotic was effectively removed
from the aqueous solution used. For example, maximum removal was 97.9% at optimum
pH of 9, contact time 75 min, and adsorbent dose 1 g/L. The negative ΔG◦ and positive
ΔH◦ and ΔS◦ confirmed that the adsorption of AZM on AFAC was spontaneous and
endothermic. The Freundlich isotherm has described the equilibrium adsorption results
well. Our results suggested that AFAC is an efficient and low-cost adsorbent for removing
antibiotics from wastewater.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/nano11123281/s1, Figure S1: The plot Ce/qe versus Ce based on Langmuir isotherm; Figure
S2: The Adsorption kinetics for the adsorption of AZM on AFAC at various temperatures. (a) qe vs.
time, the Symbols represent the experimental results. The curves represent the pseudo-first-order
model fitting, (b) the linearized (integral form) of the pseudo-first-order model, and (c) the model
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Abstract: The widespread usage of nano-copper oxide particles (nano-CuO) in several industrial
products and applications raises concerns about their release into water bodies. Thus, their elimi-
nation from drinking water is essential to reduce the risk to human health. This work investigated
the removal of nano-CuO from pure water and montmorillonite clay (MC) suspensions using poly
aluminum ferric chloride (PAFC) as well as cationic polyacrylamide (PAM) by the coagulation-
flocculation-sedimentation (C/F/S) process. Moreover, the PAFC and PAFC/PAM flocculation
performance for various nano-CuO particles concentrations, dosages, pH, settling times and stirring
speeds were also investigated. The findings showed that the removal of nano-CuO and turbidity in
MC suspension were higher as compared to pure water. Moreover, the combined effect of PAFC/PAM
on the elimination of nano-CuO and turbidity was also substantially better than the individual use of
PAFC or PAM. The efficient removal of CuO was observed in the solution containing higher mass
concentration in the order (10 mg/L > 2.5 mg/L > 1 mg/L) with an increased coagulant dose. The
improved removal performance of nano-CuO was observed in a pH range of 7–11 under various
water matrices. The C/F/S conditions of nano-CuO were further optimized by the Box–Behnken
statistical experiment design and response surface methodology. The PAFC/PAM dose resulted in the
maximum removal of nano-CuO (10 mg/L) in both pure water (>97%) and MC suspension (>99%).
The results of particle monitoring and Fourier transform infrared of composite flocs revealed that the
main removal mechanism of nano-CuO may be the combined effect of neutralization, complexation
as well as adsorption.

Keywords: Box–Behnken design; coagulation-flocculation-sedimentation; clay; optimization; CuO

1. Introduction

Developments in nanotechnology have led to the widespread application of several
metal-based nanoparticles (NPs) in different products and processes. The increased usage
of NPs results in their release into the ecosystem, thereby affecting aquatic life and human
health via the food chain [1]. Metal particles such as nano-copper oxide (nano-CuO) are
typical metal-based particles, with an estimated global production of around 570 tons/year,
which is projected to enhance over time [2,3]. The failure of wastewater treatment pro-
cesses to effectively remove large quantities of nano-CuO can lead to the contamination of
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freshwater sources. The hazardous effects of nano-CuO upon many biological species, for
instance, Lymphocytes, Fagopyrum esculentum, Daphnia magna and Pseudokirchneriella
are well known [4–8]. Moreover, human exposure to these metal-based NPs via ingestion
may cause cytotoxicity as well as genotoxicity even at a low concentration of 1 μg/mL [1,9].
Consequently, failure to remove nano-CuO effectively might increase the potential risk of
exposure of these NPs to aquatic life and humans.

The mobility of metal-based NPs in the aquatic environment is controlled by different
technologies such as bioremediation, phytoremediation, ion exchange, membrane sepa-
ration, adsorption, electrochemical and coagulation processes. In wastewater treatment
plants, biological treatments such as activated sludge can remove nano-CuO particles.
However, the toxicity of NPs on the bacterial film of activated sludge interferes with the
overall removal process by modifying the properties of sludge [10,11]. The membrane
process can also effectively remove the NPs from water, but it is not commercially viable
due to membrane fouling caused by highly concentrated NPs [12,13]. The incomplete
removal of NPs through sewage treatment may eventually increase the threat of freshwater
contamination. Consequently, a cost-effective method for complete nano-CuO particle
removal is imperative.

Previous studies have confirmed that the conventional coagulation-flocculation-
sedimentation (C/F/S) method can be used for the effective removal of various metal-
based NPs such as nano-CuO, TiO2, cadmium telluride (CdTe), multiwall carbon nanotubes
(MWCNT) and zinc oxide (ZnO) from water. In alum treated water, Chalew et al. reported
residual concentrations of 48–99%, 3–8% and 2–20% in spiked ZnO, TiO2 and AgO NPs,
respectively [14]. Earlier reports suggested that ferric chloride (FeCl3) yielded a better coag-
ulation efficiency of TiO2 and ZnO NPs under a heterogeneous environment compared to
polyferrous sulfate (PFS) and polyaluminum chloride (PACl) [15]. Moreover, the removal of
metal-based NPs might be enhanced by the higher dosages of FeCl3 and Al2(SO4)3 [16,17].
The C/F/S process appears effective in removing metal-based NPs; however, the higher
coagulant dose and unstable performance might be related to the single aluminum-based
or iron-based coagulant. A recent study [18] described that the combined effect of alu-
minum and iron salt coagulants such as polyaluminum ferric chloride (PAFC) enhanced the
coagulation performance of TiO2 NPs at a low dosage. Moreover, high-molecular-weight
flocculants such as cationic polyacrylamide (PAM) were reported to enhance the impact
of removal via charge neutralization of the negatively charged flocculants [19,20]. Thus,
a comprehensive exploration of the concurrent effect of inorganic coagulant and organic
flocculants is essential for the removal of nano-CuO particles from aquatic environments.

Earlier studies focused on the C/F/S behavior of the primary pollutant nano-CuO;
however, the interaction between several substances hindered the aggregation and removal
of NPs. The interaction between clay particles such as kaolinite and NPs enhances the
aggregation in ground and surface water, although the special structure of clay significantly
affects the coagulation performance of NPs [21]. Wang et al. demonstrated the effect
of anisotropy aggregation on the stability of NPs and clay mineral mixtures [22]. Other
researchers have also shown the high adsorption capacity of the modified clay minerals
of heavy metal ions under coagulation conditions [6]. Consequently, it is essential to
systematically analyze the effect of clay minerals on the fate, mobility and removal behavior
of nano-CuO during the conventional C/F/S process.

Many researchers have used the classical approach known as the single-factor method
to investigate the coagulation behavior, although this technique fails to predict the in-
teractive behavior under different operating parameters [23]. Amongst many statistical
techniques, the Box–Behnken statistical experiment design (BBD) is a classical response
surface methodology (RSM) used for modeling and analysis of experimental data with
multiple operating parameters [24]. To the best of our knowledge, studies that simulate
the C/F/S performance of nano-CuO removal using RSM have not been reported yet. It is
crucial to systematically investigate the removal performance of nano-CuO by the C/F/S
process using a mathematical modeling approach.
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The present study aims to investigate the coagulation behavior of nano-CuO particles
in water using PAFC and PAM via C/F/S under different experimental conditions. The
effects of various mass concentrations of nano-CuO in pure water and clay suspensions
were investigated. First, the optimum coagulation conditions of nano-CuO NPs were ex-
plored under PAFC, PAM and PAFC/PAM using a one factor at a time approach. Secondly,
BBD and RSM were used to investigate the effect of various factors such as inorganic
coagulant, organic flocculant and stirring speed. Last, the validity and reliability of the
statistical analysis with various experimental data points were determined by comparing
experimental and predicted nano-CuO removal efficiency response values.

2. Materials and Methods

2.1. Materials

Nano-copper oxide powder with an average <50 nm diameter, 99.8% purity, and
montmorillonite clay (MC) used as the clay minerals in the current study were obtained
from Sigma-Aldrich (St. Louis, MO, USA). The inorganic coagulant polyaluminum iron
chloride (PAFC) (containing 26% of Al and Fe) and organic flocculant cationic polyacry-
lamide (PAM) with a molecular weight of 12 million were obtained from water treatment
material Gongyi Tenglong Co., Ltd., Henan, China and Tianjin Chemical Reagent, Tianjin,
China, respectively.

2.2. Stock Solutions

The nano-CuO stock solution was prepared by mixing various concentrations of CuO
powder in pure water (18.2 MΩ). Initially, the stock solution of 100 mg/L of CuO was
prepared and the final pH of the stock suspension was adjusted to 7.0 using 100 mM NaOH
or HCl. The NP solution was dispersed by a probe-type ultrasonicator (Bio-safer 1200-90,
Nanjing, China) for a period of 30 min at 400 W to acquire a well stable nano-CuO particles
suspension. The 1 g/L MC suspension was prepared by weighing 1 g of MC powder using
the microbalance (Mettler Toledo AG, Ag Model-XP26DR, Greidensee, Switzerland) and
dissolved in 1 L pure water. Before the experiment, NPs’ suspension was dispersed by
a probe-type sonicator for 30 min. The stock solution comprising PAM 100 mg/L was
prepared in pure water. The solution was stirred at a temperature of 50 ◦C and 250 rpm for
1 h with a lab magnetic stirrer to ensure complete dissolution. The dry weight method was
used to calculate the dosage of inorganic coagulant (PAFC) and organic flocculant (PAM)
in the current C/F/S experiments.

2.3. C/F/S Experiments

The experiments were conducted in the jar tester with a six-synchronous automatic
lifting mixer (Young Tech Co., Ltd. Gyeongsangbuk-Do, Korea). Pure and artificial test
water (MC suspension) were transferred to glass beakers. Predetermined amounts of
PAFC, PAM and PAFC/PAM were dosed, and the suspension was rapidly stirred for 2 min
at 250 rpm, and slow stirred for 10 min at 70 rpm. The different sets of the experiment
including nano-CuO concentration (1–10 mg/L), pH (6–11), settling time (5–30 min) and
stirring speed (100–350 rpm) were also investigated. The samples were collected 2 cm
below the solution in the sampling vessel after the completion of the experiment for further
analysis. The particle size was analyzed through the particle-size analyzer Zetasizer (Nano
ZS90, Worcestershire, UK). During the coagulation, the water sample containing flocs was
circulated using a silicone tube (dia 8 mm) through a peristaltic pump with controlled flow
rate into the Zetasizer.

2.4. Analytical Procedure

Turbidity removal was determined with a turbidity measurement of the supernatant
using a turbidimeter (Hach 2100-N, Loveland, CO, USA). Moreover, the residual concentra-
tion of nano-CuO was calculated by determining the absorbance at 254 nm with a UV-Vis
spectrophotometer (Optizen, Mecasys, Daejeon, South Korea) as shown in the supplemen-
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tary information (Figure S1). Additionally, a Fourier transform infrared (FTIR- JASCO,
Easton, PA, USA) in the range of 400 to 4000 cm−1 was performed before and after the
C/F/S experiments to understand possible removal mechanisms. Each test was performed
three times and the relative standard deviations (STD) were reported as <5%. Moreover,
the standard error was calculated through the division of STD by the square root of the
number of tests performed. The popular Design Expert (version 8.0.5) software was used
for the regression analysis, response-surface and contour maps of the experimental data.

3. Results

3.1. Influence of Coagulant and Flocculant Dosage on the Removal of Nano-CuO

Figure 1 shows the influence of PAFC, PAM, and PAFC/PAM on the removal perfor-
mance in two water environments with varying concentrations (i.e., 1, 2.5 and 10 mg/L)
of nano-CuO. The optimum dose of PAM (3 mg/L) and PAFC (50 mg/L) was observed
for removing nano-CuO from pure water as well as MC containing water. Increasing the
dosage of PAFC and PAFC/PAM led to the enhanced removal rate of nano-CuO and tur-
bidity as depicted in Figure 1. The excess dose of PAM significantly decreased the removal
rate after the optimal critical point; however, this effect of removal was found insignificant
in the case of PAFC/PAM. It was observed that the removal efficiency of nano-CuO was
enhanced with increasing mass concentration in the solution. This might be related to the
fact that the higher concentration of NPs enhanced the probability of collision as well as
increased the effect of co-precipitation via formation of the floc core. These findings are in
good agreement with earlier work by Honda et al. [15]. The relatively better removal rate
of various nano-CuO (1, 2.5 and 10 mg/L) concentrations in pure water was observed in
PAFC/PAM (83.33%, 92.78% and 98.54%) rather than PAFC (72.48%, 86.23% and 93.90%)
alone. The efficacy of co-precipitation and adsorption among the flocculants as well as
NPs improved with the addition of PAFC/PAM in the solution. The enhanced removal
efficiency of nano-CuO was found in suspension containing MC. Moreover, the addition
of PAFC in both the pure and MC environments increased the removal rate of nano-CuO
(10 mg/L) from 94.60% to 97.34%. As illustrated in Figure 1, the addition of MC and PAM
had beneficial effects on the nano-CuO removal rates and the turbidity of the solution with
similar flocculation conditions. In addition, the combined effect of PAFC/PAM improved
the nano-CuO removal compared with PAFC as shown in Figure 1.

 

 

 

 

 

 

Figure 1. Influence of coagulant and flocculant dosage on the removal efficiency of nano-CuO and turbidity for various
mass concentrations (A,D) 1 mg/L, (B,E) 2.5 mg/L and (C,F) 10 mg/L, respectively.
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In pure water, the single system of nano-CuO (10 mg/L), the removal efficiency of
PAFC before and after the addition of PAM was 94.90% and 98.54%, respectively. The PAM
resulted in the formation of larger stable flocs due to increased adsorption bridging of the
linear polymer, thereby improving the flocculation of nano-CuO [25]. The turbidity removal
efficiency was strongly correlated with the removal of nano-CuO. It was observed that after
optimal dosage, the increase of the PAM dosage decreased the rate of turbidity removal
by 38%; however, this effect was found to be insignificant in the PAFC and PAFC/PAM
cases. These results can be attributed to the fact that PAFC has strong potency to ionize
high amounts of Fe and Al cations in the aquatic environment; thereby neutralizing the
negative surface potential of nano-CuO [26]. However, the residual cations enhanced the
effect of steric hindrance among colloids, resulting in particle stabilization. For the MC
system, the removal efficiency was slightly higher compared with CuO in pure water. This
phenomenon may be related to the fact that the addition of MC increased the floc nucleus
and collision probability of the NPs, thereby resulting in adsorption onto the flocculant
surface and formation of tiny dense flocs [27]. During flocculation, the simultaneous effects
of PAFC and MC provided a net sweep, thus forming compact flocs and improving the
overall effect of flocculation and impeded cohesion.

3.2. Influence of pH on the Removal of Nano-CuO

Figure 2 shows the effect of pH on the removal rates of nano-CuO and turbidity within
the pH range of 6–11 at optimum doses of PAFC (50 mg/L) and PAM (3 mg/L). Fluctuation
of the pH in the two systems significantly affected the removal of nano-CuO and turbidity.
For instance, the removal efficiency was remarkably enhanced with the increase in pH and
then declined to different levels. In the absence of MC suspension, PAM resulted in less
than 30% removal of nano-CuO and turbidity at pH 6. The addition of MC enhanced the
removal rates of nano-CuO and turbidity up to 60% under similar flocculation conditions
as shown in Figure 2. However, the system containing MC had an insignificant effect
on the nano-CuO removal by PAFC and PAFC/PAM. At pH 9 the removal efficiency of
various initial concentrations of nano-CuO enhanced to the maximum level. In the MC
environment, the removal efficiency of nano-CuO by PAFC/PAM was found to be more
than 90%. In general, under acidic pH, the removal of both nano-CuO and turbidity was
reduced compared with slightly alkaline environments and this difference was significant
in the pure water system. The removal efficiency of PAFC, PAM and PAFC/PAM in
the alkaline condition remained the same, suggesting that the higher pH environment
had a negligible effect. The results of nano-CuO and turbidity removal curves showed
similar trends, which indicate a strong correlation between the initial mass concentration
of nano-CuO and turbidity. Our observation is consistent with earlier findings [28].

In the aquatic environment, the pH plays an important role in the surface potential
of nano-CuO and also affects the formation of flocculant hydrolysates. The removal
efficiency of PAM was mainly influenced by the solution pH due to a positive charge
at acidic and alkaline conditions. Under the acidic environment, the hydroxyl groups
on the surface of nano-CuO adsorbed protons and thus were positively charged, while
PAM released cations in the solution, resulting in the poor removal efficiency of NPs.
The surface potential of CuO above pH 7 was negatively charged owing to the loss of
protons. The release of cations due to the ionization of PAM neutralized the surface
charge thereby enhancing the removal due to formation of large aggregated flocs in the
system [29]. However, under highly alkaline pH environments, both NPs and PAM
were negatively charged thus increasing the electrostatic repulsion amongst them, and
so reducing the overall flocculation and precipitation efficiency. Furthermore, under
alkaline conditions, PAFC rapidly hydrolyzed and precipitated to form hydroxide, thereby
reducing the overall removal efficiency of NPs. The effect of nano-CuO destabilization
was enhanced by increasing the solution pH following the addition of PAFC; however,
the tiny flocs remained suspended in the solution [30]. The compounding process of
PAFC/PAM was relatively more stable than PAFC and PAM alone due to the wider pH

209



Nanomaterials 2021, 11, 2753

adaptation range of organic flocculant (PAM) [31,32]. Moreover, the complex structure of
the PAFC/PAM polymer remarkably enhanced the flocculant-specific surface area and
improved the bridging effect during adsorption [32]. Consequently, the combination of
inorganic and organic flocculants had a synergistic effect on the C/F/S process and on the
overall nano-CuO removal performance from the aquatic environment.

   

 

 

 

Figure 2. Influence of pH (6–11) on the removal efficiency of nano-CuO and turbidity for various mass concentrations (A,D)
1 mg/L, (B,E) 2.5 mg/L and (C,F) 10 mg/L.

3.3. Influence of Sedimentation Period on the Removal of Nano-CuO

The sedimentation period, which is directly related to the design of the settling
tank, is considered as a key parameter affecting the magnitude of design, investment
and operation cost. In the present study, the settling time was used as the analytical
index based on the optimal dosage of coagulant. The removal rates of nano-CuO and
turbidity under specific PAFC, PAM and PAFC/PAM settling time were investigated with
various concentrations of nano-CuO (1, 2.5 and 10 mg/L) in two separate systems. Figure 3
shows the effect of the prolonged duration of precipitation in increasing the turbidity
and removal efficacy of nano-CuO. The addition of the PAFC coagulant resulted in stable
removal rates of CuO after 30 min of sedimentation time in both systems. In the single
CuO system, the removal performance of PAFC and PAM for 1, 2.5 and 10 mg/L CuO
under a settling time of 5 min reached 23.38, 26.04 and 79.13% and 13.87, 26.10 and 73.11%,
respectively. However, the removal rates remained constant after 15 min of settling time.
The precipitation period under different concentrations of CuO was substantially shorter in
the composite coagulant-flocculant system (PAFC/PAM) compared to the single PAFC and
PAM. The removal efficiency of nano-CuO by PAFC/PAM exceeded 75% within 5 min of
settling. In the single system of CuO, the removal rate of 1, 2.5 and 10 mg/L CuO by PAFC
after 5 min of settling increased from 23.38% to 65.17%, 26.04% to 78.54% and 79.13% to
92.94%, respectively. In general, the nano-CuO removal rates and turbidity stabilized with
a further increase in the precipitation period up to 20 min. The optimal removal rate of
nano-CuO (10 mg/L) after 30 min by PAFC, PAM and PAFC/PAM was found to be 94.14%,
83.89% and 99.24%, respectively. Moreover, the addition of MC facilitated the removal
efficiency of CuO and turbidity under similar settling conditions as depicted in Figure 3.
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The removal efficiencies, turbidity and settling time of nano-CuO in the three initial mass
concentrations were similar in both systems. Our results are consistent with those reported
in the literature [33].

   

   

Figure 3. Influence of settling time (5–30 min) on the removal efficiency of nano-CuO and turbidity for various mass
concentrations (A,D) 1 mg/L, (B,E) 2.5 mg/L and (C,F) 10 mg/L.

In the PAFC case, the optimal settling period of CuO was found to be shorter than
that of PAM alone. The ionization of PAFC released Fe(III) and Al(III) ions in the solution,
leading to the formation of complexes with nano-CuO. Moreover, PAM contained the
reactive groups in its polymer chains which provided the favorable adsorption sites for tiny
flocs of CuO. Thus, the removal of nano-CuO by PAM mainly occurs via the adsorption
bridging mechanism [34]. These observations are consistent with the literature [35], which
reported similar turbidity removal rates of the kaolinite−humic acid solution using PAFC
and PAM−PAFC. In the PAFC/PAM case, stable nano-CuO (10 mg/L) and turbidity
removal rates of up to 97.85% and 96.45%, respectively, were observed after 15 min as
shown in Figure 3C,F. The enhanced removal efficiency may be related to the bridging
effect of PAFC/PAM, which forms dense and stable flocs that rapidly settle down. In
contrast, the flocs formed by PAFC and PAM alone were small and had longer settling
times. Thus, the combination of organic and inorganic flocculants, i.e., PAFC/PAM can
significantly decrease the treatment cost by reducing the settling time.

3.4. Influence of Stirring Speed on the Removal of Nano-CuO

The optimum doses of PAFC and PAM were determined at neutral pH and a pre-
cipitation duration of 30 min, at 10 min intervals under a slow stirring speed of 70 rpm
and at 2 min under a fast rotation speed (FRS) of 250 rpm. Figure 4 shows the effect of
different stirring speeds on the elimination of nano-CuO particles. The optimal removal
of NPs under different mass concentrations (1, 2.5 and 10 mg/L) in both systems was
found at an FRS of 200 rpm. Moreover, the changes in the removal pattern in both systems
were consistent with the variation in the hydraulic conditions. For instance, at an initial
concentration of 1 mg/L in the single system of CuO, the effect of the stirring conditions
was significantly high. The removal efficiencies of 1, 2.5 and 10 mg/L of nano-CuO using
PAFC were found at an FRS of 200 and 350 rpm in the ranges of 69.10% and 28.01%, 95.37%
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and 38.80% and 95.39% and 98.12%, respectively. Moreover, the removal rates of 1, 2.5 and
10 mg/L of nano-CuO by PAFC/PAM at an FRS of 200 and 350 rpm were found in the
ranges of 87.23% and 28.98%, 96.54% and 42.01% and 97.45% and 93.70%, respectively.
The variation in stirring conditions significantly affected the removal rates of NPs at lower
initial concentrations of 1 and 2.5 mg/L of CuO compared with relatively higher concentra-
tions of 10 mg/L. The addition of MC enhanced the removal rates of nano-CuO and the
suspension turbidity under similar conditions. For instance, in the MC suspension system,
the removal efficiency of nano-CuO (10 mg/L) using PAFC/PAM at an FRS of 200 and
350 rpm was found as 98.54% and 92.10%, respectively.

   

   

Figure 4. Influence of stirring speed (100–350 RPM) on the removal performance of nano-CuO and turbidity for various
initial mass concentrations (A,D) 1 mg/L, (B,E) 2.5 mg/L and (C,F) 10 mg/L.

Hydraulic parameters, specifically the agitation time and speed, are major parameters
in the formation of stable flocs. Rapid agitation is required for the homogeneous dispersion
of the coagulant and flocculant in the sample, while a slower speed is used to form
stable flocs. The velocity gradient (G) is another critical parameter influencing the C/F/S
performance. Furthermore, mixing speeds also have a direct effect on the formation and
stabilization of flocs. During the rapid mixing phase, the rotation speed around 100 rpm
was too low and produced a small G value in the solution. Hence, in such systems,
the low removal efficiency of nano-CuO was attributed to insignificant floc formation.
Furthermore, fast speeds of about 350 rpm produced a higher G value, which was not
conducive to floc formation, thereby reducing the removal efficiency of nano-CuO. The
optimum G value leads to compact agglomerates with increased fractal dimension and
flocs size in the suspension becoming more even [36]. The significant effect of the stirring
speed was observed at low concentrations of nano-CuO (1 and 2.5 mg/L) as shown in
Figure 4A,B. Such an observation might be related to the fact that the higher agitation rate
leads to the formation of small aggregates during the C/F/S process. Further, the tiny and
unstable flocs broke down resulting in poor removal efficiency of nano-CuO in a low mass
concentration of NPs. Relatively large and stable flocs were formed during the C/F/S
process at an initial mass concentration of 10 mg/L, with higher resistance to variations in
hydraulic conditions. In the case of PAM alone, the high mixing speed during the C/F/S
process resulted in the poor adsorption bridging effect of long-chain polymer [18,37]. Thus,
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the removal performance of nano-CuO and turbidity were significantly reduced in such
a system.

3.5. Response Surface Methodology

Response surface methodology (RSM) based on the Box–Behnken model (BBD) design
principle was used to further understand the removal behavior of nano-CuO (10 mg/L)
in MC suspensions. Three independent factors, i.e., PAFC, PAM dosage and stirring
conditions, were selected at three levels and the experimental design was set to simulate
different C/F/S conditions as shown in Table 1. The removal rate of nano-CuO was taken
as the response value and a regression model was generated, as presented in Table 2.

Table 1. Type, parameters and corresponding coded levels for RSM.

Type Variables Coded Level of Variables

−1 0 1

Corresponding Operation Values

A PAFC (mg/L) 20 50 80
B PAM (mg/L) 1 3 5
C Stirring Speed (RPM) 100 200 350

Table 2. Test design and response values for RSM.

Experiment A B C Nano-CuO Removal (%)

1 0 1 1 92.26
2 −1 1 0 90.15
3 −1 0 1 91.15
4 0 0 0 98.82
5 0 1 −1 88.12
6 0 −1 −1 87.87
7 0 0 0 98.67
8 0 0 0 99.15
9 1 1 0 91.95

10 −1 0 −1 90.23
11 0 0 0 99.48
12 0 0 0 99.51
13 1 0 −1 87.14
14 1 0 1 93.49
15 −1 −1 0 89.37
16 1 −1 0 91.22
17 0 −1 1 91.14

The slope of the response surface plot shows the effect of different parameters on
the removal efficiency of nano-CuO as illustrated in Figure 5. The higher slope value
indicates the greater influence, whereas the shape of the contour map reflects the effect
of the interaction of other parameters on the removal performance. The effect of linear
parameters, i.e., hydraulic conditions and PAFC dosage, and all quadratic parameters
on the removal efficiency of nano-CuO was found significant. However, the influence of
different interactions was found insignificant (Figure 5A–C). At constant PAFC dosage, the
removal efficiency of nano-CuO improved and then decreased with the increased PAM
dosage (Figure 5A). Likewise, at constant PAM dosage, the increase in PAFC dosage initially
increased the removal of nano-CuO and then decreased the overall C/F/S performance
(Figure 5B).

The optimum influencing ranges of PAFC and PAM dosages on the removal of nano-
CuO were found to be 37–65 mg/L and 2.20–4.00 mg/L, respectively. However, the model
shows no significant effect of the interaction between PAFC and PAM dosages on the
removal rate of the pollutant (Table 3). The optimal range of PAFC and stirring speed were
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found to be 37–65 mg/L and 170–270 rpm, respectively (Figure 5B). The stirring speed had
a substantial influence on the removal efficiency of nano-CuO (Table 3). As indicated in
Figure 5C, when the PAFC dosage was kept constant, the influence of other parameters on
the elimination of nano-CuO initially increased and then decreased. The optimum ranges
for the PAM dosage and stirring speed were observed as 2.20–4.00 mg/L and 170–270 rpm,
respectively. The regression analysis was performed to further understand the influence
of each factor. The regression equation between PAFC, PAM dosage, stirring speed and
nano-CuO removal rate is presented in Equation (1).

nano − CuO removal E f f iciency
= 98.13 + 0.36A + 0.36B + 1.83C − 0.013AB + 1.36AC
+0.22BC − 3.90A2 − 4.55B2 − 4.72C2

(1)

   

   

Figure 5. 3D surface plots and corresponding contour plots showing the removal rate of nano-CuO under the influences of
(A–D) PAFC dosage and PAM dosage, (B–E) PAFC dosage and stirring speed and (C–F) PAM dosage and stirring speed.

Table 3. Analysis of variance.

Source
Sum of
Squares

Df Mean Square F Value p-Value Prob > F

Model 310.5 9 34.5 80.51 <0.0001 Significant
A-(PAFC) 1.05 1 1.05 2.45 0.1613 Not significant
B-(PAM) 1.04 1 1.04 2.42 0.1638 Not significant

C-(Stirring Speed) 26.94 1 26.94 62.86 <0.0001 Significant
AB 6.250 ×10−4 1 6.25 × 10−4 1.458 × 10−3 0.9706 Not significant
AC 7.37 1 7.37 17.2 0.0043 Significant
BC 0.19 1 0.19 0.44 0.5276 Not significant
A2 64.02 1 64.02 149.38 <0.0001 Significant
B2 87.33 1 87.33 203.79 <0.0001 Significant
C2 93.97 1 93.97 219.28 <0.0001 Significant

Residual 3 7 0.43
Lack of Fit 2.42 3 0.81 5.62 0.0643 Not significant
Pure Error 0.57 4 0.14
Cor Total 313.5 16
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The detail of the analysis of variance is shown in Table 3. The mathematical model
was found significant (F = 80.51, p < 0.0001). Moreover, the individual effects of stirring
conditions and PAFC dosage were found significant. In contrast, the interaction influence
of these parameters was found insignificant. These observations are in good agreement
with the results of the response surface analysis. The adjusted coefficient of determination
Radj2 was found to be 0.9781. Moreover, the obtained experimental results show a good
correlation with the estimated value. In general, the model might be utilized to optimize the
analysis and estimate the removal of nano-CuO by PAFC/PAM during the C/F/S process.

3.6. Model Validation and Monitoring of Floc

The regression equation was solved to find the optimum C/F/S condition for removal
of nano-CuO. The obtained settings for NPs’ removal were as follows: PAFC (~52.48 mg/L),
PAM (~3.09 mg/L), and stirring conditions of 2 min FRS (220.76 rpm) and 10 min of slow
rotation (80 rpm). The calculated value of nano-CuO removal under these environmental
conditions was around 99.34%. The precision of the model was further verified by perform-
ing the three different sets of the experiment under the obtained model conditions. The
results of three identical sets of trials presented that the treatment efficacy of nano-CuO
was 97.95%, 98.76% and 99.07%. The calculated relative error among the obtained and
estimated value was found to be 0.75%, which shows that the model can better reflect the
optimal removal conditions for nano-CuO.

Figure 6 shows the monitoring of floc formation after the flocculation process with
various conditions of PAFC, PAM, PAFC/PAM, MC and (2.5 mg/L) of nano-CuO. As
demonstrated in Figure 6, the flocs formed under the condition of 50 mg/L PAFC + 3 mg/L
PAM and 20 mg/L MC were larger in size as compared to those found at 50 mg/L PAFC
+ 3 mg/L PAM in pure water. The measured particle size (dia:0.5) of the flocs formed by
50 mg/L PAFC was around 95 μm in pure water, moreover, flocs obtained with 50 mg/L
PAFC + 20 mg/L MC was around 145 μm. Thus, the addition of MC enhanced the particle
size and density of flocs during flocculation. In contrast, the size of the floc formed by the
combination of 50 mg/L PAFC and 3 mg/L PAM was found above 250 μm. The particle size
distribution measurement of the flocs after flocculation experiments further revealed that
the addition of PAM helped to enhance the floc size above 85%. The excess dosage of PAFC
resulted in higher hydrolysis of Al(III) and Fe(III) in coagulation thereby incorporating
cations to neutralize the negative surface potential of nano-CuO. However, excess cations
in the solution resulted in the formation of tiny flocs with low compactness [38]. The
addition of PAM neutralized the negative charge of NPs’ surface thereby destabilizing
the suspended NPs in the solution. Moreover, in the presence of PAM, the adsorption
bridging occurred during the C/F/S process, which helped PAFC to form large flocs with
an enhanced degree of compactness.
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Figure 6. Size of composite floc of nano-CuO (2.5 mg/L) under various conditions at (A) 50 mg/L
PAFC, (B) 50 mg/L PAFC + 20 mg/L MC, (C) 50 mg/L PAFC with 3 mg/L PAM and (D) 50 mg/L
PAFC + 3 mg/L PAM and 20 mg/L MC.

3.7. Characteristics of Composite Flocs

The results of the FTIR analysis of pristine chemicals including MC, PAM, PAFC, nano-
CuO and composite flocs obtained after the C/F/S experiment were used to illustrate the
probable removal mechanisms, as demonstrated in Figure 7. The observed broad bands at
3300–3400 cm−1 due to the stretching vibration of the (−OH) functional group linked to alu-
minum or iron (Al/Fe–OH) [39]. The spectrum peaks observed around 2972, 2887, 1653 and
1460 cm−1 were associated with asymmetric and symmetric stretching vibrations of C-H,
CH2, C=O and acylamino groups, respectively [40]. The absorption bands at 1381 cm−1

attributed to the symmetric stretching vibration of CH3, COO−,while the band appearing at
1254 cm−1 corresponded to the C–O anti-symmetric stretching [41]. In addition, few peaks
were found at 1257, 1151 and 934 cm−1 owing to the stretching of C–OH (phenolic), C–O
and carboxylic acid groups [42]. However, the peaks at 883 and 542 cm−1 were ascribed to
the bending vibration of the Fe–OH– Fe and Cu-O bond stretching, respectively.

 

Figure 7. FT-IR spectrum of pristine chemicals, i.e., MC, PAM, nano-CuO, PAFC and composite flocs
obtained at optimum C/F/S conditions.

In addition, the IR spectra of composite floc obtained by the PAFC/PAM (MC) system
showed a broader absorption peak with higher intensity at 3653 cm−1 than that of nano-
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CuO, implying some inner hydroxyl in MC bonded to the Cu-O group of nano metals [43].
The observed peak between 3250 cm−1 to 3500 cm−1 with strong intensity at 3404 cm−1 was
larger than that of PAFC, indicating the formation of moderately strong H-bonding between
inner surface hydroxyls of the MC and metals ions during the C/F/S process [44,45]. The
absorption peak at 1633–1657 cm−1 was due to the bending vibration of H–O–H. The peak
in the composite floc decreased with the significant shift, indicating that less (OH) groups
were combined with Al/Fe ions to form complexes with free Cu ions [46]. The higher
intensity of peak at 1460 cm−1 and 1254 cm−1 attributed to C=O and acylamino groups
further clarified the complex coordination with Cu ions in the adsorption process [47]. The
bands at 1114 cm−1 shifted to a lower frequency at 1070 cm−1 with enhanced intensity
owing to the stretching vibration of Fe–O/Cu–O. In addition, the peak observed at 683 cm−1

was found, suggesting the bending vibration of Fe–O–Cu/Fe–OH–Cu [48]. The enrichment
of hydroxyl (OH) bridging in PAFC/PAM (MC) suspension formed the compact structure
flocs. Moreover, the flocs formed would increase adsorption and sweep coagulation. This
was supported by the findings of floc monitoring, where the increase in floc size was
observed in the heterogenous system. The substantial shifts and increase in the intensity of
some bands in the obtained composite flocs also well supported the complexations of metal
ions and PAFC/PAM in the MC environment. Consequently, it might be concluded from the
improved NPs removal rate and IR spectra, that the key mechanism for nano-CuO removal
may be the compound effect of charge neutralization, complexation and adsorption.

4. Conclusions

In this research, we explored the influence of coagulant dose, pH, settling time and
stirring speed on CuO removal during the C/F/S process. The removal efficiency of
nano-CuO and turbidity in both systems were enhanced by increasing the initial mass
concentration of NPs. Moreover, the presence of MC improved the removal efficiency
of CuO. The addition of both PAFC and PAM enhanced the compression and stability
of flocs. The surface potential of flocs was greatly influenced in the acidic environment.
In addition, the PAFC/PAM significantly increased removal efficiency and reduced the
settling time in the MC containing suspension. The variation in initial mass concertation
and the stirring speed affected the floc formation and removal performance of nano-CuO.
The BBD and RSM techniques were applied to determine optimal C/F/S process conditions
for maximizing CuO removal from water. The obtained model responses suggested the
optimum C/F/S conditions as PAFC (52.48 mg/L), PAM (3.09 mg/L), and mixing at 2 min
of fast rotation (220.76 rpm) and 10 min of slow rotation (80 rpm). Furthermore, the validity
of the model was accessed under different environmental conditions. The FT-IR analysis
of composite flocs revealed that primary mechanisms including charge neutralization,
complexation and adsorption may be involved in the removal of nano-CuO by the C/F/S
process. In general, the findings provide insight into enhanced flocculation and coagulation
of CuO in drinking water containing clay particles.
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Abstract: Wood-dust of Dalbergia sisoo (Sisau) derived activated carbon (AC) was successfully tested
as an adsorbent material for the removal of rhodamine B dye from an aqueous solution. The AC
was prepared in a laboratory by the carbonization of wood powder of Dalbergia sisoo at 400 ◦C
in an inert atmosphere of N2, which was chemically activated with H3PO4. Several instrumental
techniques have been employed to characterize the as-prepared AC (Db-s). Thermogravimetric
analysis (TGA)/differential scanning colorimetry (DSC) confirmed that 400 ◦C was an appropriate
temperature for the carbonization of raw wood powder. The FTIR spectra clearly confirmed the
presence of oxygenated functional groups such as hydroxyl (–OH), aldehyde/ketone (–CHO/C=O)
and ether (C–O–C) at its surface. The XRD pattern showed the amorphous structure of carbon having
the 002 and 100 planes, whereas the Raman spectra clearly displayed G and D bands that further
confirmed the amorphous nature of carbon. The SEM images displayed the high porosity, and the
BET analysis revealed a high surface area of 1376 m2 g−1, a pore volume of 1.2 cm3 g−1, and a pore
size of 4.06 nm with the coexistence of micropores and mesopores. The adsorption of dyes was
performed by varying the dye concentration, pH, time, and the sample dose. The maximum percent
of RhB dye removal by AC (Db-s) was 98.4% at an aqueous solution of 20 ppm, pH 8.5, an adsorbent
dose of 0.03 g, and a time of 5 min. This study proved to be successful in addressing the local problem
of wastewater pollution of garment and textile industrial effluents using locally available agro-waste
of Dalbergia sisoo.

Keywords: activated carbon; Dalbergia sisoo; rhodamine B; contact time; contact temperature; pH

1. Introduction

In present days, effluents discharged from various industries, such as textiles, paints,
printing, cosmetics, pulp mills, paper, rubber, pharmaceuticals, plastics, foods, and leather,
have become a universal problem. These industries extensively use a large volume of dyes
and generate plentiful wastewater which pollutes the environment. They have been rated
as the most infamous and unadorned pollutants amongst all other sectors owing to the fact
that textile industries are the major dye consumers in each of their products [1]. Within
dyes, textile dyes are one of the chief components among them [2] and, unfortunately,
have a harmful effect on human and animal health [3]. These pollutant dye compounds
change the color of water, and it makes the degrading quality of water for both flora and
fauna [4]. It is reported that about 100,000 commercial dyes are in industry and larger
than 7 × 105 tons of dyestuff are produced annually. The issue of enormous amounts
of synthetic dyes to the water streams has stood a serious risk to the environment [5].
A very small amounts of dyes in water (less than 1 ppm for some dyes) is highly visible
and undesirable [6].

Most dyes molecules are complex and stable and can be resistant to degradation upon
contact with water, detergents, or any other thing [7]. In order to remove dyes from wastew-
ater, a wide range of techniques, such as adsorption, coagulation and flocculation, biological
treatment, ion exchange, membrane filtration chemical oxidation, reverse osmosis, and
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electrochemical processes [8], have been employed. Among all, adsorption technology,
being very easy, economical, effective and flexible, has become the most preferred methods
for the elimination of toxic and hazardous dyes from wastewater.

To greatly decease the cost of activated carbon (AC), various ACs prepared from non-
conventional sources, such as coir pith [9], sawdust and rice husk [10], and pinewood [11],
applied in the removal of some compounds have also been investigated, and better results
have been attained.

The yield and absorptive property of AC is increased by using various suitable
activating agents, such as H3PO4, KOH, H2SO4, and Na2CO3. Among them, the AC
prepared from H3PO4 has been reported to be the best in terms of active surface areas and
porosity and functional groups. In this study, phosphoric acid (H3PO4) has been used as an
activating agent to open pores and enlarge the surface area of AC, so that the adsorption
power will increase [12]. H3PO4 removes impurities contained in the carbon [13], as a result
of the carbonization process of biomass such as ketones, alcohols, acids, and aldehydes.
Moreover, H3PO4 also helps to form a bridge that connects the fragments of biopolymers
(layer of carbon structure) by forming phosphate bonds that make pores more open and
enlarge the surface area. In the present study, basic/cationic water-soluble dyes rhodamine
B (RhB), which is carcinogenic in nature, was selected for the adsorption experiment due to
its presence in wastewaters from by-products of several industries such as textile, leather,
jute, and food industries.

RhB is an amphoteric dye, listed in the class of the xanthene dye causing harmful
effects such as acute oral toxicity. When consumed, it causes damage to the eyes or skin
irritation and is hazardous to the aquatic organism with long-term effects. Therefore, the
treatment of effluent containing RhB dye becomes paramount before discharging them into
water streams so as to protect the aquatic organism and make the environment safer for
the public [14].

In addition, AC is amongst the most used adsorbents utilized due to its high surface
area, pore volumes, fast adsorption rate, and high adsorption capacity. Herein, AC from
Dalbergia sisoo has been prepared by chemical activation with H3PO4 [15]. The porous prop-
erties, chemical functionality, and surface morphology of the prepared ACs are performed
by N2 adsorption, FTIR, and SEM [16].

It is found from previous research that ACs modified by different surfactants have
different effects on various water qualities of dye wastewater. Therefore, it is necessary to
determine the coexistence of other ions that would affect the adsorption behavior. Mean-
while, more information is still required in order to better understand the adsorption
behavior of RhB cationic dyes on the modified AC. The physical and chemical characteris-
tics of RhB is given in Table 1. The aim of this study was to examine the potential of using
the as-prepared AC from wood powder of Dalbergia sisoo tree as a low-cost adsorbent to
remove RhB dye from aqueous solutions using UV-Vis spectrophotometry. The effect of
the precursor dose and time of adsorption was the central focus of this study.

Table 1. Physical and chemical characteristics of rhodamine B (RhB) dye.

Dye IUPAC Name
Chemical
Formula

Chemical Structure
Mol. Wt.
(gmol−1)

Appearance λmax (nm)

Rhodamine B

[9-(2-carboxyphenyl)-
6-diethylamino3-
xanthenylidene]-

diethylammonium
chloride

C28H31ClN2O3

λ

479.02
Reddish

violet
powder

554
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2. Materials and Methods

2.1. Reagents

All the chemicals used in this study were of analytical grade and were used without
further refinement. Phosphoric acid (85%) was obtained from Fischer Scientific, Pune,
Maharashtra, India. Similarly, RhB (98%) was procured from Alfa Aesar A13572 (Haverhill,
MA, USA), and aqueous NH3 (30%) were from Baker (Anford, ME, USA). Double-distilled
water was used throughout the experimental work. The wood dust of Dalbergia sisoo (Sisau)
was collected from indigenous carpentry/sawmill, Kathmandu, Nepal. A commercial
carbon made from coconut shells having a surface area of 876.02 m2 g−1, a pore size of
4.23 nm, and a pore volume of 0.19 cm3 g−1 was also used for comparing the results.

2.2. Methods
2.2.1. Preparation of Wood Powder

Wood dust was sun-dried for a few days. Then, a few initial stages were done, such
as crushing, grinding, and sieving. The particle size was controlled by sieving through
a 150 μm sized sieve. Thus, the obtained fine wood powder was used as a precursor for
the preparation of AC.

2.2.2. Preparation of AC by the Carbonization Method

Wood dust (precursor) powder was dried in an oven to remove all volatile matters.
The dried precursor was chemically activated with H3PO4 using the ratio of precursor to
activating agent of 1:1 (w/w), left for overnight at room temperature for proper soaking
and then evaporated to dry at 110 ◦C in an oven. The weighed amount of samples were
inserted into a horizontal electric tubular furnace tube and carbonized at 400 ◦C for 3 h
in an inert atmosphere of N2. A continuous flow of pure N2 was used to create an inert
atmosphere. The carbonized samples were then cooled to room temperature maintaining
the inert atmosphere of nitrogen and were washed with distilled water for several times
until the pH of the washed water became neutral. It was dried, ground and stored in
an air-tight container. The resulting material was dried in an oven at 110 ◦C and named as
AC (Db-s). Thus, the prepared AC (Db-s) was stored in an air-tight container until further
use in adsorption experiments.

A schematic diagram for the preparation of AC (Db-s) followed by carbonization is
shown below in Scheme 1.

Scheme 1. Steps involved in the preparation of activated carbon from Dalbergia sisoo.

The descriptions of the as-prepared AC (Db-s) and conditions are given in Table 2.
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Table 2. Description and preparation conditions of the sample.

Sample
Particle

Size (μm)
Activating

Agent

H3PO4:Wood
Powder Ratio

(w/w)

Preheating
Temperature

(◦C)

Carbonization
Temperature

(◦C)

Carbonization
Time (h)

Atmosphere

AC (Db-s) 150 H3PO4 1:1 110 400 3 N2

2.2.3. Characterization Technique of the As-Prepared AC (Db-s)

The moisture content, ash content, volatile matter, and fixed carbon of the precursor
were analyzed by proximate analysis. The pyrolytic behaviors of the raw wood powder of
Dalbergia sisoo were investigated by thermogravimetric analysis (TGA)/differential scan-
ning colorimetry (DSC; SDT Q600 V20.9 Build 20). The morphology of AC (Db-s) was
determined by a scanning electron microscope (Nanoeye, Korea). The phase state was eval-
uated by using XRD (Rigaku RINT 2000 diffractometer). Similarly, surface carbon-oxygen
functional groups present in the samples were identified performing FTIR measurements
using an FTIR instrument (Bruker, Vertex 70, Germany). The % transmission of the samples
was recorded between 4000 and 400 cm−1. The presence of the amorphous nature of AC
(Db-s) was confirmed by Raman signals obtained by the labRAM HR800 (JOBIN YVON).
The surface area, pore size, and pore volume of the AC (Db-s) were measured by BET
(Micromeritics ASAP 2020 system).

2.2.4. Methodology of Dye Adsorption

A 20 ppm stock solution of RhB was been prepared by dissolving 0.02 g of the dye
per liter of double-distilled water. At first, a 100 mL RhB dye solution was taken in 250 mL
Erlenmeyer flasks, and 0.02 g of the as-prepared AC (Db-s) was added and stirred at
400 rpm at neutral pH for 5 min on a magnetic stirrer at room temperature. During the
stirring period, about 3 mL of the mixture solution were taken in a microcentrifuge tube in
every single minute time interval for 5 times. All the 5 microcentrifuge tubes were then
centrifuged for 5 min to separate the insoluble particles. The agitation speed was kept
constant at 400 rpm.

3. Results and Discussion

3.1. Proximate Analysis

The results obtained from the proximate analysis of precursor (wood powder of
Dalbergia sisoo) are given in Table 3. The low ash content in the samples indicated that the
precursor contained low inorganic matter, and the low moisture content exhibited the raw
material is good for the preparation of AC and the efficiency of reactivation.

Table 3. Proximate analysis of the precursor (wood powder of Dalbergia sisoo).

S.N. Parameter Observed Value (%)

1. Moisture 8.66
2. Total ash 1.07
3. Volatile matter 42.27
4. Total carbon 48.0

3.2. TGA/DSC

The pyrolytic behavior of the wood powder of Dalbergia sisoo (Sisau) was measured
by TGA/DSC. Figure 1 Illustrates the thermogravimetric (TG) and DSC curves of the raw
wood powder of Dalbergia sisoo [(Db-s) R].

A minor mass loss was detected at around 100 ◦C in TG curves which might be
due to dehydration, which was again confirmed by a sharp peak of the DSC curve at
100 ◦C. Similarly, at around 200–300 ◦C, there was a contracted peak, which was not
clear in the TG plot. However, from the DSC curve, minor mass loss was clearly detected
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between 200 and 300 ◦C, which might be due to the breakdown of hemicellulose which
was noticeably completed at 300–310 ◦C.

Figure 1. Thermogravimetric (TG) and differential scanning colorimetry (DSC) curves of raw wood
powder of Dalbergia sisoo (Db-s) R.

A significant mass loss was detected between 300 and 400 ◦C from the TG curve, which
was confirmed by peak at around 390 ◦C of the DSC curve. The breakdown of cellulose
started at around 300 ◦C and by 400 ◦C, and all cellulose changed to organic volatile matters
present in raw wood powder. It exhibited that more than 60% of weight loss occurred
around 400 ◦C [17]. The samples were more stable beyond 400 ◦C. Accordingly, 400 ◦C is
an appropriate temperature for the carbonization process [18].

3.3. XRD Measurement

XRD analysis was carried out in order to determine the degree of crystallinity or
amorphous nature of the as-prepared AC (Db-s). The XRD pattern of AC (Db-s) is presented
in Figure 2.

Figure 2. XRD pattern of AC (Db-s).

The broad peaks at 2θ degrees of around 24 to 26 from the (002) plane and also at
2θ degrees of around 43 to 45 from the (100) plane could be clearly seen in AC (Db-s). The
absence of a sharp peak and the appearance of a wide peak indicating the amorphous
nature and graphitic crystallites as in commercial AC [19], in which 2 distinct peaks at
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2θ degrees of 25 and 45 coming from the (002) and (100) planes of graphitic clusters,
respectively, were reported. Similarly, a wide peak of graphite clusters has been reported
in porous carbon by Molina-Sabio [20]. However, a few sharp peaks could be seen in Ac
(Db-s), which might be due to some impurities or moisture present in the samples.

3.4. Raman Scattering Analysis

The Raman spectra of the as-prepared AC (Db-s) are presented in Figure 3. The
Raman spectra of AC (Db-s) revealed strong D and G bands at approximately 1349 and
1576 cm−1, respectively.

Figure 3. Raman spectra of the as-prepared AC (Db-s).

Typically, the advent of D band in Raman scattering is associated with a disordered
carbon structure, and the intensity of D band is correlated with defects (amorphous). If
there are a large number of defects, it will show a high intensity of D band, whereas the
absence of defects correlates with the absence of D band as in case of carbon nanotubes and
graphitic carbons. Hence, D band at 1349 cm−1 is a characteristic of disordered carbon or
amorphous carbon in AC (Db-s). Therefore, this finding of Raman spectroscopy approved
pleasantly with the XRD results [19].

3.5. FTIR Analysis

The FTIR spectra of AC (Db-s) are shown in Figure 4. As can be seen in Figure 4,
the spectra showed a strong wide adsorption band at around 3260 cm−1. The position of
the band was characteristics of the stretching vibration of hydroxyl groups of carboxyl,
phenol, and alcohol. –OH band can also be correlated with adsorbed water present in raw
samples as indicated by TG/DSC analysis, where, at around 100 ◦C, mass loss was clearly
seen, indicating the evaporation of water molecules. The band observed at the region
around 1590 cm−1 is due to olefinic C=C vibrations in aromatic rings. The band at around
1189 cm−1 is due to the asymmetric stretching of C–O bond in acids, alcohols, phenols,
and esters. The band at around 668 cm−1 is attributed to C–C stretching in a fingerprint
region. These results are in good agreement with the findings of many investigators [21].
The FTIR results clearly expressed that the as-prepared AC (Db-s) was fully functionalized
with oxygen containing groups such as carboxylic, phenolic, lactonic, and ether groups by
the use of an activating agent (H3PO4).
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Figure 4. FTIR spectra of AC (Db-s).

3.6. N2 Adsorption/Desorption Isotherm/Brunauer–Emmett–Teller (BET) Theory

The N2 adsorption/desorption isotherms of AC (Db-s) at 77 K are shown in Figure 5.
As can be seen in Figure 5, Type II H3 isotherm could be seen. At relatively lower pressure
(P/P0 < 0.1), the isotherms showed an insignificant uptake, indicating the presence of a few
micropores in AC (Db-s).

Figure 5. N2 adsorption/desorption isotherms of AC (Db-s) at 77 K.

However, at around P/P0 = 0.4, the amount of nitrogen uptake increased significantly,
showing a hysteresis loop during the adsorption and desorption of nitrogen. The adsorp-
tion volume of AC (Db-s) increased with the relative pressure until P/P0 ∼= 0.5. The widely
opened knees and the slight hysteresis loops at the relative pressure of 0.5 to 1.0 indicated
the presence of a considerable amount of small mesopores in AC (Db-s). Therefore, from
the isotherm of AC (Db-s), it can clearly be seen that the as-prepared AC sample consisted
of an innumerable amount of mesoporores along with some micropores, since a hysteresis
loop is the characteristics of mesopores [22].

Then, the BET specific surface area, pore size, and pore volume of AC (Db-s) were
measured, and the results are given in Table 4. The large surface area, small pore size,
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and pore volume might be due to the presence of innumerable mesoporosity along
with microporosity [20].

Table 4. Brunauer–Emmett–Teller (BET) specific surface area, pore size and pore volume of AC (Db-s).

Name of Sample
Specific Surface Area

(m2 g−1)
Pore Size (BJH ads)

(nm)
Pore Volume (BJH ads)

(cm3 g−1)

AC (Db-s) 1376 4.06 1.2

3.7. SEM Analysis

Figure 6 illustrates the SEM micrographs of AC (Db-s), at s magnification of 1000,
showing a well-developed porous morphology with a layered structure.

Figure 6. SEM image of AC (Db-s) showing a porous morphology.

The pore development on the surfaces of AC (Db-s) might be due to the course of
dehydration of an activating agent, i.e., H3PO4 [19] and then react with oxygen to generate
phosphoric anhydride (P2O5). Here, P2O5 sublimated from solid to gas at 360 ◦C, and
then, gaseous P2O5 escaped from the surface of the AC-creating pores [23]. In addition
to this, during the washing process, remaining P2O5 was hydrolyzed and removed, cre-
ating an empty space or pores. Pores may be micropores or mesopores with a volume
corresponding to that of the removed phosphoric acid [24]. Accordingly, the presence of
incredible mesoporosity along with microporosity is expected to enhance the adsorption
capacity of AC (Db-s). It is also supported by the BET results of Figure 5 and Table 4.

The adsorption capacity of AC depends on surface functional groups, surface areas,
and pore sizes and morphology. As reported in the relevant literatures [24], for the adsorp-
tion of dyes from effluents, ACs with oxygen containing functional groups, high surface
areas (above 1000 mg−1), and good morphology with extensive mesoporosity are required,
because dyes are larger molecules (above 2 nm) which are fitted into the mesopores. Under
the basis of these requirements, the as-prepared AC (Db-s) is considered to be well-matched
for the adsorption of RhB dye.

The adsorption of dye molecules are affected by various factors such as adsorbent
dose, solution pH, initial dye concentration, and contact time. The optimization of these
parameters will greatly help in the research work and mainly in the development of
industrial scale treatment process for the dye removal.

3.8. Effects of Variable Parameters
3.8.1. Effect of pH and Contact Time on the Adsorption of RhB

The effects of pH and contact time on the adsorption of 20 ppm RhB were studied spec-
trophotometrically at a fixed dose (0.030 g/100 mL) of adsorbent AC (Db-s). Figure 7a–d
shows the UV-Vis spectra of RhB dyes during the adsorption at pH 3.5, 6.5, and 8.5 at time
intervals of 1, 2, 3, 4, and 5 min.
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Figure 7. (a) Adsorption spectra of RhB during adsorption at pH 3.5 and at different times containing 0.03g of AC (Db-
s). (b) Adsorption spectra of RhB during adsorption at pH 6.5 and at different times containing 0.030g of AC (Db-s).
(c) Adsorption spectra of RhB during adsorption at pH 8.5 and at different times containing 0.03g of AC (Db-s). (d) Effect of
pH on the removal of RhB by AC (Db-s).

Here, as can be seen in Figure 7a, at pH 3.5, the adsorption of RhB dye by AC (Db-s)
was not completed up to 5 min.

It is obvious in Figure 7b that, at pH 6.5, the adsorption of RhB dye by AC (Db-s) was
still not completed within 5 min. However, the adsorption was higher than in the case at
pH 3.5.

Figure 7c shows that at pH 8.5, almost all of RhB dyes were adsorbed by AC (Db-s)
and all the adsorption spectra are in a shape of a straight line for 4 and 5 min. A similar
measurement carried out at pH 11 revealed a decrease in the adsorption of RhB.

The percentage removal of RhB was estimated from Figure 7a–c at different pH values,
and the effect of pH on the removal of RhB is plotted in Figure 7d. The results showed
a gradual increase in % removal of RhB with pH until 8.5 and afterwards a decrease in %
removal of RhB.

The less % removal (low adsorption) of RhB dye in an acidic medium (pH 3.5) can be
explained by the fact that at this acidic pH the adsorbent surface acquired a positive charge
which repelled the cationic dye RhB [25,26]. In addition, increased hydrogen ion (H+) at
low pH may compete with dye ions for the adsorption on AC (Db-s). However, in an
alkaline medium, i.e., at higher solutions at pH 8.5, AC (Db-s) may be negatively charged,
which enhances the adsorption of positively charged dye cations through electrostatic
forces of attraction.
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RhB is an aromatic amino acid with amphoteric characteristics due to the presence
of both the amino group (–NHR2) and the carboxyl group (–COOH). Thus, the charge
state of RhB is dependent on the solution pH. When the pH increases higher than 8.5, the
ionization of the carboxyl group takes place which is attracted to positive charges on the
xanthane group and the zwitterions form of RhB is formed. The zwitterions form of RhB
in water may increase the dimerization of RhB, which makes the molecule too large to
enter most of the pore structure of AC. The inaccessibility to the pore structure of AC,
which is smaller than the dimer’s effective size, results in a decrease in RhB removal at
pH above 8.5. The variation of the RhB removal with the solution pH is similar to that
reported previously [27–30].

Figure 7a–d reveals that the initial adsorption percentage of dyes was quite rapid.
Almost 80% of the dyes were adsorbed within a single minute. Then, the adsorption
process was more or less constant up to 5 min. This is probably due to a high surface area
of 1376 m2 g−1 with extensive mesoporosity in AC (Db-s). Highly developed mesoporous
ACs are favorable for the adsorption of larger molecules such as dyes [27]. This might be
due to the fact that initially all the sites of the AC samples were vacant and available for
dye molecules to get occupied. Later, the percentage removal/adsorption rate of dye was
decreased significantly, resulting from the saturation of dye molecules on the surfaces of
the AC samples.

3.8.2. Optimization of the Dose of AC (Db-s)

The efficiency of adsorbent doses on the RhB dye adsorption is reported by many
researchers to determine the most economical minimum dosage. In general, the dye
removal percentage increases with the increase of the adsorbent dosage [28].

Here, various doses of adsorbent AC (Db-s) were mixed with a fixed amount of dye
solutions, and the mixture was agitated in a mechanical shaker. The adsorption capacities
for different doses were determined at 1 min interval till 5 min by keeping all other
factors constant.

The percentage of adsorption increased with the increase in the dose of the adsorbent
AC (Db-s) (Figure 8a–d), which are presented in Table 5. This is attributed to the increased
surface area and availability of a more adsorption site [29].

The adsorption/removal capacity of the adsorbent (AC) is due to their porous struc-
ture and pore size distribution, and it depends on the polarity, solubility, and molecular
size of the adsorbate [30]. From the adsorption spectra, it was observed that the opti-
mum dose of adsorbent AC (Db-s) for the removal of RhB from an aqueous solution was
0.03 g/100 mL at a basic medium (pH 8.5) (Figure 8c).

As can be seen in Table 5, the percentage removal capacity of RhB increased from
82.6%, 91.2%, to 98.4% by the as-prepared AC (Db-s) with the increase of dose from 0.02 g,
0.025 g, to 0.030 g, respectively. When the AC (Db-s) dose was increased, free adsorption
sites also increased and thus more dye molecules were adsorbed [31].

When the AC (Db-s) was increased to 0.035 g/100 mL, there was no significant
difference in percentage adsorption/removal of dye from the dose of 0.030 g, and therefore,
0.030 g was suitable for the adsorption of dyes in this study. Table 6 summarizes the
adsorption efficiency of Rhb dye at a dose of 0.030 g L−1.

From the above results in Tables 5 and 6, it is clear that the data generated from
experiments are valid and not highly deviated. Table 7 gives the summary of the analysis
of the spectrometric method. Similarly, Table 8 presents the results of % removal of RhB
dye by different doses of the AC (Db-s).

Furthermore, to study the efficiency of the as-prepared AC (Db-s), the % removals
of RhB by using different doses of AC (Db-s) were compared with the same doses of
commercial carbon, which are tabulated at Table 9. Since the best adsorption efficiency was
exhibited by the dose of 0.030 g, the removal of RhB at this dose was again compared with
that by commercial carbon, which is shown in Figure 8d. As can be seen in Figure 8d, the
as-prepared AC (Db-s) revealed a better removal result than commercial carbon.
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(a) (b) 
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Figure 8. (a) RhB dye adsorption by AC (Db-s) at a dose of 0.02 g; (b) RhB dye adsorption by AC
(Db-s) at a dose of 0.025 g; (c) RhB dye adsorption by AC (Db-s) at a dose of 0.03 g; (d) comparison of
the % removals of RhB by AC (Db-s) and commercial carbon (at 0.030 g).

Table 5. Adsorption efficiency of RhB dye with the surface area, pH, and doses of the samples and adsorption capacity in 5 min.

S.N. Surface Area (m2 g−1) Number of Adsorption Dose (g L−1) Initial Conc.(ppm) Adsorption Capacity (%) D@A=

1

1376

A1 0.015

20

81.5 1.225
2 A2 0.020 83.1 1.662
3 A3 0.025 91.2 2.28
4 A4 0.030 98.4 2.952
5 A5 0.035 98.4 3.444

Table 6. Adsorption efficiency of RhB dye at a dose of 0.030 g L−1.

S.N. No. of Adsorption (N) Dose (g L−1)
Initial Concentration

(ppm)
Adsorption Capacity (%)

(X)
X − μ (X − μ)2

1 A1

0.030 20

98.4 98.4 − 98.36 = −0.04 0.0016
2 A2 98.2 98.2 − 98.36 = −0.16 0.0256
3 A3 98.5 98.5 − 98.36 = 0.14 0.0196
4 A4 98.4 98.4 − 98.36 = 0.04 0.0016
5 A5 98.3 98.3 − 98.36 = 0.06 0.0036

Table 7. Accuracy and precision of the spectrometric method for the determinations of RhB dye.

S.N. Surface Area (m2 g−1) Dose Taken (μmg L−1) Dose Found (μmg L−1)
Mean Standard
Deviation (%)

Relative Standard
Deviation (%)

1

1376

15 14.78 ± 0.226 98.5 1.5
2 20 19. 84 ± 0.157 99.2 0.8
3 25 24.87 ± 0.126 99.5 0.5
4 30 29.99 ± 0.015 99.9 0.1
5 35 39.99 ± 0.012 99.9 0.1
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Table 8. Percentage of RhB dye adsorbed by different doses of the as-prepared AC (Db-s).

S.N. Dye
Adsorbent Dose

Result
0.020 mg 0.025 mg 0.030 mg 0.035 mg

1 RhB 83.1 91.2 98.4 98.4 No effect after 0.035 mg

Table 9. Details of the comparison of the % removal of RhB dye using different doses of AC (Db-s) and commercial carbon.

Surfactant Surface Area (m2 g−1) Dye pH Initial Conc. (ppm) Dosage (g L−1) Time (min) % Removal

Db-s 1376 RhB 8.5 20
0.020

5
83.1

0.025 91.2
0.030 98.4

Com. C 876.02 RhB 8.5 20
0.020

5
64.4

0.025 84
0.030 95

4. Conclusions

From the results on the removal of RhB dye, from agro waste of Dalbergia sisoo in this
study, the following conclusions can be drawn:

1. AC was successfully prepared from the agro waste of Dalbergia sisoo by activating
with H3PO4 followed by carbonization at 400 ◦C.

2. BET measurements showed the formation of a mesoporous structure with an active
surface area of 1376 m2 g−1, a pore volume of 1.2 cm3 g−1, and a pore size of 4.06 nm.

3. AC (Db-s) was found to possess the best adsorption capacity at pH 8.5 and a dose
of 0.030 g. Under this condition, 98.4% of 20 ppm of RhB dye was removed from
an aqueous solution within 5 min.

4. The results revealed that laboratory prepared phosphoric acid AC derived from
agro waste such as wood dust of Dalbergia sisoo can be converted into value-added
materials for the removal of toxic dyes such as RhB.
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Abstract: A facile green synthetic method is proposed for the synthesis of zinc oxide nanoparticles
(ZnO NPs) using the bio-template Cinnamomum tamala (C. tamala) leaves extract. The morphologi-
cal, functional, and structural characterization of synthesized ZnO NPs were studied by adopting
different techniques such as energy dispersive X-ray analysis (EDX), high-resolution transmission
electron microscopy (HR-TEM), scanning electron microscopy (SEM), X-ray diffraction (XRD), UV-
Visible spectroscopy, fourier transform infrared (FTIR) spectroscopy, raman spectroscopy, and X-ray
photoelectron spectroscopy (XPS). The fabricated ZnO NPs exhibit an average size of 35 nm, with
a hexagonal nanostructure. Further, the well-characterized ZnO NPs were employed for the pho-
tocatalytic degradation of methylene blue (MB) in an aqueous solution. The photocatalytic activity
was analyzed by changing the various physicochemical factors such as reaction time, amount of
photocatalyst, precursor concentration, and calcination temperature of the ZnO NPs. All the studies
suggest that the ZnO synthesized through the green protocol exhibits excellent photocatalytic potency
against the dye molecules.

Keywords: green synthesis; zinc oxide nanoparticles; photocatalysis; methylene blue

1. Introduction

Environmental nanotechnology has garnered immense significance for removing haz-
ardous chemicals, with remarkable potential to promote economically viable synthesis.
Nanoparticles (NPs), the building blocks of nanotechnology, are categorized into different
classes based on their morphology, structure, size, and chemical properties [1,2]. The
synthesis of metal oxide NPs has been widely employed using physical and chemical meth-
ods, including electro-explosion, solvothermal, hydrothermal, microwave, spray pyrolysis,
vapour deposition, microemulsion, coprecipitation, and the wet-chemical method [3–6].
However, these conventional methods of the synthesis of NPs limit their application due to
the issues of toxicity, costliness, and the formation of diverse nanostructures [3]. In recent
times, the emergence of various synthesis methods for semiconductor nanoparticles gained
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much attention [7,8]. The synthesis of NPs using green chemistry principles provides a
solution to ecological concerns by minimizing toxic chemicals and the subsequent conver-
sion of products without much process investment [9,10]. The greener approach to the
synthesis of NPs came into the limelight to restrain the ecosystem with a naturally available
biodegradable matter for its production [11,12]. The plant extract-mediated synthesis is a
simple, cost-effective, efficient, and feasible process because of the availability of effective
phytochemicals and functional groups present in the extractives [13].

C. tamala is an evergreen tree belonging to the Lauraceae family, commonly known as
Tejpat in India [14]. It is medicinally used as a carminative, anti-flatulent, diuretic, and for
cardiac disorders. Alkaloids, terpenes, flavonoids, tannins, polyphenols, and saponins are
present in C. tamala [15], which can facilitate the synthesis of nanoparticles by serving as a
reducing, as well as a capping or stabilizing, agent.

Zinc oxide (ZnO) is a promising metal oxide that can eliminate most of the ecological
concerns, as it is relatively nontoxic [16–18] and can be used for the removal of environ-
mental pollutants via photodegradation (especially wastewater treatment); ZnO NPs have
acquired attention due to their extraordinary property of degrading contaminants [19]. One
of the most important applications of semiconductor nanoparticles is their photocatalytic
activity, which is crucial in removing or degrading pollutants. The industrially essential
organic dyes extensively deployed in textile industries releases nearly 146,000 tonnes of
dyes per year, alongside other associated pollutants [1,20,21]. The large number of dyes
discharged in water bodies are difficult to degrade because of their non-biodegradable na-
ture, large size, and complex nature; they often threaten humans and the environment [22].
The commonly used techniques are efficient in degradation, but they cause the genera-
tion of absorbent material, thus needing the post-treatment of waste materials [21,23–25].
Extensive research has been conducted to replace these methods, and semiconductor pho-
tocatalysis is emerging as the best choice for this purpose, as it has remarkable potential to
destroy many toxic compounds in an aqueous medium, with fewer or no harmful products.
The solar-driven photocatalytic processes has recently gained special attention in solving
wastewater problems, as it relies on a natural process of energy conversion [26].

The present study has been focused on the fabrication of green ZnO NPs using
C. tamala leaf extract and evaluating its ability towards methylene blue (MB) photodegra-
dation. The photocatalytic potency or effective degradation of MB dye was studied using
various physicochemical parameters such as reaction time, the concentration of precursor,
calcination temperature, and amount of catalyst.

2. Materials and Methods

2.1. Materials

Zinc nitrate hexahydrate (98% purity) and methylene blue were procured from Sigma
Aldrich and Himedia chemicals, Mumbai, India. C. tamala leaves were collected from the
Kannur district, Kerala, India. All other chemicals and solvents used were of analytical
grade and were used without further purification.

2.2. Preparation of C. tamala Aqueous Extract

Fresh C. tamala leaves were collected, cleaned well, and shade dried for a month. The
wholly dried leaves were ground to a fine powder using a mixer grinder.

Ten g of fine powder was weighed and transferred to a 500 mL stoppered bottle.
Two hundred and fifty mL of distilled water was added, and the mixture was heated
at 80 ◦C on a magnetic stirrer for 1 h. The temperature was maintained constantly and,
subsequently, the solution was filtered using a cotton cloth. The filtrate solution was used
for the synthesis of ZnO NPs, and it was stored in the refrigerator for further use.
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2.3. Synthesis of Zinc Oxide Nanoparticles (ZnO NPs)

ZnO NPs were synthesized using C. tamala extract by a simple procedure. Briefly,
C. tamala extract (5 mL) was added to 0.1 M of zinc nitrate (Zn(NO3)2·6H2O) (25 mL) and
stirred at 60 ◦C for 3 h. The product obtained was dried and calcined at 500 ◦C for 2 h.

2.4. Characterization of ZnO NPs
2.4.1. X-ray Diffraction (XRD) Analysis

To study the crystal structure of ZnO NPs, the calcined sample was subjected to X-ray
diffraction analysis with a Rigaku Miniflex 600 (Tokyo, Japan) diffractometer with nickel
filtered Cu Kα (λ = 1.54 Å) radiation. The sample scanned between 20◦ and 90◦ (diffraction
angle 2θ) with a scan speed of 0.05◦. The Joint Committee on Powder Diffraction Standards
(JCPDS)’s data files were used for matching with the spectrum obtained from ZnO NPs.

2.4.2. FT-IR Analysis

Fourier Transform Infrared analysis was performed using a Perkin-Elmer FTIR Spec-
trum Two spectrometer (Singapore, Singapore) in attenuated total reflection (ATR) mode
with 30 scans in a spectral range set between 4000 and 400 cm−1.

2.4.3. UV-Visible Analysis

Optical properties were obtained using an ultraviolet (UV)-visible spectrophotometer
(Perkin Elmer Lambda 35, Singapore) over the spectral region 200–700 nm. The present
spectrophotometer uses a deuterium lamp for UV and a tungsten lamp for the visible region.

2.4.4. Scanning Electron Microscope-Energy-Dispersive X-ray Spectroscopy
(SEM-EDX) Analysis

The synthesized ZnO NPs were analyzed with a scanning electron microscope (TEC-
NAI), Model: AIS2100 from M/S. Mirero Inc, Seongam, Korea, to determine the sur-
face morphology. The elemental composition of the sample was acquired from energy-
dispersive X-ray spectroscopy (EDX) measurements, carried out using a scanning electron
microscope equipped with an EDX: Model No. INCAE350 from M/S, Oxford Instruments,
Abingdon, UK.

2.4.5. TEM and High-Resolution Transmission Electron Microscopy (HR-TEM) Analysis

The nanoparticles size and particle distributions were attained from transmission
electron microscopy analysis (TEM) (JEOL, JEM-2100, Tokyo, Japan).

2.4.6. Raman Spectroscopy

The Micro Raman scattering study was performed using LabRam HR Evolution Raman
Spectrometer (Horiba Scientific, France with 633 nm Laser in backscattering geometry).

2.4.7. XPS

The Thermo Scientific K-Alpha instrument (monochromatic Al Kα radiation,
Ephoton = 1486.6 eV) was used for X-ray photoelectron spectroscopy (XPS) studies. The
internal reference peak of C 1s peak centred at 284.8 eV is used for binding energy (B.E)
corrections. A dual-beam charge neutralization method is used in the instrument, where
a low energy ion beam is used to eliminate the samples static charge, allowing the low
energy electron beam to reach the sample and neutralize the localized positive charge
created by the X-ray beam. The specimens were analyzed at an electron take-off angle of
70◦, and measured with respect to the surface plane. The monochromatic X-ray source
is located perpendicular to the analyzer axis, and the standard X-ray source is located at
54.7◦ relative to the analyzer axis. For all of the spectra, the spectrometer was operated
in a standard mode. All survey spectra scans were taken at a pass energy of 58.7 eV. The
narrow scans of strong lines were, in most cases, just wide enough to encompass the peaks
of interest and were obtained with a pass energy of 23.5 eV.
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2.5. Photocatalytic Studies on Methylene Blue Degradation

The photocatalytic activity of green synthesized ZnO NPs was evaluated by MB degra-
dation under direct sunlight. The experiment setup is made in such a way that the reaction
mixture was exposed to solar radiation. The intensity of solar light was measured using a
lux meter. The degrading capacity was assessed by taking out 5 mL of the reaction mixture
at a regular interval of time. The samples were centrifuged at 9000 rpm for 10 min and were
analyzed for the photocatalytic degradation of MB using a UV-visible spectrometer over the
wavelength 200–700 nm. The percent of photodegradation of MB (photocatalytic efficiency
of ZnO) in aqueous media was calculated by the following equations: η = (C0 − C)/C0 or
η = (A0 − A)/A0 [21], where C0 is the initial dye concentration without catalyst and C is
the final dye concentration with catalyst after 90 min, and A0 and A show initial and final
absorbance of MB dye without and with ZnO photocatalyst.

2.5.1. Effect of Solar Irradiation Time on Photocatalytic Studies

To evaluate the influence of solar irradiation time on MB degradation, 5 mg of green
ZnO NPs was added to 50 mL of dye solution. The resultant reaction mixture was kept for
continuous stirring at 700 rpm under solar irradiation. The percentage degradation of MB
was evaluated by the absorbance measurements of the solution using a UV-visible spec-
trophotometer by eluting and measuring the absorbance of 5 mL supernatant (centrifuged
at 9000 rpm for 10 min) at regular time intervals of 15 min. The process was continued for
90 min.

2.5.2. Effect of Amount of Catalyst on Photocatalytic Studies

The influence of the amount of catalyst on photocatalytic degradation of MB was
evaluated by adding different amounts (5–15 mg) of ZnO NPs to 50 mL of MB dye solution
(10 μM). The reaction mixture was kept for stirring on a magnetic stirrer for 90 min under
sunlight. The absorbance measurements were done with a UV-visible spectrometer and
calculated the photodegradation capability of ZnO NPs.

2.5.3. Effect of Calcination Temperature on Photocatalytic Studies

Green synthesized ZnO NPs calcined at three different temperatures (300 ◦C, 500 ◦C,
and 700 ◦C) was used for MB photodegradation to study the influence of calcination
temperature of the sample on photocatalytic efficiency. Five mg of each of them was added
to 50 mL of MB dye solution. The reaction mixture was kept on a magnetic stirrer for 90 min
under sunlight. The supernatant solution was subjected to absorbance measurements.

2.5.4. Effect of Concentration of Zn(NO3)2 on Photocatalytic Studies

To study the effect of precursor concentration on photocatalytic degradation capability,
ZnO NPs were synthesized from three different precursor concentrations, i.e., 0.025, 0.05,
and 0.1 M of Zn(NO3)2·6H2O. Synthesized nanoparticles were calcined at 500 ◦C. The
photocatalytic study was monitored by adding 5 mg of catalyst to 50 mL MB dye solution
using a UV-visible spectrophotometer.

2.6. Effect of Solar Irradiation on Photodegradation of MB

The effect of solar irradiation on the percentage degradation of MB dye solution was
evaluated by loading ZnO catalyst in the presence and absence of sunlight. Fifteen mg of
ZnO NPs was added to 50 mL of MB dye solution, and the sample was mixed thoroughly
for 90 min on a magnetic stirrer. The reaction was performed under sunlight and in a dark
chamber to study the effect of solar irradiation on MB degradation.

2.7. Studies on the Effect of Concentration of Zn(NO3)2 on Crystallite Size of ZnO NPs

To study the relationship between the concentration of precursor and the crystallite
size, ZnO NPs were synthesized from 0.025, 0.05, and 0.1 M Zn(NO3)2·6H2O. All samples
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were calcined at 500 ◦C. From the XRD spectrum obtained, the crystallite size of NPs can
be calculated using Debye–Scherrer’s Equation:

D = 0.9λ/(βcosθ)

where D is the crystallite size, λ is the X-ray wavelength, θ is Bragg’s angle in radians, and
β is the full width half maximum [27].

3. Results and Discussion

3.1. Mechanism of Formation of ZnO NPs via Biosynthesis

The environment is rich in plant resources which contain many phytochemicals
present in roots, leaves, flowers, etc. The functional groups, such as hydroxyl, carbonyl,
carboxylic acid, etc., present in these phytochemicals can facilitate the formation of nanopar-
ticles by inducing chemical reduction. The current work is dealing with biosynthesizing
ZnO NPs using a green template, C. tamala leaf extract, which is a rich source of polyphe-
nols, flavonoids, and alkaloids [15].

When a metal solution, i.e., Zn(NO3)2·6H2O, is introduced into a well synthesized
homogenous leaf extract solution, leaf extract will try to form the matrix in which zinc
in the +2 oxidation state gets absorbed. The stability of Zn2+ on the matrix is due to the
chelating effect, or a type of interaction between functional groups and Zn2+,, which may be
due to the transfer of a lone pair of electrons (available on functional groups) to the empty
orbital of zinc. Therefore, the quarantined cations Mn+ or hydroxylated cation [M(OH)]m+

can go through nucleation of the growth process and are accelerated by functional groups
present in the leaf extract [26]. The dried mixture obtained was yellow-coloured, which
may be attributed to the phytochemicals present. The sample was kept for calcination to
remove the hydroxides and other impurities that rise to the formation of required oxide [28]
and, finally, results in ZnO NPs. Various analytical techniques confirmed the formation
of nanoparticles.

3.2. Characterization of ZnO NPs
3.2.1. X-ray Diffraction Studies

The X-ray diffraction pattern of ZnO NPs calcined at 500 ◦C is represented in Figure 1.
A definite number of sharp, intense diffraction peaks were observed, corresponding to
(100), (002), (101), (102), (110), (103), (200), (112), and (201) crystallographic planes at
characteristic peak angles 31.6◦, 34.31◦, 36.15◦, 47.44◦, 56.51◦, 62.81◦, 66.36◦, 67.85◦ and
69.02◦, which have been in agreement with the hexagonal wurtzite crystalline structure of
ZnO NPs as per Joint Committee on Powder Diffraction Studies Standards (JCPDS card
no. 36–1451) [27,28], thus validating the formation of required ZnO NPs. The intense and
narrow peaks obtained described the crystalline nature and high purity of ZnO. In contrast,
the absence of additional peaks further confirms the higher purity of ZnO NPs, since they
are free of impurities. The Debye–Scherrer equation is employed to find out the average
crystallite size or diameter of green synthesized ZnO NPs, D = 0.9λ/(βcosθ), corresponding
to the maximum intense peak of the (101) plane. The average crystallite size is estimated to
be approximately 35 nm.

3.2.2. FTIR Analysis

FTIR spectroscopy was employed to recognize the functionalities present in the
C. tamala leaf extract and characterize the ZnO NPs, and the obtained spectra are pre-
sented in Figure 2a. In the mid-IR region, peaks reveal the comparison of two plots that
guide the confirmation of ZnO NPs. The leaf extract spectrum was observed to have
significant peaks at 3500–3100 cm−1, 2924 cm−1, 1603 cm−1, and 1021 cm−1. The broad
peak obtained at 3500–3100 cm−1 was attributed to the OH stretching frequency. Similarly,
the bands registered at 2924 cm−1, 1603 cm−1, and 1021 cm−1 were due to the C–H, C=C,
and C–O stretching vibrations, respectively [29]. These peaks shown by the leaf extract
were due to the phytochemicals present in it, i.e., glycosides, flavonoids, polyphenols,
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terpenoids, tannins, carbohydrates, and reducing sugar. These phytochemicals have shown
other additional small peaks that are due to overtones. The absence of these specified
peaks in the FTIR spectrum of ZnO nanopowder results from the higher purity of green
synthesized ZnO NPs calcined at 500 ◦C. However, the ZnO NPs showed a unique sharp
signal in the fingerprint region below 1000 cm−1, which may be attributed to the stretching
frequency of the Zn–O bond [30]. Besides, ZnO NPs also showed small intense peaks
which may be corresponding to the complication of fundamental bands, i.e., overtones,
combination bands, or different bands.

Figure 1. XRD spectrum of ZnO NPs.

 
Figure 2. (a) FT-IR spectra of leaf extract and ZnO NPs; (b) The expanded region of FT-IR spectra
around 3100 to 3500 cm−1 of the ZnO sample.

An absorption peak corresponding to the O–H frequency is barely seen in ZnO NPs.
However, a broad peak at 3293 cm−1 is noticed in the enlarged view of the figure, as
depicted in Figure 2b, suggesting the O–H band is present in the ZnO sample. The FT-IR
analysis manifests the role of organic substances present in C. tamala leaf extract to stabilize
biosynthesized ZnO NPs. Thus, the formation of ZnO NPs is accomplished due to the
interaction between oxygen in functional groups involved in C. tamala leaf extract and zinc
molecules in the precursors.

3.2.3. Optical Property Studies

The bio-synthesized ZnO NPs were further analyzed using a UV-visible spectropho-
tometer in the range of 200–700 nm, and the resulting optical plot is shown in Figure 3a,b.
The observed absorption spectrum of synthesized nanoparticles matches the absorp-
tion spectrum of previously reported ZnO NPs, as mentioned in Kayani et al. [31]. The
spectrum is also in agreement with those obtained for ZnO NPs produced by synthetic
methods [32–37], exhibiting a sharp, intense peak in the UV region at 376 nm and a small
number of little, extreme, sharp peaks in between 250–350 nm. This is the characteristic
absorption peak of ZnO. The absorption peak obtained may be either due to the surface
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plasmon resonance (SPR) involving the quantum size effect [38,39] or the semiconductor
band gap transition [27]. Moreover, a small number of weak intense sharp peaks between
250–350 nm indicates the surface defects due to the recombination of electrons in the con-
duction band and holes in the valence band, which also specify the monodisperse nature
of ZnO NPs distribution [27]. The optical bandgap of bio-synthesized ZnO NPs can be
calculated from the Tauc plot, and it was estimated to be 3.24 eV.

Figure 3. (a) The absorption spectrum of ZnO NPs; (b) Tauc plot of ZnO NPs.

3.2.4. FESEM-EDX Analysis

The FESEM analysis was performed to identify the surface morphology of synthesized
ZnO NPs and is displayed in Figure 4a–d. The resulting images have a particle size in the
nanometre range, observable at higher magnification. The ZnO NPs show aggregation
to some extent under lower magnification due to weak physical force. On increasing the
magnification, the particles were good enough and well separated, and it is concluded
that the particles are in the nanometre range. The chemical composition was analyzed
using EDX spectra (Figure 4e), which showed four absorption peaks identified as Zinc
(54.21%) and Oxygen (45.79%) in their atomic percentage, as well as Zinc (82.87%) and
Oxygen (17.13%) in their weight percentage (Table 1), confirming the high purity nature of
synthesized ZnO NPs.

Table 1. Elemental Composition of ZnO.

Element Weight% Atomic%

Zn 82.87 54.21
O 17.13 45.79

Total 100 100

3.2.5. TEM and HR-TEM Analysis

ZnO NPs were analyzed by TEM analysis to understand the nanoparticles’ mor-
phology further, this analysis is shown in Figure 5. Figure 5a shows that the ZnO NPs
showed polygonal morphology and were non-uniform in size. The NPs also appeared to
be monodispersed with an excellent crystalline structure, and agreed with the XRD results.
The high-resolution TEM images (shown in Figure 5b) show clear lattice fringes without
any distortion, designating the high crystallinity of ZnO NPs. The estimated interplanar
spacing of adjacent lattice fringes is estimated to be 0.24 nm. Selected area electron diffrac-
tion (SAED) patterns of the sample have been captured and displayed in Figure 5c. The
rings labelled in the SAED pattern represent the lattice planes and are identical to that
known for the hexagonal wurtzite crystallite structure. To check the sample size distribu-
tion, 100 NPs were selected from different sample images. The particle size distribution of
the sample is acquired from the average diameters, and the obtained histogram is shown in
Figure 5d. The estimated average particle sizes of the sample were found to be 35 to 40 nm.
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The particle size determined from the TEM study is keenly matched with the crystallite
size of ZnO acquired via XRD analysis.

  

  

 

Figure 4. Field Emission Scanning electron microscopy (FESEM) images of ZnO NPs in magnification:
(a) ×5.0 k; (b) ×10 k; (c) ×15 k; (d) ×30 k; (e) EDX (Energy Dispersive X-ray) Analysis of ZnO NPs.

  

  

Figure 5. TEM data of ZnO NPs: (a)TEM image; (b) HR-TEM image; (c) SAED pattern; (d) Histogram
showing particle size distribution in the sample.
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3.2.6. Raman Spectroscopy

The micro-Raman spectra, along with peak fitting using the Gaussian function for
ZnO NPs in the spectral range 60–700 cm−1 is shown in Figure 6. The hexagonal wurtzite
structure of ZnO can be represented by A1 + 2B1 + E1 + 2E2, as it belongs to the C6v
point group. The polar modes, A1 and E1, can be split into transverse optical (TO) and
longitudinal optical (LO) modes. B1 modes are Raman inactive. Raman active E2 modes are
non-polar, comprise of E2 (High) (437 cm−1) and E2 (Low) (99 cm−1), which correlated with
the vibration of the oxygen atom and heavier Zn-atom, respectively. The Raman bands
appear at 332 and 380 cm−1, and are assigned to the 2E2(M) and A1(TO) mode, respectively.
The peak at 156 cm−1 may be related to a defect induced mode. The peaks at 284 and
580 cm−1 are attributed to B1(Low) and B1(High) modes, respectively [40]. The blurring of
peaks can be seen in the spectra, suggesting disorders present in ZnO.

Figure 6. Raman spectrum of ZnO NPs.

3.2.7. XPS Analysis

The XPS spectra of ZnO was measured to explore the chemical states of the elements
present in the sample. The broad range XPS spectrum of the sample is manifested in
Figure 7a, and the high-resolution spectra of Zn 2p and O 1s were recorded and are
depicted in Figure 7b,c, along with the deconvolution. All measured values are given with
respect to the C 1s peak located at 284.6 eV. Figure 7b, the high-resolution XPS spectrum of
Zn 2p, shows two strong peaks appearing at 1021.5 and 1044.6 eV, which are ascribed to the
binding energies of Zn 2p3/2 and Zn 2p1/2, respectively. These values are in agreement
with the previous reports on Zn2+ ion [41]. The spin−orbit splitting energy for the Zn 2p
peaks was around 23.1 eV. The high-resolution O 1s spectra show an asymmetric peak, and
the peak is fitted with two peaks centred at 530.2 eV and 531.5 eV, and correspond to the
lattice oxygen of ZnO and hydroxyl group (–OH) oxygen.

Figure 7. (a) Wide range XPS spectra of ZnO NPs; (b) high-resolution spectra of Zn 2p; (c) high-
resolution spectra of O1s.
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3.3. Mechanism of Photo-Degradability of MB by ZnO Catalyst

The photocatalytic potency of green-synthesized ZnO NPs was illustrated with an
example of MB dye under solar irradiation at an average intensity of 100,000 Lux (Figure 8).
The MB photodegradation occurs due to the electrons, holes, and free radicals generated,
and undergoes specific reactions to destroy the structure of MB. The catalyst, upon irradi-
ation with sunlight, generates electrons in the conduction band and holes in the valence
band. The generated electrons react with adsorbed oxygen on the catalyst to give O2

·−
radical anion, and the water from the solution combines with the holes to produce OH·
radicals. These generated radicals undergo the reduction and oxidation reaction while
reacting with dyes [32–37]. However, O2

·− radical anion reacts further to generate HOO·,
OH− radicals, and OH− anions, and these active species of oxygen are responsible for the
degradation of MB dye.

Figure 8. Schematic diagram of photocatalysis mechanism of ZnO NPs.

As a result, the prime factor in the degradation of the dye is mainly originated from
the generation of electrons and holes. These electron–hole pairs react further to generate
active oxygen species radicals (O2

·−, HOO·, OH·, and OH−), which are responsible for
destroying the structure of MB dye and transforming it into a less harmful or degraded
product. Hence, pollutant content in the water bodies can be minimized by using such a
catalyst [42,43]. The photocatalytic reaction taking place within the ZnO catalyst can be
summarised as shown below,

1. ZnO (catalyst) + hν (light) → e− (conduction band) + h+ (valence band)
2. O2 + e− → O2

·− (radical anion) H2O + h+ → H+ + OH· (hydroxyl radical)
3. O2

·− + MB dye → dye (reduction) OH·+ MB dye → dye (oxidation)

Further reaction,
O2

·− + H+ → HOO·
HOO·+ e− + H+ → H2O2

H2O2 + e− → OH·+ OH·
3.4. Effect of Time of Solar Irradiation on Photodegradation of MB

The influence of the extent of solar irradiation on the percentage dye degradation of
MB, evaluated by loading ZnO catalyst in the presence and absence of sunlight, is shown
in Figure 9, which provides the absorption band for each sample at a definite regular
time interval. The dye exhibited a characteristic absorption, with maximum absorbance at
664 nm in UV-visible spectra. By analyzing the absorption of the mixture for overall time,
the efficiency calculated was found to be 98.07% upon solar irradiation and 8.57% without
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solar irradiation. This result implied that the biosynthesized ZnO photocatalyst exhibited
an excellent photocatalytic activity only in the presence of sunlight.

Figure 9. The photo-degradability of MB dye by ZnO catalyst (a) in the presence of sunlight; (b) in
the absence of sunlight.

3.5. Effect of ZnO Catalyst Loading on Photodegradation of MB

The impact of the catalyst concentration on photocatalytic degradation of MB dye
was investigated by adding 5–15 mg/50 mL of ZnO catalyst into the MB solution, and
the UV-visible spectra of the resultant solution are presented in Figure 10. The catalyst
concentration has a noticeable impact on MB degradation, as evidenced by the graph.

Figure 10. The effect of ZnO photocatalyst on % degradation of MB dye (a) with 5 mg ZnO; (b) with
15 mg ZnO.

The percentage of degradation of MB dye increased from 93.89% to 98.07% as the
catalytic dosage increased from 5 mg to 15 mg. The effect of increment in the percentage
degradation is probably due to more catalyst active sites and a higher adsorption area along
with a higher specific surface area [44,45]. As a result of surface defects, a higher specific
surface area is available for the origination of active radicals to degrade the dye. However,
only a 5% increase in the photocatalytic efficiency was obtained with a higher amount of
catalyst. This may be associated with the aggregation of particles, which increases the
turbidity of the suspension, resulting from the high doses of the photocatalyst [46]. Because
of it, the penetration of sunlight into the solution decreases, which results in a reduction
in the photoactivated volume of suspension. Briefly, we can state that an increase in the
catalyst concentration results in a higher adsorption area (more active site) as well as the
generation of turbidity in the reaction mixture. Consequently, the photocatalytic efficiency
concerning the amount of catalyst will be a combined impression of specific surface area
and the solar light penetration. Hence, if one factor dominates over the other, the ultimate
result will be produced in the extent of photocatalytic degradation of the MB dye.
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3.6. The Effect of Calcination Temperature on the Photodegradation of MB

The relation between the calcination temperature of the ZnO photocatalyst and photo-
catalytic efficiency towards the MB degradation is shown in Figure 11. The percentage of
degradation was found to be 82.41%, 87.45%, and 93.87% for the ZnO sample calcined at
300 ◦C, 500 ◦C, and 700 ◦C, respectively; the calcination temperature of the catalyst highly
influenced its photodegradation capability. The increment of efficiency may be attributed
to surface crystallinity, which relates to the specific crystallite area of the catalyst. The
highest photocatalytic activity is observed for catalyst with a higher specific surface area at
an elevated temperature, and it may be ascribed to more photogeneration of holes (Vb) and
electrons (Cb) in the ZnO crystal, contributing to more defects as well [47,48]. The surface
imperfections present in the ZnO lattice may evolve into the formation of small pores,
which causes an increment in the surface area. These tiny pores benefit oxygen adsorption
and thereby enhances the MB degradation rate. Hence, the higher specific surface area
with an increasing calcination temperature helps in improved adsorption of MB dye on the
ZnO surface and thus performs as a better photocatalyst for photodegradation of MB.

 

 
Figure 11. The photocatalytic degradation of MB after treatment with ZnO calcined at (a) 300 ◦C;
(b) 500 ◦C; (c) 700 ◦C; (d) the effect of calcination temperature of ZnO on MB photodegradation.

3.7. Effect of Precursor Concentration on Photocatalytic Efficiency

The effect of the concentration of the precursor on the photocatalytic efficiency of the
photocatalyst is presented in Figure 12. The photodegradation ability of the ZnO catalyst
is in a linear relation with the Zn(NO3)2·6H2O concentration, which was utilized in the
synthesis process and attained a maximum of 87.45% for 0.1 M. The higher degradation
capability can be ascribed to the variation in average crystallite size of the synthesized ZnO
nanostructure. The crystallite size calculated from the XRD data shows that the average
crystallite size of ZnO increases in the precursor concentration. A detailed description is
given in Section 3.8. The increase in crystallite size results in a higher available surface area
for the adsorption of more oxygen and photogeneration of more electrons and holes [41,46],
i.e., if the crystallite size is increasing, crystallinity may increase. This may be due to the
agglomeration of crystallite size particles which may result in the long-range of orderly
arrangement of particles. Moreover, the crystallinity and larger crystallite size may enhance
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the reduction in the bandgap, and may generate more e-h pairs upon irradiation with solar
light, which helps in producing radicals. Hence, the increase in the precursor concentration
benefits the photodegradation of dyes. The photocatalytic activity depends on several
factors, including surface area, particle size, crystallinity, defect (pores), adsorption (active
sites), catalyst concentration, and calcination temperature. It does not rely on one factor;
dominance of one factor over the other will decide the photocatalytic degradation of dyes
by the ZnO photocatalyst.

 

Figure 12. The photocatalytic degradation of MB after treatment with ZnO synthesized from
(a) 0.025 M Zn(NO3)2; (b) 0.05 M Zn(NO3)2; (c) 0.1 M Zn(NO3)2; (d) the effect of Zn(NO3)2·6H2O
concentration on photodegradation of MB.

3.8. The Effect of Concentration of Zn(NO3)2 on Crystallite Size of ZnO NPs

To study the effect of Zn(NO3)2 concentration on the average crystallite size, ZnO NPs
were synthesized from three different concentrations of Zn(NO3)2·6H2O solution (0.025
M, 0.05 M, and 0.1 M) and the samples were calcined at 500 ◦C. The XRD spectra of ZnO
NPs synthesized from the previously mentioned concentration are depicted in Figure 13.
The Debye–Scherrer equation was used to determine the average crystallite size of green
ZnO from the XRD pattern. It was observed that the intensity of every diffraction plane
is increasing, but the peak of the (101) plane is of particular interest since it is the most
intense peak. Hence, the crystallite size calculations were done with the (101) diffraction
peak using the Scherrer formula.

The increase in precursor concentration leads to the enhancement in the preferential
orientation of the intense peak, which specified the improvement in crystallinity [35,36].
The crystallite size found a maximum for 0.1 M precursor solution, which is around
49.25 nm. Similarly, the crystallite size obtained for 0.05 M and 0.025 M are 30.44 nm
and 25.51 nm, respectively. That the average crystallite size decreases with a decrease in
concentration is due to the increment in the FWHM value of (101) diffraction peak, as
evidenced in Table 2. The growth in the crystallite size is due to the crystal agglomeration
with an increase in the concentration.
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Figure 13. XRD patterns of ZnO NPs synthesized from the different molar concentrations of precursor.

Table 2. Crystallite size of ZnO NPs by varying Zn(NO3)2 concentration.

Sl. No. Concentration (M) 2θ (Degree) FWHM Crystallite Size (nm)

1 0.025 36.28 0.56569 25.51
2 0.05 36.20 0.47367 30.44
3 0.1 36.15 0.28872 49.95

Moreover, in a highly concentrated solution, the rate of reduction and oxidation of
Zn(NO3)2 to Zn(OH)2 will be higher, as the collision between highly concentrated salt with
phytochemicals will be more. Therefore, the chance of lower concentration reduction will
be minimal as there are a small number of salt ions present. This increase in crystallite size
is also reflected in photocatalytic studies, as discussed earlier, in which the photocatalytic
activity is enhanced with the increase in precursor concentration.

The photocatalytic efficiency of C. tamala stabilized ZnO NPs is compared with recent
studies from the literature and is shown in Table 3.

Table 3. A comparative table showing the photocatalytic efficiency of C. tamala stabilized ZnO NPs with other phtotcatalytic
system based on ZnO NPs for the removal of MB.

Sl. No. ZnO Synthesis Method % Efficiency (Time) Light Source MB Concentration Reference

1 Precipitation
Sol-gel Method

81% (180 min)
92.5% (180 min) UV light 20 mg/L [49]

2 Sol-gel 86% (140 min) UV light 10 mg/L [50]

3 Green synthesis-Becium grandiflorum
aqueous leaf extract 69% (200 min) UV light 100 ppm [51]

4 Green synthesis-Durian waste 84% (40 min) Solar light 10mg/L [52]
5 Ultra sound assisted green synthesis 93.25% (70 min) Solar light 1 mg/mL [53]
6 Green synthesis-Kalopanax septemlobus 97.5% (30 min) UV light 50 μM [54]
7 Green synthesis-Sambucus ebulus 80% (200 min) UV light 50 ppm [55]

8 Green synthesis-Cinnamomum tamala
aqueous leaf extract 98% (90 min) Solar light 10 μM Present study

4. Conclusions

The green synthesis of ZnO NPs using the C. tamala template offers a simple, stable,
sustainable, economic, and eco-friendly approach compared to other conventional methods
that have been commonly deployed. The phytochemicals present in the C. tamala extract
played a significant role in serving both as capping and reducing agents during the syn-
thesis. The synthesized ZnO NPs were hexagonal crystalline in nature, having an average
size of 35 nm. The bandgap obtained from the Tauc plot was 3.24 eV. It is noticeable that
the photocatalytic activity of C. tamala stabilized ZnO NPs was exclusively dependent on
various factors and the conditions optimized for the best catalytic performance. It was
shown to have higher photocatalytic activity for the catalyst loading, 5 mg/50 mL. ZnO syn-
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thesized from 0.1 M Zn(NO3)2·6H2O and ensuing ZnO calcined at 700 ◦C displayed higher
photocatalytic efficiency towards MB degradation. The ZnO microstructure formation
process and the crystallite size have a prominent impact on the photocatalytic performance
of ZnO NPs. The present study has outstandingly suggested that green synthesized ZnO
NPs display an excellent photocatalytic degradation capability of a maximum of 98%
towards the degradation of organic dye. Hence, the presently adopted method provides a
better alternative over other methods and can be developed for a large-scale operation to
be employed in wastewater treatment and water purification.

Author Contributions: Investigation, writing—original draft, S.N. and S.K.K.; supervision, project
administration, B.G., S.S.S. and V.V.T.P.; formal analysis, methodology, S.W., S.S.S., and V.M.; re-
sources, validation, funding acquisition, writing—review and editing, V.V.T.P. and M.Č.; validation,
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High Temperature Stable Anatase Titanium Dioxide Nanoparticles Using Gum Kondagogu: Characterization and Solar Driven
Photocatalytic Degradation of Organic Dye. Nanomaterials 2018, 8, 1002. [CrossRef] [PubMed]

27. Talam, S.; Karumuri, S.R.; Gunnam, N. Synthesis, Characterization, and Spectroscopic Properties of ZnO Nanoparticles. ISRN
Nanotechnol. 2012, 2012, 1–6. [CrossRef]

28. Varma, R.S. Journey on Greener Pathways: From the Use of Alternate Energy Inputs and Benign Reaction Media to Sustainable
Applications of Nano-Catalysts in Synthesis and Environmental Remediation. Green Chem. 2014, 16, 2027–2041. [CrossRef]

29. Reddy, G.B.; Madhusudhan, A.; Ramakrishna, D.; Ayodhya, D.; Venkatesham, M.; Veerabhadram, G. Green Chemistry Approach
for the Synthesis of Gold Nanoparticles with Gum Kondagogu: Characterization, Catalytic and Antibacterial Activity. J.
Nanostruct. Chem. 2015, 5, 185–193. [CrossRef]

30. Winiarski, J.; Tylus, W.; Winiarska, K.; Szczygieł, I.; Szczygieł, B. Characterization of Selected Synthetic Corrosion Products of
Zinc Expected in Neutral Environment Containing Chloride Ions. J. Spectrosc. 2018. [CrossRef]

31. Kayani, Z.N.; Saleemi, F.; Batool, I. Synthesis and Characterization of ZnO Nanoparticles. Mater. Today Proc. 2015, 2, 5619–5621.
[CrossRef]

32. Shi, S.; Xu, J.; Li, L. Preparation and Photocatalytic Activity of ZnO Nanorods and ZnO/Cu2O Nanocomposites. Main Group
Chem. 2017, 16, 47–55. [CrossRef]

33. Li, Z.; Zhang, Y.; Zhang, Y.; Chen, S.; Ren, Q. Facile Synthesis of ZnO/Ag Composites with the Enhanced Absorption and
Degradation of MB and MO under Visible Light. Ferroelectrics 2018, 526, 152–160. [CrossRef]

34. Chikkanna, M.M.; Neelagund, S.E.; Rajashekarappa, K.K. Green Synthesis of Zinc Oxide Nanoparticles (ZnO NPs) and Their
Biological Activity. SN Appl. Sci. 2019. [CrossRef]

35. Yang, H.Y.; Lee, H.; Kim, W. Effect of Zinc Nitrate Concentration on the Structural and the Optical Properties of ZnO Nanostruc-
tures. Appl. Surf. Sci. 2010, 256, 6117–6120. [CrossRef]

36. Alami, Z.Y.; Salem, M.; Gaidi, M. Effect of Zn Concentration On Structural and Optical Proprieties of ZNO Thin Films Deposited
By Spray Pyrolysis. Adv. Energy Int. J. 2015, 2, 11–24. [CrossRef]

248



Nanomaterials 2021, 11, 1558

37. Rahman, Q.I.; Ahmad, M.; Misra, S.K.; Lohani, M. Effective Photocatalytic Degradation of Rhodamine B Dye by ZnO Nanoparti-
cles. Mater. Lett. 2013, 91, 170–174. [CrossRef]

38. Al-Kordy, H.M.H.; Sabry, S.A.; Mabrouk, M.E.M. Statistical Optimization of Experimental Parameters for Extracellular Synthesis
of Zinc Oxide Nanoparticles by a Novel Haloalaliphilic Alkalibacillus Sp.W7. Sci. Rep. 2021, 11, 1–14. [CrossRef] [PubMed]

39. Sharmila, G.; Muthukumaran, C.; Sandiya, K.; Santhiya, S.; Pradeep, R.S.; Kumar, N.M.; Suriyanarayanan, N.; Thirumarimurugan,
M. Biosynthesis, Characterization, and Antibacterial Activity of Zinc Oxide Nanoparticles Derived from Bauhinia Tomentosa
Leaf Extract. J. Nanostruct. Chem. 2018, 8, 293–299. [CrossRef]

40. Yang, R.D.; Tripathy, S.; Li, Y.; Sue, H.J. Photoluminescence and Micro-Raman Scattering in ZnO Nanoparticles: The Influence of
Acetate Adsorption. Chem. Phys. Lett. 2005, 411, 150–154. [CrossRef]

41. Steffy, K.; Shanthi, G.; Maroky, A.S.; Selvakumar, S. Synthesis and Characterization of ZnO Phytonanocomposite Using Strychnos
Nux-Vomica L. (Loganiaceae) and Antimicrobial Activity against Multidrug-Resistant Bacterial Strains from Diabetic Foot Ulcer.
J. Adv. Res. 2018, 9, 69–77. [CrossRef]

42. Vasiljevic, Z.Z.; Dojcinovic, M.P.; Vujancevic, J.D.; Jankovic-Castvan, I.; Ognjanovic, M.; Tadic, N.B.; Stojadinovic, S.; Brankovic,
G.O.; Nikolic, M.V. Research Photocatalytic Degradation of Methylene Blue under Natural Sunlight Using Iron Titanate Nanopar-
ticles Prepared by a Modified Sol-Gel Method. R. Soc. Open Sci. 2020. [CrossRef] [PubMed]

43. Kumar, S.; Ae, K.; Ae, N.K.; Singh, S. Photocatalytic Degradation of Two Commercial Reactive Dyes in Aqueous Phase Using
Nanophotocatalysts. Nanoscale Res. Lett. 2009. [CrossRef]

44. Chijioke-Okere, M.O.; Okorocha, N.J.; Anukam, B.N.; Oguzie, E.E. Photocatalytic Degradation of a Basic Dye Using Zinc Oxide
Nanocatalyst. Int. Lett. Chem. Phys. Astron. 2019, 81, 18–26. [CrossRef]

45. Ram, C.; Pareek, R.K.; Singh, V. Photocatalytic Degradation of Textile Dye by Using Titanium Dioxide Nanocatalyst. Int. J. Theor.
Appl. Sci. 2012, 4, 82–88.

46. Bansal, P.; Sud, D. Photodegradation of Commercial Dye, Procion Blue HERD from Real Textile Wastewater Using Nanocatalysts.
Desalination 2011, 267, 244–249. [CrossRef]

47. Nadarajan, R.; Wan Abu Bakar, W.A.; Ali, R. Effect of Calcination Temperature on Metal Oxides and Their Photocatalytic Activity.
Adv. Mater. Res. 2015, 1107, 73–78. [CrossRef]

48. Lv, K.; Xiang, Q.; Yu, J. Effect of Calcination Temperature on Morphology and Photocatalytic Activity. Appl. Catal. B Environ. 2011,
104, 275–281. [CrossRef]

49. Balcha, A.; Prakash Yadav, O.; Dey, T. Photocatalytic Degradation of Methylene Blue Dye by Zinc Oxide Nanoparticles Obtained
from Precipitation and Sol-Gel Methods. Environ. Sci. Pollut. Res. 2016. [CrossRef] [PubMed]

50. Isai, K.A.; Shrivastava, V.S. Photocatalytic Degradation of Methylene Blue Using ZnO and 2%Fe–ZnO Semiconductor Nanomate-
rials Synthesized by Sol–Gel Method: A Comparative Study. SN Appl. Sci. 2019, 1. [CrossRef]

51. Kahsay, M.H. Synthesis and Characterization of ZnO Nanoparticles Using Aqueous Extract of Becium Grandiflorum for
Antimicrobial Activity and Adsorption of Methylene Blue. Appl. Water Sci. 2021, 11, 1–12. [CrossRef]

52. Ravichandran, V.; Sumitha, S.; Ning, C.Y.; Xian, O.Y.; Kiew Yu, U.; Paliwal, N.; Shah, S.A.A.; Tripathy, M. Durian Waste Mediated
Green Synthesis of Zinc Oxide Nanoparticles and Evaluation of Their Antibacterial, Antioxidant, Cytotoxicity and Photocatalytic
Activity. Green Chem. Lett. Rev. 2020, 13, 102–116. [CrossRef]

53. Khan, M.; Ware, P.; Shimpi, N. Synthesis of ZnO Nanoparticles Using Peels of Passiflora Foetida and Study of Its Activity as an
Efficient Catalyst for the Degradation of Hazardous Organic Dye. SN Appl. Sci. 2021, 3. [CrossRef]

54. Lu, J.; Batjikh, I.; Hurh, J.; Han, Y.; Ali, H.; Mathiyalagan, R.; Ling, C.; Ahn, J.C.; Yang, D.C. Photocatalytic Degradation of
Methylene Blue Using Biosynthesized Zinc Oxide Nanoparticles from Bark Extract of Kalopanax Septemlobus. Optik 2019, 182,
980–985. [CrossRef]

55. Alamdari, S.; Ghamsari, M.S.; Lee, C.; Han, W.; Park, H.; Tafreshi, M.J.; Afarideh, H. Preparation and Characterization of Zinc
Oxide Nanoparticles Using Leaf Extract of Sambucus ebulus. Appl. Sci. 2020, 10, 3620. [CrossRef]

249



nanomaterials

Communication

Removal of Radioactive Iodine Using Silver/Iron Oxide
Composite Nanoadsorbents

Mah Rukh Zia 1,†, Muhammad Asim Raza 2,3,†, Sang Hyun Park 2,3, Naseem Irfan 1, Rizwan Ahmed 1,

Jung Eun Park 4, Jongho Jeon 4,* and Sajid Mushtaq 1,2,3,*

Citation: Zia, M.R.; Raza, M.A.; Park,

S.H.; Irfan, N.; Ahmed, R.; Park, J.E.;

Jeon, J.; Mushtaq, S. Removal of

Radioactive Iodine Using Silver/Iron

Oxide Composite Nanoadsorbents.

Nanomaterials 2021, 11, 588. https://

doi.org/10.3390/nano11030588

Academic Editor: Christos

A. Aggelopoulos

Received: 8 February 2021

Accepted: 22 February 2021

Published: 26 February 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 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 (https://

creativecommons.org/licenses/by/

4.0/).

1 Department of Nuclear Engineering, Pakistan Institute of Engineering and Applied Sciences, P. O. Nilore,
Islamabad 45650, Pakistan; Mahrukhzia14@gmail.com (M.R.Z.); naseem@pieas.edu.pk (N.I.);
Rizwanahmed@pieas.edu.pk (R.A.)

2 Advanced Radiation Technology Institute, Korea Atomic Energy Research Institute, Jeongeup 56212, Korea;
masimraza@ust.ac.kr (M.A.R.); parksh@kaeri.re.kr (S.H.P.)

3 Radiation Science and Technology, University of Science and Technology, Daejeon 34113, Korea
4 Department of Applied Chemistry, College of Engineering, Kyungpook National University,

Daegu 41566, Korea; pje1204@knu.ac.kr
* Correspondence: jeonj@knu.ac.kr (J.J.); sajidmushtaq@pieas.edu.pk (S.M.); Tel.: +82-53-950-5584 (J.J.);

+92-51-9248611-3716 (S.M.)
† These Authors contributed equally to this study.

Abstract: Efficient and cost-effective removal of radioactive iodine (radioiodine) from radioactive
contaminated water has become a crucial task, following nuclear power plant disasters. Several
materials for removing radioiodine have been reported in the literature. However, most of these
materials exhibit some limitations, such as high production cost, slow adsorption kinetics, and
poor adsorption capacity. Herein, we present silver/iron oxide nanocomposites (Ag/Fe3O4) for
the efficient and specific removal of iodine anions from contaminated water. The Ag/Fe3O4 were
synthesized using a modified method and characterized via scanning electron microscopy, transmis-
sion electron microscopy, and X-ray diffraction analyses. This adsorbent showed a high adsorption
capacity for iodine anions (847 mg/g of the adsorbent) in pure water. Next, Ag/Fe3O4 was applied
to the removal of radioiodine, and high removal efficiencies were observed in water. In addition,
its desalination capacity was retained in the presence of competitive ions and varied pH. After the
adsorption process, Ag/Fe3O4 was easily removed from the water by applying an external magnetic
field. Moreover, the same operation can be repeated several times without a significant decrease in
the performance of Ag/Fe3O4. Therefore, it is expected that the findings presented in this study will
offer a new method for desalinating radioiodine in various aqueous media.

Keywords: adsorbents; radioactive wastes; radioactive iodine; desalination; nanocomposites

1. Introduction

The safe and reliable treatment of radioactive waste is inevitably linked to the safe
production of nuclear energy [1,2]. Environmental damage caused by radioactive waste
has attracted global attention. Radioisotopes, such as radioactive iodine (radioiodine),
which exhibit a high degree of dispersion in water and air, are produced by nuclear fission.
These can exert long-term adverse effects on human lives [3–5]. Notably, the global con-
cern regarding nuclear waste leakage was kindled by the Fukushima accident in 2011 [6].
Further, the Chernobyl disaster in Ukraine occurred in 1986 wherein iodine radioisotopes
were a major component of the radioactive contamination [7]. Moreover, the continuous
operation of nuclear power plants can produce and introduce trace amounts of radioiodine
into the environment [8]. Radioiodine has also been extensively used in the diagnosis
of diseases and treatment of thyroid cancer on the basis of the selective uptake of iodine
into the thyroid [9,10]. Consequently, the introduction of trace amounts of radioiodine
from nuclear medicine research institutes also needs to be considered. For example, the
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medical applications of iodine-131 (131I; half-life: 8 days) and iodine-129 (129I; half-life:
15.7 × 106 years) are considered to be the main generators of radioiodine waste [11–13].
The short-lived as well as long-lived radioisotopes of iodine can accumulate and cause
serious damage to the human body. Therefore, the efficient treatment of radioactive iodine
in nuclear wastes and contaminated water is an essential area of research. In past decades,
various adsorbents such as graphene-based sorbents [14,15], deep eutectic solvents [16,17],
hydrogelators [18], nanoporous carbons [19,20], polyacrylonitrile–chalcogel [21], microp-
orous polymers [22–24], metal–organic frameworks (MOFs) [25,26], and functionalized ze-
olites [27,28] were employed to remove radioiodine that was dissolved in solutions and/or
gaseous radioiodine. However, these materials exhibited several drawbacks, including
low removal efficiency, slow adsorption kinetics, and high production cost. Furthermore,
layered bismuth–iodine–oxide [29], titanate nanolamina [30], Mg–Al(NO3) layered double
hydroxide (LDH) [31], and magnetite composites [32,33] have been employed to remove
iodine. However, setbacks ranging from their poor reusability to their low adsorption
capacities have limited the application of these methods. In previous studies, we reported
that gold nanoparticles (AuNPs) immobilized adsorbents for the removal of radioiodine
anions in aqueous media [34–37]. The method exhibited efficient and ion-selective desalina-
tion; however, the high cost of AuNPs-based systems hampered their large-scale syntheses
and remediation applications.

Silver-based materials have also demonstrated a great potential for removing iodine
owing to the high affinity of iodine toward silver [3,38,39]. In a typical procedure in the
previous studies, silver nanoparticles or silver-based composite materials were immersed
in the contaminated water to remove radioiodine. Thereafter, radioiodine containing solid
waste was separated from the water via filtration or centrifugation. However, most of
these methods require further steps to separate solid radioactive wastes from water after
the desalination procedure. Moreover, the separation of nanosized adsorbents via these
methods is time-consuming and non-applicable at an industrial scale. Thus, the develop-
ment of additional cost-effective, efficient remediation procedures for radioactive wastes
is still desired. Here, we designed a stable and efficient silver/iron oxide (Ag/Fe3O4)
nanocomposite-based desalination system for the efficient removal of radioiodine from wa-
ter. Compared with nonmagnetic silver composites, the magnetic nature of the Ag/Fe3O4
adsorbent is advantageous as it can be harvested by an external magnetic field. There-
fore, the desalination procedure and recovery of radioisotope-containing adsorbents from
treated water can be easy, rapid, and cost-effective (Figure 1).

Figure 1. Schematic illustration of the desalination process using Ag/Fe3O4 composite nanoadsorbents.

2. Experimental Procedures

2.1. Materials

Radioiodine ([125I]NaI) was supplied by PerkinElmer in an aqueous sodium hydrox-
ide (NaOH) solution. All the chemicals, such as iron(III)chloride hexahydrate (FeCl3·6H2O),
iron(II)chloride tetrahydrate (FeCl2·4H2O), silver nitrate (AgNO3), NaOH, ethanol
(C2H5OH), (3-aminopropyl)trimethoxysilane (H2N(CH2)3Si(OCH3)3, APTMS), hydrox-
ylamine hydrochloride (NH2OH·HCl), sodium iodide (NaI), hydrochloric acid (HCl),
sodium chloride (NaCl), sodium bromide (NaBr), sodium fluoride (NaF), sodium chlo-
rate (NaClO3), sodium bromate (NaBrCO3), and potassium iodide (KI), were purchased
from Sigma Aldrich Korea and utilized without further purification. The radioiodine

251



Nanomaterials 2021, 11, 588

removal experiments were performed using a radio-thin-layer chromatograph (TLC, AR-
2000, Bioscan, USA) that was equipped with a dose calibrator (CRC-25PET) or automatic
gamma counter (2480 automatic gamma counter, PerkinElmer, UK)Further, the nonra-
dioactive iodine removal experiments were performed via ultraviolet–visible (UV–Vis)
spectroscopy (UV–Vis spectrophotometer, Evolution™ 201/220, Thermo Scientific™, USA).
The Fe3O4 and Ag/Fe3O4 composite nanoparticles were characterized via transmission
electron microscopy (TEM; H-7650, Hitachi, Japan), field-emission scanning electron mi-
croscopy (FE-SEM; FEI Verios 460L, Philips, USA), and X-ray diffraction (XRD, Bruker, D2
PHASER). Magnetization measurements of nanomaterials were performed by a vibrating
sample magnetometer (VSM JDM-13, Lake Shore, USA) at room temperature.

2.2. Synthesis of the Fe3O4 Nanoparticles

The Fe3O4 nanoparticles were prepared using a slightly modified, coprecipitation
method [38]. Briefly, FeCl2·4H2O (1.99 g, 0.01 mol) and FeCl3·6H2O (5.41 g, 0.02 mol) were
dissolved in water and sonicated for 30 min. The FeCl2·4H2O and FeCl3·6H2O solutions
were mixed and placed in a three-neck bottle. The resulting solution was heated at 90 ◦C
in a nitrogen stream, after which it was vigorously mixed in a deoxygenated atmosphere.
Next, the aqueous NaOH solution was added dropwise, and the Fe3O4 nanoparticles were
obtained as dark-brown precipitates. The precipitated mixture was stirred for an additional
6 h to achieve complete conversion. The Fe3O4 nanoparticles were extracted from the
solution by applying an external magnetic field, washed several times with water and
ethanol, and vacuum-dried for 2 h at 80 ◦C.

2.3. Synthesis of the Ag/Fe3O4 Composite Nanoadsorbents

The Ag/Fe3O4 composite materials were prepared via APTMS [40]. Briefly, the Fe3O4
nanoparticles (0.30 g) were dispersed in 150 mL of ethanol and sonicated for 45 min. Next,
APTMS (1 mL) was injected into the reaction mixture and stirred for 10 h. The APTMS-
functionalized Fe3O4 nanoparticles were extracted by applying an external magnetic field,
washed several times with ethanol, and vacuum-dried for 2 h at 80 ◦C. Further, the APTMS-
functionalized Fe3O4 nanoparticles (0.25 g) were dispersed in 100 mL of water, after which
AgNO3 (0.30 wt.%) was added to the reaction mixture, followed by sonication for 1 h.
For the preparation of the silver nanoparticles, NaOH (50 mL, 0.1 M) and hydroxylamine
hydrochloride (45 mL, 0.05 M) were added to the reaction mixture and stirred for an
additional 2 h. Finally, the Ag/Fe3O4 composites were extracted by applying a magnetic
field, washed several times with water and ethanol, and vacuum-dried at 80 ◦C.

2.4. Adsorption of Nonradioactive Iodine(127I−) Using Ag/Fe3O4 Composite Nanoadsorbents

Adsorption efficiency of the Ag/Fe3O4 nanocomposites was determined by measuring
the absorbance variation of nonradioactive NaI/KI via UV–Vis spectroscopy at a maximum
wavelength, λmax = 225 nm. Briefly, 100 ppm stock solution was prepared by dissolving KI
in water, and the pH was maintained at 7. Further, the desired low concentrations were
prepared by diluting the stock solution. In the adsorption experiment, the adsorbent, the
Ag/Fe3O4 composites, were shaken with an aqueous KI solution of a given concentration
at a different time interval. After the experiment, the adsorbent was removed by an
external magnet. The iodine concentration of the treated solution was measured via
UV–Vis spectroscopy.

The percentage removal efficiency of Ag/Fe3O4 nanocomposites was measured using
Equation (1):

Removal efficiency (%) =
(C0 − Ce)

C0
× 100 (1)

Equilibrium adsorption capacity of Ag/Fe3O4 nanocomposites, Qe (mg/g), was deter-
mined using Equation (2):

Qe =
(C0 − Ce)

M
× V (2)
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where Qe (mg/g) is the quantity of I− that was adsorbed on the adsorbent at equilibrium
time, C0 (mg/L) is the initial concentration of I− in the aqueous solution, Ce (mg/L) is
the final concentration of I− in the aqueous solution at time t, V (L) is the volume of the
solution, and M (g) represents the mass of the adsorbents (Ag/Fe3O4).

2.5. Determination of Removal Efficiency in the Presence of Competitive Ions

The removal efficiency of Ag/Fe3O4 nanocomposites was investigated in the presence
of competitive ions. Radioiodine, [125I]NaI (150 μCi), was diluted in an aqueous solution of
NaCl, NaBr, NaF, NaClO3, NaBrCO3, or nonradioactive NaI (10 mL, 1.0 M). The Ag/Fe3O4
nanoparticles were stirred with the [125I]NaI solution of given radioactivity for 60 min. Next,
the adsorbent was removed by an external magnet. The radioactivities of the supernatant
and adsorbent material were measured using the radio-TLC system or dose calibrator.

2.6. Removal Efficiency in Different Aqueous Media

To investigate the removal efficiency of the adsorbents, [125I]NaI (150 μCi) was diluted
in 10 mL of different aqueous media (pure water, 1× PBS, water at 80 ◦C, river water, 0.1 M
NaOH, 0.1 M HCl, or 1.0 M NaI). Ag/Fe3O4 nanocomposites were stirred with the [125I]NaI
solution of given radioactivity for 60 min. Subsequently, the adsorbent was removed by
an external magnet. The radioactivities of the supernatant and adsorbent materials were
measured using the radio-TLC system or dose calibrator.

2.7. Reusability of the Composite Nanoadsorbents

To investigate the reusability of Ag/Fe3O4 nanocomposites, [125I]NaI (150 μCi) was
diluted in 10 mL of pure water. Ag/Fe3O4 (10 mg) was shaken with the [125I]NaI solution
of given radioactivity for 60 min. Subsequently, the adsorbent was removed by an external
magnet. The radioactivity in the supernatant and adsorbent materials was measured using
a gamma counter. The experiment was repeated for up to seven cycles.

2.8. Adsorption Isotherm Studies

The adsorption isotherm was measured using the KI solution at an ambient tem-
perature and neutral pH. Briefly, 5 mg of the Ag/Fe3O4 nanoparticles was treated with
100 mL of KI at different initial concentrations (100–200 ppm) with a constant increment of
10 ppm. The final concentration of iodine after adsorption procedure was determined via
UV–Vis spectroscopy at different intervals. The adsorption of I− (Qe) was calculated using
Equation (2). The Langmuir and Freundlich isotherm models were applied to describe the
equilibrium adsorption:

Langmuir equation :
Ce

Qe
=

Ce

Qmax
+

1
Qmax KL

(3)

Freundlich equation : lnQe = lnKF +
1
n

lnCe (4)

where Ce (mg/L) are concentrations of I− at the initial and equilibrium times, respectively.
Qe (mg/g) is the quantity of I− that was adsorbed on the adsorbing medium at the
equilibrium time, and Qmax (mg/g) is the maximum adsorption capacity of the adsorbent.
KL and KF are the Langmuir and Freundlich adsorption constants, respectively.

2.9. Adsorption Kinetics of I− on the Adsorbents

The adsorption kinetics of I− on Ag/Fe3O4 nanoparticles was determined using
100 ppm KI at pH 7 and room temperature. Briefly, 100 mL of KI (100 ppm) solution
was shaken with 5 mg of Ag/Fe3O4 nanocomposites. At different times, the absorbent
was separated from the solution by applying an external magnet and the concentration
of I− was determined via UV–Vis spectroscopy by measuring the absorbance variation
at the maximum wavelength, λmax = 225 nm. The adsorption capacity was fitted into the
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pseudo-first-order (PFO) and pseudo-second-order (PSO) kinetics equations with respect
to time, as expressed in Equations (3) and (4), respectively.

PFO kinetic model : ln(Qe − Qt) = lnQe − k1t
2.303

(5)

PSO kinetic model :
t

Qt
=

1
k2Q2

e
+

t
Qe

(6)

where Qe and Qt are the quantities of I− (mg/g) at equilibrium and time t, respectively.
The Fe3O4 nanoparticles were used in the control experiment under similar conditions. k1
(min−1) and k2 (g mg−1 min−1) are the PFO and PSO adsorption rate constants, respectively.

3. Results and Discussion

The adsorbent, Ag/Fe3O4 nanoparticles, were synthesized in two steps using a mod-
ified procedure, as shown in Figure S1a. To prepare Fe3O4 nanoparticles, a mixture of
FeCl2·4H2O and FeCl3·6H2O was treated with NaOH at 90 ◦C, and the product was washed
several times with water and ethanol, after which it was dried at a high temperature. In
the next step, APTMS was coated on the surface of the Fe3O4 nanoparticles. Further, the
silver layer was formed using AgNO3 in the presence of hydroxylamine hydrochloride
and a base.

The particle morphology and size of the prepared nanoparticles were observed via
SEM and TEM, respectively. SEM images of the bare Fe3O4 exhibited the nearly spherical
shapes of the particles (Figure S2a,b), and a significant uniform particle-size distribution
was observed. The observed average size of the Fe3O4 particle was ~27 nm (Figure S2c–e).
The crystal structure and phase of the prepared nanoparticles were determined via X-ray
diffraction (XRD). The strong Bragg peaks of (220), (311), (400), (422), (511), and (440) cor-
responded to the diffractions from the inverse spinel structure of Fe3O4 (Figure S2f). The
energy-dispersive X-ray spectroscopy (EDS) analysis of the Fe3O4 nanoparticles revealed a
set of peaks, which corresponded to iron as well as oxygen (Figure S3). The characterization
data of Ag/Fe3O4 are shown in Figure 2. The TEM and SEM images of Ag/Fe3O4 nanocom-
posites showed the nearly spherical-shaped agglomerates, respectively (Figure 2a,b). The
additional TEM data are shown in Figure S4. The elemental mapping patterns revealed
the presence of the main elements, including O, Fe, Si, and Ag (Figure 2c–f). A new peak,
which corresponded to silver, is evident compared with the Fe3O4 nanoparticles, thus
confirming the presence of the silver coating on the Fe3O4 nanoparticles. In addition,
the EDS data of the Ag/Fe3O4 nanoparticles revealed the presence of Fe, O, C, Si, and
Ag atoms (Figure 3a). The presence of Si was observed after the surface modification of
the Fe3O4 particles via APTMS. The observed particle size was 35.9 nm with a standard
deviation of 2.2 nm (Figure 3b). The size of nanomaterials was further analyzed by the
Scherrer equation (Tables S1 and S2). The XRD peaks revealed the crystalline nature of
the nanoparticles. The peaks indicated the ultrafine nature and small crystallite size of
the nanoparticles. The strong Bragg peaks of (111), (200), (220), and (311) corresponded
to the diffractions from the FCC (Face-centered Cubic) structure of silver nanoparticles.
The absence of spurious diffractions indicated the absence of significant impurities in
the sample (Figure 3c). The magnetic properties of the nanoadsorbent were assessed by
applying a magnetic field in the range of −30,000 to 30,000 Oe via vibrational sample mag-
netometry. The bare Fe3O4 nanoparticles exhibited the highest saturation magnetization
(Ms) value (67.84 emu/g). However, the value decreased to 49.48 and 40.34 emu/g because
of the APTMS coating and combination of silver with the APTMS coating, respectively
(Figure 3d). The surface modification and formation of the silver nanoparticles on the
surface of the magnetite nanoparticles caused a decrease in the Ms value. This result can
be attributed to the presence of more diamagnetic material per gram of the material. Zero
remanence and coercivity of the magnetization curve suggested that the nanoadsorbents
possessed superparamagnetic properties. As shown in Figure S1c–e, Ag/Fe3O4 responded
immediately to the external magnetic field, and the collected particles could be dispersed
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again by gentle shaking after removing the magnet. This result indicates that the adsorbents
can be easily removed from wastewater via a simple separation procedure.

Figure 2. (a) TEM images of the Ag/Fe3O4 composite nanoparticles, (b) SEM image of the Ag/Fe3O4 composite nanoparti-
cles, (c–f) EDS elemental mapping patterns of the Ag/Fe3O4 nanocomposites from (b).

Figure 3. Characterization of the nanomaterials. (a) EDS spectrum of the Ag/Fe3O4 nanocomposites; (b) size-distribution
histogram of the Ag/Fe3O4 with a standard deviation of 2.2 nm; (c) XRD analysis of the Fe3O4 and Ag/Fe3O4; (d) magnetic
hysteresis loops of Fe3O4, APTMS/Fe3O4, and Ag/Fe3O4 nanocomposites at room temperature.
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To perform the iodine adsorption experiments, nonradioactive iodide anion (I−)
or radioiodine (125I−) were used. The calibration curve was plotted to determine the
concentrations of I− (λmax = 225 nm) in aqueous media (Figure S5) via UV–Vis spectroscopy.
First, the adsorbent was added to a 100 ppm KI solution in pure water or a NaCl solution,
after which the amount of I− absorbed on Ag/Fe3O4 was determined by comparing the
UV absorbance at 225 nm for 1 h. Figure 4a reveals that I− in aqueous media could not
be captured by the unmodified Fe3O4. Conversely, silver-coated adsorbents efficiently
removed I− with a removal efficiency of ~100% in 1 h (Figure 4b). Interestingly, the
excellent removal efficiency was also observed using 1.0 M NaCl solution with a Cl− to
I− anion ratio ([Cl−]:[I−]) exceeding 103:1, thereby indicating the ion-selective adsorption
performance of the silver layer.

Figure 4. (a) UV absorption spectra of iodine after treatment with Fe3O4 or Ag/Fe3O4 composite nanoparticles in water; (b)
removal efficiency of Ag/Fe3O4 nanocomposites at high salt concentrations, and the control study using Fe3O4 nanoparticles.

Linear fitting of the observed data according to the Langmuir (3) and Freundlich
isotherm models (4) revealed that the adsorption mechanism of Ag/Fe3O4 was better
described by the Langmuir equation with a correlation factor (R2) of 0.995 (Figure 5a). This
result also indicated the monolayer adsorption mechanism, and the observed maximum
adsorption capacity (Qmax) obtained using Equation (3) was 847 mg/g. The corresponding
parameters for these models are summarized in Table 1. The kinetic parameters of the
adsorption are also pivotal to the practical application of the nanoadsorbent. The removal
efficiency of I− was measured as a function of time (5–180 min) to determine the optimum
time for the desalination experiments (Figure 5b). The adsorption of I− was rapid in the
first 60 min, after which it became slower, before finally reaching a plateau after 180 min.
The fitting results of the PFO and PSO kinetic models are shown in Figure S6a,b and Table 2.
Based on the calculated kinetic parameters, it is clear that the PSO kinetic model fitted
better with the kinetic results.

Figure 5. (a) Adsorption isotherm study employing the Langmuir and Freundlich models, (b) absorption kinetics as a
function of time.
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Table 1. Calculated parameters for the adsorption isotherm fittings for the Ag/Fe3O4 nanocomposites.
(R2 = coefficient of determination)

Isotherm Type Parameters R2

Langmuir Model Qmax = 846.860 mg/g 0.995
KL = 0.09162 L/mg

Freundlich Model n = 2.6 0.883
KF = 148.4 L−1/n mg(1−1/n)

Table 2. Calculated parameters for fitting the chemical kinetics of the Ag/Fe3O4 nanocomposites.

Type of Chemical Kinetics Parameters R2

First-order Qe = 613 mg/g 0.976
k1 = 9.0 × 10−3 min−1

Second-order Qe = 897 mg/g 0.996
k2 = 6.03 × 10−8 gmg−1min−1

Using these results, we investigated the desalination of radioiodine by Ag/Fe3O4.
For this study, the same adsorbents were immerged into aqueous solutions containing
150 μCi of [125I]NaI. Afterward, the adsorbents were collected by an external magnet.
The removal efficiency was determined by measuring the residual radioactivities in the
solution and Ag/Fe3O4 nanocomposite. As shown in Figure 6a, high removal efficiencies
were observed in the presence of other competing anions as well (e.g., Cl−, Br−, and
phosphate). By contrast, the adsorption of radioiodine was completely inhibited in an
aqueous solution of nonradioactive NaI, which might be due to the surface area of the
adsorbents getting covered by an excess amount of I−. The desalination performance was
also evaluated in other environments, such as varied pH values, river waters, and elevated
temperatures. More than 99% of the radioactive iodines were captured by Ag/Fe3O4 in
1 h in these environments as well. These results demonstrated that Ag/Fe3O4 successfully
and selectively captures I− in the presence of mixed ion species. Next, the reusability
of Ag/Fe3O4 was explored via the repetitive adsorption of radioiodine (150 μCi) from
water. As shown in Figure 6b, a high removal efficiency (>99%) was observed in seven
consecutive processes, suggesting that the adsorbent retained its stability. Moreover,
the adsorbed radioiodine anions on the adsorbents were not readily released during the
repeated operations.

Several studies have described various silver metal or silver oxide composite nano-
materials that can remove radioactive iodines [3,41]. Removal of unsettled adsorbents
after water treatment requires further separation processes. Compared with the previous
studies, this method offers a simpler and more efficient method for capturing radioactive
materials from different aqueous solutions. Through a single operation for 1 h, most of
the radioactive components were selectively captured by Ag/Fe3O4. Thereafter, the mag-
netic separation successfully recovered the I−-loaded adsorbent from the aqueous solvent.
Additionally, the observed Qmax value was favorable compared with those obtained in
previous studies (Table S3). As a result of the large-scale synthesis and characterization
of Fe3O4 as well as the establishment of the formation of the silver layer, a large number
of adsorbents that were used in this study can be easily prepared in a short time. These
advantages strongly demonstrate that desalination using Ag/Fe3O4 would be beneficial
for the efficient treatment of radioiodine waste. To date, different silver-coated magnetic
nanomaterials have been employed in a wide range of applications for specific purposes,
including catalysis [42], antibacterial agents [43], imaging [44], and biosensing [45], because
of their unique physical and chemical properties. This study would widen the scope of
engineered nanomaterials in the field of environmental remediation. However, further
optimization and validation of the process is required to investigate the industrial-scale
remediation process of radioactive waste.
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Figure 6. (a) Removal efficiency of the Ag/Fe3O4 nanocomposites in the presence of competitive ions, different aqueous
solutions, and different pH conditions using radioiodine (125I); (b) removal efficiency of the Ag/Fe3O4 nanocomposites
using radioiodine (125I) as a function of the number cycles.

4. Conclusions

In this study, we synthesized an Ag/Fe3O4 nanoadsorbent for the desalination of
radioiodine. The synthesized nanomaterials were characterized via SEM, TEM, EDS, and
XRD. The composite material exhibited high adsorption capacity for I− (847 mg/g) in
water. The Ag/Fe3O4 composite nanoadsorbents exhibited high removal efficiency as well
as ion-selective desalination in the presence of several competing ions. The material was
easily recovered from the treated water by applying an external magnetic field without
the significant desorption of radioactivity. Moreover, the adsorbent maintained good
desalination performance during seven consecutive remediations. Consequently, it is
expected that Ag/Fe3O4-based desalination will present a promising direction and can be
developed as a practical method for wastewater treatment.

Supplementary Materials: The following are available online at https://www.mdpi.com/2079-499
1/11/3/588/s1, Figure S1: Figure S1. (a) Schematic route for the synthesis of Fe3O4 and Ag/Fe3O4
nanocomposites, (b) Experimental setup for the synthesis of nanoparticles and (c-e) Steps to collect
Ag/Fe3O4 nanocomposites by using an external magnet; Figure S2: Figure S2. (a,b) SEM images
of Fe3O4 nanoparticles, (c,d) TEM images of Fe3O4 nanoparticles, (e) Size distribution histogram
of Fe3O4 nanoparticles with a standard deviation of 1.15 nm, (f) Powder XRD analysis of Fe3O4
nanoparticles.; Figure S3: Figure S3. EDS analysis of iron oxide nanoparticles; Figure S4: Figure S4.
TEM images of Ag/Fe3O4 nanocomposite; Figure S5: Calibration curve to determine the unknown
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concentration using UV-Visible Spectrometer at 226 nm; Figure S6: (a) Pseudo-second-order kinet-
ics study for Ag/Fe3O4, (b) Pseudo-first-order kinetics study for Ag/Fe3O4; Table. S1. Scherrer
equation based crystallite size Fe3O4 nanoparticles; Table. S2. Scherrer equation based crystallite
size Ag/Fe3O4 composite nanoparticles; Table. S3. Nanomaterials used for iodine removal from
aqueous solutions.
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Abstract: Fe3O4@C nanoparticles were prepared by an in situ, solid-phase reaction, without any
precursor, using FeSO4, FeS2, and PVP K30 as raw materials. The nanoparticles were utilized
to decolorize high concentrations methylene blue (MB). The results indicated that the maximum
adsorption capacity of the Fe3O4@C nanoparticles was 18.52 mg/g, and that the adsorption process
was exothermic. Additionally, by employing H2O2 as the initiator of a Fenton-like reaction, the
removal efficiency of 100 mg/L MB reached ~99% with Fe3O4@C nanoparticles, while that of
MB was only ~34% using pure Fe3O4 nanoparticles. The mechanism of H2O2 activated on the
Fe3O4@C nanoparticles and the possible degradation pathways of MB are discussed. The Fe3O4@C
nanoparticles retained high catalytic activity after five usage cycles. This work describes a facile
method for producing Fe3O4@C nanoparticles with excellent catalytic reactivity, and therefore,
represents a promising approach for the industrial production of Fe3O4@C nanoparticles for the
treatment of high concentrations of dyes in wastewater.

Keywords: Fe3O4@C nanoparticles; solid-phase method; adsorption; Fenton-like reaction; methy-
lene blue

1. Introduction

Dye pollution is one of the most severe environmental concerns nowadays. Most
industrial dyes contain complex components which are highly toxic, teratogenic, and
carcinogenic [1–4]. A host of technologies has been applied for the degradation of dye
pollutants including biological, physical, and chemical approaches [5–8]. Among the
various treatments, adsorption and advanced oxidation processes (AOPs) have been shown
to be highly efficient methods for the removal of dye from wastewater [9,10]. Adsorption
is low-cost and free of intermediates. The Fenton-like system has drawn much attention
because of its ability to cleanly and efficiently remove dyes from wastewater. Thus, the
development of adsorbents with good performance coupled with Fenton-like reactions has
been the focal point of a great deal of recent research.

Because Fe3O4 has the characteristics of easy magnetic separation, stable properties,
and low toxicity, Fe2+ and Fe3+ can be safely reacted with H2O2 to trigger the Fenton
reaction; in such cases, Fe3O4 is a potential adsorbent and Fenton catalyst [11,12]. How-
ever, the H2O2-activating ability of pure Fe3O4 is not strong, and the compound tends to
agglomerate in the presence of strong magnetism, which inevitably results in a reduction
of the adsorption capacity and catalytic activity [13]. To overcome the shortcomings of
single-phase materials [14,15], the design of composite materials has become a focus of
today’s research. For example, core-shell structure Fe3O4/TiO2 nanoparticles were success-
fully manufactured to enhance photocatalytic performance [16–18], Glutathione-coated
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Fe3O4 was applied in an enhanced photo-Fenton system [19], a novel composite material
of g-C3N4/Fe2O3/Fe3O4 was used to degrade Orange II via a visible-light Fenton sys-
tem [20], hydrothermally synthesized C/Fe3O4 nanoparticles were used as Fenton-like
catalysts with high-performance for dye decolorization [21], a Fe3O4/WO3 core-shell pho-
tocatalyst loaded on UiO-66(Zr/Ti) nanoflakes was successfully synthesized to enhance
photo-oxidation capacity [22], and a Fe3O4/CuO@C composite from MOF-based materials
was used as a magnetic separation photocatalyst for the degradation of antibiotics [23].
Compared with combinations of Fe3O4 and metal oxides or polymer shells, the combina-
tion with carbon shells has a broader range of practical applications thanks to its stability
in acid-base solutions and in high-temperature and high-pressure conditions [24]. Additon-
ally, carbon-based materials are complementary to magnetite because of their conjugated
π-electron effect, high porosity, and large specific surface area [25]. Owing to the unique
properties of carbon-modified magnetite nanoparticles, such as ease of separation, nontoxi-
city, and convenient regeneration, these nanoparticles represent a promising method for
dye wastewater treatment.

Synthesis methods of carbon-modified magnetite nanoparticles mainly include co-
precipitation [26–28], the impregnation method [29,30], and hydrothermal carbonization
processes [6,15,31], where high production costs and complicated preparation routes ham-
per industrial production and reduce the feasibility of using these materials to treat dye
wastewater on an industrial scale. Hence, the development of a promising method for the
preparation of high-performance Fe3O4@C particles for industrial production is significant.
Recently, the synthesisis of nanoparticles by the solid-phase method has drawn much
attention because of its low-cost and ease of industrial production. Peng Wang et al. [32]
employed the solid-phase method to manufacture Fe3O4@C nanoparticles using α-Fe2O3
nanoparticles and acetylene black as raw materials. Kan Wang et al. [33] calcined α-Fe2O3
nanoparticles in an acetylene atmosphere to obtain γ-Fe2O3@C nanoparticles, and then cal-
cined the γ-Fe2O3@C nanoparticles in an N2/H2 (5% H2) atmosphere to acquire Fe3O4@C
nanoparticles. Zhang et al. [34] manufactured porous carbon/Fe3O4 by the calcination of
waste cigarette filters immersed in ferric nitrate solution. However, these solid-phase meth-
ods contain a two-step reaction, where the involvement of the solvent and the synthesis of
precursors cannot be avoided [35,36], which represents an obstacle to large-scale industrial
production. In our previous research, we [37] put forward a new solid-phase reduction
process for the synthesis of pure Fe3O4 nanoparticles with a relatively large particle size,
i.e., ~50 nm; however, severe agglomeration caused a low surface area, i.e., 10.6 m2/g,
which represented one aspect requiring improvement.

In this study, we propose an in situ, solid-phase method to fabricate Fe3O4@C nanopar-
ticles with core-shell structure using FeSO4, FeS2, and PVP K30 as raw materials. Character-
ization of X-ray powder diffraction (XRD), Fourier transform infrared (FT-IR) and Raman
spectra, High-resolution transmission electron microscopy (HRTEM), Brunauer-Emmett-
Teller (BET) method, Vibrating Sample Magnetometer (VSM), and X-ray photoelectron
spectroscopy (XPS) were applied to explore properties of the Fe3O4@C nanoparticles. The
target dye was methylene blue (MB), as it is widely used. The effects of the experimental
conditions, adsorption kinetics, and isothermal adsorption were investigated. Furthermore,
a Fenton-like reaction was conducted to synergistically degrade high concentration MB,
and the synergism between adsorption and the Fenton-like reaction was evaluated. This
study presents a facile, in situ, solid-phase method to synthesize Fe3O4@C nanoparticles
for potential industrial-scale production and high-concentration dye wastewater treatment.

2. Materials and Methods

2.1. Materials

Analytical reagents of FeSO4·7H2O (99%, Chengdu Kelong Chemical Co, Ltd. Chengdu,
China), FeS2, (98%, Beijing Hawk Science and Technology Co., Ltd. Bejing, China), PVP K30
((C6H9NO)n, 99%, Shanghai Yuanye Biotechnology Co., Ltd. Shanghai, China), tert-butanol
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(99%, Chengdu Kelong Chemical Co, Ltd. Co., Ltd. Chengdu, China), and H2O2 (30%,
Chengdu Kelong Chemical Co, Ltd. Chengdu, China) were used without further purification.

2.2. Fabrication of Fe3O4@C Nanoparticles

The fabrication procedure of the Fe3O4@C nanoparticles comprised the following
steps: (i) FeSO4·7H2O was dried at 180 ◦C for 360 min to remove water, yielding FeSO4·H2O,
FeS2, and PVP K30, which were also dried at 80 ◦C until constant weight was achieved.
(ii) Then, 15 g FeSO4·H2O, 1.0 g FeS2, and 0.8 g PVP K30 were put into an omnidirectional
planetary ball mill and ground for 30 min to obtain a homogeneous mix. (iii) The mixture
was placed in a tube furnace at a given heating program (reaction temperature: 500 ◦C,
heating rate: 10 ◦C/min) under a nitrogen atmosphere. (iv) After calcining, the product
was cooled to ambient temperature under nitrogen. (v) The product was removed and
washed with deionized water two times, before vacuum drying at 80 ◦C until constant
weight was achieved.

2.3. Experimental Procedure for Decolorization of MB

Adsorption:
(1) A certain number of Fe3O4@C nanoparticles were added to 50 mL MB solutions

with various concentrations; these mixtures were then placed on a thermostatic shaker.
(2) After starting the thermostatic shaker, the Fe3O4@C nanoparticles were extracted by
a magnet from the heterogeneous solution at selected interval times. (3) A UV-vis spec-
trophotometer was then used to determine the concentration of methylene blue.

Fenton-like reaction:
(1) A certain number of Fe3O4@C nanoparticles were added to 50 mL MB solutions

with various concentrations; these mixtures were then placed on a thermostatic shaker
(2) After running the thermostatic shaker for 60 min to achieve adsorption equilibrium, a
certain amount of H2O2 (30%) was quickly added to the heterogeneous solution to initiate
a Fenton-like reaction. (3) Then, 5 mL of the tert-butanol solution (AR) was put into the
heterogeneous solution at selected times to inhibit the Fenton-like reaction; the mixture
was then centrifuged to remove solid particles. (4) The supernatant liquid obtained from
the serum by centrifuge was subjected to a UV-vis spectrophotometer analysis to determine
the concentration of methylene blue. Furthermore, pure Fe3O4 nanoparticles synthesized
according to our previous study [37] were used to compare the decolorization efficiency.

2.4. Adsorption Kinetic and Interparticle Diffusion Study

The adsorption kinetic models applied in this study were the pseudo-first-order
model (Equation (1)), pseudo-second-order model (Equation (2)) [6], and the Elovich model
(Equation (3)) [38].

In (qe − qt) = In (qe) − k1t (1)

t
qt

=
1

k2q2
e
+

t
qe

(2)

qt =
1
β

In (1 + αβt) (3)

where qt (mg/g) is the adsorption capacity at adsorption time t, k1 (min−1) and k2 (min−1)
are the rate constants of the pseudo-first-order and pseudo-second-order models, respec-
tively, α is the initial adsorption rate (mg/g·min−1), and β is the desorption constant (g/mg)

The adsorption rate (mg/g min) at the beginning of adsorption was calculated as follows:

h = k2q2
e (4)
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The control-step of the MB adsorption by the Fe3O4@C nanoparticles was determined
by the Weber and Morris model [10]. The expression of the Weber and Morris model may
be depicted as followed:

qt = Kdi f t1/2 + ε (5)

where Kdif (mg/g min1/2) is the diffusion rate constant within the adsorption process and ε
(mg/g) is the dimensionless constant.

2.5. Adsorption Isotherm Study

The relevance between the equilibrium adsorption capacity of Fe3O4@C nanoparticles
at different adsorption temperatures and the remaining MB concentration was investigated
using adsorption isotherms models. Adsorption isotherm experiments were conducted
at 25 ◦C, 35 ◦C, and 45 ◦C. Langmuir, Freundlich, Redlich-Peterson, and Temkin models
were introduced to describe the adsorption category [39–41]; expressions are shown as
Equations (6)–(9).

qe =
qmaxkLCCequ

(1 + kLCCequ)
(6)

qe = KFC C1/n
equ (7)

qe =
KRCequ

(1 + aRCα
equ)

(8)

qe = B In(ACequ) (9)

where kLC and KFC are the Langmuir and Freundlich constant, respectively, KR and aR are
the characteristics of the R-P isotherm model, B is the Temkin constant, A is the equilibrium
binding constant, and Cequ is the MB concentration at adsorption equilibrium.

2.6. Characteristic Methods

The crystalline structure of the products was verified by XRD (Empyrean, PANalytical,
Alemlo, The Netherlands). FT-IR spectroscopy (PerkinElmer Frontier, Waltham, MA,
USA) and the Raman spectroscopy (LabRAM HR, Horiba Scientific, Paris, France) were
utilized to determine the surface functional radicals of the products. The HRTEM (FEI
Talos F200x, Hillsboro, OR, USA) measured the particle morphology, primary particle size,
and lattice of the products. The N2 adsorption/desorption curves were analyzed by the
standard BET method (77 K, NOVA1000e analyzer) to estimate the specific surface area
and the corresponding pore structure of the products. The MB solution concentration
was measured with a spectrophotometer (664 nm, V-5800, Metash instrument, Shanghai,
China), and the intermediates produced under the process of Fenton-like reaction were
determined using the LC-MS (Thermo Scientific TSQ Quantum, Waltham, MA, USA). The
concentration of leaching iron ions after decolorization was measured using the ICP-AES
(DV 7000, Waltham, MA, USA).

3. Results

3.1. Characterization of the Fe3O4@C Nanoparticles

The XRD pattern of the Fe3O4@C nanoparticles shown in Figure 1 indicated that the
characteristic peaks of Fe3O4@C nanoparticles were consistent with the crystal planes of
the PDF standard card (JCPDS 00-019-0629) of magnetite [42]. The broad peak found at
2θ = 21.6◦ was the characteristic reflection of carbon [43]. Furthermore, the crystallite sizes
measured by Debye-Scherrer’s equation [44] in the light of the strongest diffraction peak
(311) was 20.6 nm.

The FT-IR and Raman spectra of the Fe3O4@C nanoparticles are shown in Figure S1.
As shown in Figure S1a, the peaks emerging at 3400 cm−1, 1636 cm−1, 1123 cm−1, and
565 cm−1 corresponded to the stretching vibration of the -OH bond [37], the stretching
vibration of C=O in amide bond derived from the pyrolysis of the PVP 30 [45], the stretching
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vibration of the SO4
2− of the residual ferrous sulfate [46], and the stretching vibration

of the Fe3+-O [47], respectively. Figure S1b demonstrates that the G band (Graphite)
and D band (disordered) of the carbon-carbon bonds could be seen at 1580 cm−1 and
1350 cm−1, respectively [48,49]. The peak found at 1180 cm−1 was the A1g symmetry
vibration of the disordered graphitic lattice [50]. Also, the observed diffraction peak at
about 670 cm−1 was indexed to the A1g mode of magnetite [51]. Therefore, the FT-IR
spectroscopy and Raman spectroscopy further demonstrated that Fe3O4@C nanoparticles
had been successfully obtained.

 
Figure 1. The XRD pattern of the Fe3O4@C nanoparticles.

The HRTEM graphs presented in Figure 2a,b show that the morphology of the
Fe3O4@C nanoparticles was spherical, with a core-shell structure. The primary parti-
cle diameter was ~30 nm and the thickness of the carbon-shell was ~2 nm. Figure 2c
demonstrates that the interlayer spacing of the lattice fringes was 0.26 nm, which closely
matched the d-spacing of the (311) plane in cubic Fe3O4. The SAED micrograph shown
in Figure 2d further verified the polycrystalline structure of the Fe3O4@C nanoparticles,
where the diffraction rings could be ascribed to the (220), (311), (400), (511), and (440)
planes of Fe3O4.

The specific surface area of the Fe3O4@C nanoparticles, calculated by the BET method,
according to the N2 adsorption/desorption isotherm curves was 37.74 m2/g; see Figure
S2a. The average pore diameters and pore volume estimated by the BJH method according
to the pore distribution, displayed in the inset of Figure S2a, was 3.78 nm and 0.227 cm3/g,
respectively. The magnetic property of the Fe3O4@C nanoparticles determined the ease of
the separation of the particles in a heterogeneous solution. The magnetic hysteresis loops
of the Fe3O4@C nanoparticles measured by the VSM at 298 K are displayed in Figure S2b,
and showed a superparamagnetic feature. The saturation magnetization was 77 emu/g,
which was lower than the values reported in the literature [52,53]. The lower saturation
magnetization of the as-synthesized Fe3O4@C nanoparticles might have been due to the
coating of the carbon-shell. The coercivity value was found to be only 0.16 kOe and the
remnant magnetization was 12.8 emu/g.
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Figure 2. (a–c) The HRTEM graphs of the Fe3O4@C, and (d) the SAED micrograph of the Fe3O4@C.

3.2. Adsorption Studies

The adsorption of MB was the first step of the decolorization of MB. Figure 3 shows
the effect of the adsorbent dosages, initial MB concentrations, temperatures, and initial
pH values on the adsorption of MB. Figure 3a illustrates that when the adsorbent dosage
increased to 2.0 g/L, the adsorption capacity decreased and the adsorption efficiency
increased; this was due to the increase of adsorbent dosage that likely increased the
adsorption activate site, thereby increasing the adsorption efficiency and decreasing the
MB adsorbed per unit mass. Figure 3b shows that as the initial MB concentration increased,
the adsorption efficiency gradually declined and the adsorption capacity increased; this
was because the addition of the initial MB concentration likely raised the concentration
gradient between the MB solution and the Fe3O4@C nanoparticles. Additionally, the
increase of initial MB concentration increased the probability of the MB molecules coming
into contact with the active sites on the surface of the adsorbent, so the adsorption capacity
for MB improved. Figure 3c implies that the higher the adsorption temperature, the lower
the adsorption efficiency, suggesting that the adsorption process was exothermic. Figure
3d reveals that the adsorption capacity and efficiency increased with the initial increase in
pH. This was due to the fact that MB is a kind of cationic dye, and a basic solution would
reduce the competition between the H+ and MB ions, thereby offering more active sites for
MB ions [54].
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Figure 3. The (a) adsorbent dosages, (b) initial MB concentrations, (c) temperatures, and (d) effect of the initial pH values
on the adsorption of MB.

3.3. Adsorption Kinetics and Interparticle Diffusion Analysis

The adsorption mechanism of MB by the Fe3O4@C nanoparticles synthesized by an
in situ, solid-phase method is described by adsorption kinetics and interparticle diffusion
analyses. It may be seen in Figure 4a that at different initial MB concentrations, the adsorp-
tion capacity curve followed the same tendency, and the adsorption capacity increased
with the increasing initial CMB. Figure 4b,c displays the linear forms of the kinetics model.
The correlation coefficients (R2) and the rate parameters fitted by the kinetic models are
given in Table 1. By comparing Figure 4b,c, it is obvious that the pseudo-second-order
model better describes the kinetic behavior than the pseudo-first-order model. Addition-
ally, Table 1 also clearly shows that the theoretical adsorption capacity calculated from the
pseudo-second-order model provided more accurate results in comparison to the values of
the actual adsorption capacity. Furthermore, due to the fact that traditional linear transfor-
mation techniques used in adsorption study often misinterpret adsorption processes [55],
nonlinear kinetics models were also applied to interpret the adsorption process; the results
were shown in Figure S5 and Table S2. As shown in Figure S5 and Table S2, regardless of
the linear or nonlinear forms of the kinetics model, the pseudo-second-order model fitted
better with the adsorption behavior, while the theoretical adsorption capacity calculated
from the pseudo-second-order model was more accurate regarding the values of the actual
adsorption capacity. The Weber and Morris model determined the rate-limiting steps of the
adsorption process. Figure 4d shows a graph of qt versus t1/2, while the parameters of the
interparticle diffusion model of MB adsorption are illustrated in Table 2. The results of the
plots shown in Figure 4d presented multilinearity and the intercept was not 0; as such, the
adsorption process of MB on Fe3O4@C nanoparticles included interparticle diffusion and
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boundary layer diffusion [6]. Additionally, the heterogeneous diffusion process controlled
by the reaction rate and diffusion factor, including a series of reaction mechanisms such as
the diffusion of solutes at the liquid phase or interface, surface activation, and deactivation,
was described by the Elovich model; the results are shown in Figure S6 and Table S3. The α
values of the Elovich model were much higher than the β values, indicating that the adsorp-
tion rate was much higher than the desorption rate [38]. In addition, the R2 values of the
Elovich model were higher than those of both the pseudo-first- and pseudo-second-order
models, suggesting that the Elovich model best represents the experimental kinetic data.

 
Figure 4. Adsorption kinetics of MB by the as-synthesized Fe3O4@C nanoparticles: (a) effect of adsorption time on
adsorption capacity; (b) pseudo-first-order; (c) pseudo-second-order; (d) interparticle diffusion model. (T = 25 ◦C, initial pH
value = 6.0, adsorbent dosage: 2.0 g/L).

Table 1. Kinetic parameters for adsorption of methyl blue on Fe3O4@C nanoparticles.

Cini
g·L−1

qe(expe)
mg/g

Pseudo-First-Order Kinetics Pseudo-Second-Order Kinetics

k1
min−1

qe(calc)
mg/g

R2
1

k2
g/mg·min

qe(calc)
mg/g

R2
2

h
mg/mg·min

20 9.809 0.1018 0.9962 0.9704 0.3924 9.827 0.9992 37.89
30 12.84 0.1133 2.445 0.9795 0.1464 12.93 0.9997 24.47
40 15.29 0.1262 4.333 0.9862 0.0794 15.51 0.9990 19.10
50 17.26 0.1369 4.718 0.9784 0.0775 17.48 0.9991 23.68
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Table 2. The parameters of the interparticle diffusion model of methyl blue adsorption.

Cint
mg/L−1

Kdif, 1

mg/g·min0.5
εdif, 1
mg/g

R2
di f , 1

Kdif, 2

mg/g·min0.5
εdif, 2
mg/g

R2
di f , 2

20 0.3964 8.336 0.8735 0.0610 9.369 0.8126
30 0.9254 9.336 0.9735 0.1353 11.86 0.8196
40 0.8963 10.98 0.9699 0.3039 13.17 0.6355
50 1.0562 12.60 0.9671 0.2554 15.45 0.7411

3.4. Adsorption Isotherm Study

An adsorption isotherm study was used to analyze the relationship between the equi-
librium adsorption capacity of the Fe3O4@C nanoparticles and the remaining concentration
of the MB solution at a selected temperature [56]. Figure 5 and Table 3 display the Lang-
muir, Freundlich, Redlich-Peterson, and Temkin models and the fitting parameters of the
MB adsorption by the Fe3O4@C nanoparticles. It may be seen in Figure 5 and Table 3 that
the R2 of the Langmuir model was lower than those of the Freundlich, Redlich-Peterson,
and Temkin models, indicating that the adsorption of MB on the Fe3O4@C nanoparticles
was not a single-layer adsorption on a uniform surface [3]. The Freundlich model was
based on multilayer adsorption on a reversible heterogeneous surface, considering that
the Fe3O4@C nanoparticles tend to agglomerate because of their magnetic characteristics.
As such, the Freundlich model may be more appropriate for describing the adsorption
behaviour [4]. However, the Redlich-Peterson model showed a higher value of R2 com-
pared to the Freundlich model, which implied that the adsorption behaviour of MB on the
Fe3O4@C nanoparticles possessed a hybrid characteristic of the traditional Langmuir and
Freundlich models. Therefore, the Redlich-Peterson model could be used to describe the
relationship between the equilibrium adsorption capacity of the Fe3O4@C nanoparticles
and the remaining concentration of the MB solution under a selected temperature. The
Temkin model considered the effects of the indirect adsorbate/adsorbent interactions on
the distribution of adsorption heat and binding energies. The R2 values were all above 0.98,
which further demonstrated that the adsorption active sites on the Fe3O4@C nanoparticle
surfaces were not uniform, and the increase of temperature likely reduced the binding
ability between the MB molecules and the Fe3O4@C nanoparticles.

3.5. Fenton-Like Reaction

By only carrying out adsorption, the adsorption efficiency of Fe3O4@C nanoparticles
on MB of 100 mg/L was lower than 40%. In this case, H2O2 was used as an additive
to activate a Fenton-like reaction in order to achieve synergetic degradation of a high
concentration of MB. The influence of the operational parameters on MB decolorization is
displayed in Figure 6. Figure 6a depicts the effect of Fe3O4@C nanoparticle dosage on MB
decolorization by Fenton-like reaction. With an increase of Fe3O4@C nanoparticle dosage
from 1.0 g/L to 3.0 g/L, the decolorization efficiency rose from ~50% to ~99%. However,
with a further increase to 4.0 g/L, the decolorization efficiency decreased; this result was
caused by the excessive iron species, which led to competitive scavenging of radicals with
MB molecules, thereby decreasing the decolorization efficiency [57]. Figure 6b shows that
as the concentration of H2O2 increased from 15 mM to 30 mM, the decolorization rate and
efficiency increased significantly, and when the concentration of H2O2 reached 45 mM,
the decolorization rate and efficiency exhibited no difference compared with 30 mM of
H2O2. Normally, more H2O2 led to a higher decolorization efficiency, but excess H2O2
also resulted in a reaction with •OH to form HO2•, which delayed MB decolorization [58].
From Figure 6c, it may be seen that although higher temperatures were not favorable to
the adsorption reaction, for the Fenton reaction, the decolorization rate and efficiency were
higher at high temperatures. The initial pH value was an important parameter for the
Fenton-like reaction, as this could strongly influence the amount of •OH radicals produced
by the leaching Fe2+ and H2O2. As shown in Figure 6d, the higher pH values resulted in
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higher adsorption efficiency, while lower pH values were more favorable for the leaching
of iron ions, which accounted for higher decolorization efficiency and rate.

 
Figure 5. Adsorption isotherms of (a) Langmuir model, (b) Freundlich model, (c) Redlich-Peterson model, and (d) Temkin
model for methylene blue adsorption by Fe3O4@C nanoparticles. (Time: 1 h, initial pH: 7.0, the adsorbent dosage of 2.0 g/L).

Table 3. Parameters of the Langmuir and Freundlich adsorption isotherm models for MB adsorbed
on Fe3O4@C nanoparticles.

Temp.
◦C

Langmuir Freundlich

qmax

mg/g
kLC

L/mg
R2

L
KFC

g/mg·min
1/n R2

FC

25 16.00 0.8955 0.8954 8.060 0.2365 0.9643
35 14.19 0.7804 0.8711 6.486 0.2503 0.9939
45 13.69 0.4383 0.9021 5.468 0.2779 0.9800

Temp.
◦C

Redlich-Peterson Temkin

aR
(L/mg)α

KR
L/mg

R2
R B A

L/mg
R2

T

25 5.963 58.11 0.9830 2.488 29.36 0.9873
35 5.496 43.11 0.9971 2.450 19.26 0.9874
45 3.762 25.03 0.9878 2.254 8.159 0.9804
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Figure 6. (a) Adsorbent dosage, (b) H2O2 concentration, (c) temperature, and (d) initial pH affections on the decolorization
efficiency of MB. Except for the studied parameters, other parameters were fixed at pH = 5.0, Fe3O4@C = 2.0 g/L, [H2O2] =
30 mM, [MB] = 100 mg/L, and temperature 25 ◦C.

In this study, the concentration of MB solution was much higher than that in most of
the literature, and the dosage of the catalysts and H2O2 was not excessive. A comparison of
different catalysts for MB degradation through the Fenton-like reaction is shown in Table 4.

Table 4. The comparison of different catalysts for MB degradation through the Fenton-like reaction.

Catalysts
[Catalysts]

(g/L)
[H2O2]
(mM)

[MB]
(mg/L)

Removal
Efficiency

Ref.

MnMg/Fe LDH 1.0 10 20 93% in 300 min [59]
Fe3O4/CuO 1.6 32 10 95% in 120 min [60]

MPCMSs 2.0 16 40 ~100% in 25 min [61]
Fe3O4/rGO 0.3 60 10 ~99% in 120 min [62]

Fe3O4/C 0.5 90 10 ~100% in 60 min [63]
Fe3O4/rGO aerogel 0.3 20 50 ~100% in 360 min [64]

Fe2O3 0.5 30 10 ~70% in 420 min [65]
MIL-68(Fe) 0.2 50 20 ~100% in 40 min [66]

CuCr2O4/CeO2 1.0 4 10 ~80% in 20 min [67]
CuFe2O4/Cu@C 0.5 16 20 ~100% in 30 min [68]

Fe3O4@C 2.0 30 100 ~99% in 180 min This study
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3.6. The Mechanism of the Decolorization of MB

A comparison of the Fenton-like catalytic activity between Fe3O4@C nanoparticles
and pure Fe3O4 nanoparticles was made for the removal of 100 mg/L MB for 180 min
with a Fe3O4@C dosage of 2.0 g/L, an initial pH value of 3.0, and a temperature of 25 ◦C;
see Figure 7. According to Figure 7, the pure Fe3O4 nanoparticles exhibited much lower
decolorization of MB (~34%) than the Fe3O4@C nanoparticles (~99%).

Figure 7. Comparison of Fenton-like catalytic activity between Fe3O4@C nanoparticles and pure
Fe3O4 nanoparticles.

This remarkable difference in decolorization efficiency was because the carbon-shell
could adsorb more MB molecules and H2O2 molecules to produce more radicals (•OH),
thereby accelerating the removal of the MB in the solution. Based on the results of the
Raman spectrum and FT-IR spectrum, the carbon-shell on the Fe3O4 nanoparticles was
mostly amorphous (ID/IG = 1.2) and the main bonds on the surface were C=O and C-N.
The carbon-shell, rich in the functional groups, could easily adsorb the MB molecules
and H2O2 molecules to initiate the Fenton-like reaction on the particle surface. Addi-
tionally, the carbon-shell also inhibited particle growth, thereby increasing the specific
surface area and providing more adsorption active sites. The Zeta potential of the Fe3O4@C
nanoparticles, displayed in Figure 8a, suggested that the pHZPC of the Fe3O4@C nanopar-
ticles was 9.26, which meant that the surface of Fe3O4@C nanoparticles was negatively
charged. As MB is a cationic dye with a positive charge, the electrostatic attraction and
conjugated π-electron effect were the primary mechanisms for the adsorption of MB on the
Fe3O4@C nanoparticles.

The FT-IR spectra of Fe3O4@C nanoparticles, Fe3O4@C nanoparticles after adsorption
of MB, and Fe3O4@C nanoparticles after Fenton-like reaction, as shown in Figure 8b,
further confirmed this hypothesis. Figure 8b shows that after adsorption of MB, new peaks
emerged at 878 cm−1 and 1046 cm−1, which were assigned to the C-H in the benzene ring
and the rocking vibration of -CH3, while the peaks at 2977 cm−1 and 2922 cm−1 were
ascribed to the stretching vibration of -CH3, indicating that the MB had been adsorbed by
the nanoparticles [69]. However, after the Fenton-like reaction was complete, the FT-IR
spectra showed no difference compared to Fe3O4@C nanoparticles, indicating that the MB
had been successfully degraded. In addition, XPS was used to investigate the valence
changes of the Fe3O4@C nanoparticles before and after adsorption and Fenton-like reaction.
As displayed in Figure 8c, the peak of C1s could be deconvoluted to the peaks of C-C/C=C,
C-N/C-O, and C=O [70]. The ratio of C-N/C-O after adsorption of MB increased from
27.15% to 45.05%, suggesting that the MB molecules had been successfully adsorbed on
the surface of the Fe3O4@C nanoparticles. However, when the Fenton-like reaction was
complete, the ratio of C-N/C-O decreased from 45.05% to 40.42% and the ratio of C=O
increased from 14.48% to 18.11%, suggesting that part of the carbon-shell had been oxidized
during the Fenton-like reaction [63]. Furthermore, the peak of C-C/C=C of the Fe3O4@C
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nanoparticles at the binding energy of 284.60 eV shifted to 284.30 eV, which was caused
by the oxidation of unstable amorphous carbon and the exposure of graphite. The peaks
of Fe2p, as shown in Figure 8d, indicated that the Fenton-like reaction triggered on the
surface of nanoparticles resulted in a change of the ratio of Fe(III)/Fe(II) from 2.01 to 2.38,
because a small amount of Fe(II) was oxidized to Fe(III).

 
Figure 8. (a) The Zeta potential of the Fe3O4@C nanoparticles, the (b) FT-IR spectra, (c) C1s spectra, and (d) Fe2p spectra of
the Fe3O4@C nanoparticles, Fe3O4@C nanoparticles after adsorption, and Fe3O4@C nanoparticles after Fenton-like reaction.

The proposed mechanism of degradation of MB is shown in Figure 9. Firstly, the
Fe3O4@C nanoparticles could easily adsorb MB and H2O2 molecules due to electrostatic
attraction and the conjugated π-electron effect. Then, the H2O2 molecules could react with
the Fe ions to generate •OH to degrade MB molecules. The excessive •OH would diffuse
into the solution to degrade more MB, and the Fe3O4@C nanoparticles would continuously
adsorb MB molecules for synergetic degradation. Thus, by employing the Fenton-like
reaction to promote adsorption, the degradation ability for high concentration MB was
significantly enhanced.
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Figure 9. The activation mechanism of H2O2 on Fe3O4@C nanoparticles.

3.7. Possible Degradation Pathways of MB

The possible degradation pathways of MB were determined by LC-MS analysis; the
ESI mass spectra results at reaction times of 1 h and 3 h are presented in Figures S3 and S4,
and the possible intermediate degradation products of MB are presented in Table S1. From
Figure S3, it may be seen that at a reaction time of 1 h, the initial reaction step was the
demethylation of MB to form Azure A (m/z = 270), B (m/z = 256), and C (m/z = 241).
Meanwhile, the degradation of the chromophoric group was detected where the electronic
reorganization led to a change of C-S+=C to C-(S=O)-C and the break of C-N-C to form
C-NH2 [71,72]. Then, under the attack of •OH, the aromatic groups were continuously
destroyed, giving rise to smaller intermediate products at m/z = 173, 158, 149, 136, 117,
103, and 85 [73–75]. Figure S4 indicates that the main structure of the MB molecule was
destroyed at a reaction time of 3 h, and only smaller intermediate products were detected
by the ESI mass spectra, indicating that the MB molecule had been successfully degraded.
The possible degradation pathways of MB are displayed in Scheme 1. In addition, after 3 h
of the MB removal (conditions: 100 mM MB, 30 mM H2O2, 2 g/L Fe3O4@C nanoparticles,
40 ◦C, and initial pH value of 3.0), the removal efficiency of TOC reached 82.38%, where
the remaining TOC in water was 14.90 mg/L, indicating that most of the methylene blue
molecules had been completely mineralized, and that those that had not had at least been
decomposed into small molecular intermediates.

3.8. The Recyclability Tests of the Fe3O4@C Nanoparticles

Recycling experiments were implemented to examine the stability of the Fe3O4@C
nanoparticles. As shown in Figure 10, the decolorization ratio remained ~97% after five cy-
cles of use under the optimum conditions, which indicated excellent stability. Furthermore,
the leaching of iron ions, as determined by ICP-OES, was 1.14 mg/L after the decoloriza-
tion process, suggesting that ions leached from Fe3O4@C nanoparticles would not give
rise to secondary pollution. The stability of the carbon-shell with respect to reaction with
•OH radicals was determined using a carbon-sulfur analyzer. The results shown in Figure
S7 suggested that the carbon contents in the Fe3O4@C nanoparticles reduced from 1.47
wt.% to 1.17 wt.% after five usage cycles, indicating the relatively high stability of the
carbon-shell. Figure S8 also demonstrates that the reduction of the carbon contents in the
Fe3O4@C nanoparticles resulted in a reduction of the adsorption efficiency from 32.5%
to 24.1% after five usage cycles; however, after employing the Fenton-like reaction, the
final decolorization of the MB remained ~97% after five usage cycles, indicating excellent
stability of the Fe3O4@C nanoparticles.
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Scheme 1. The possible degradation pathway of MB.
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Figure 10. The decolorization efficiency of the Fe3O4@C nanoparticles. (Conditions: 100 mM MB,
30 mM H2O2, 2 g/L Fe3O4@C nanoparticles, the temperature of 40 ◦C, and initial pH value of 3.0).

4. Conclusions

Fe3O4@C nanoparticles were fabricated by an in situ, solid-phase method without any
precursors, and were employed for the decolorization of MB. Characterization showed
that the Fe3O4@C nanoparticles had been successfully prepared with a primary particle
size of ~30 nm and a carbon-shell with a thickness of ~2 nm. The XPS and FT-IR spectra
demonstrated that the carbon-shell mainly comprised C=O and C-N bonds. The specific
surface area, average pore diameters, and pore volume of the Fe3O4@C nanoparticles was
37.74 m2/g, 3.78 nm, and 0.227 cm3/g, respectively. The saturation magnetization, coerciv-
ity, and remnant magnetization of the Fe3O4@C nanoparticles was 77 emu/g, 0.16 kOe, and
12.8 emu/g, respectively. The as Fe3O4@C nanoparticles showed a much lower average
particle size and much higher specific surface area compared to pure Fe3O4 nanoparticles
synthesized by the solid-phase method, demonstrating that the adjunction of PVP K30
in the solid-phase method significantly improved the particle properties. Moreover, it
was shown that the Fe3O4@C/H2O2 system could effectively decolorize MB through the
simultaneous involvement of the adsorption and Fenton-like process, where the carbon-
shell provided adsorption active sites for MB and H2O2 molecules, while the core Fe3O4
provided Fe ions to stimulate the Fenton-like reaction. The maximum adsorption capac-
ity of Fe3O4@C nanoparticles for MB was 18.52 mg/g, and the adsorption kinetic was
well-fitted by the Elovich model, indicating that the adsorption process was a heteroge-
neous diffusion process. Additionally, the Redlich-Peterson adsorption isotherm model
could better describe the adsorption behavior, implying that the adsorption active sites
on the surface of the Fe3O4@C nanoparticles were not uniform, and that the increase of
temperature reduced the binding ability between the MB molecules and the Fe3O4@C
nanoparticles. Also, to degrade higher concentrations of methylene blue solution, H2O2
was added after the adsorption equilibrium to stimulate the Fenton reaction. The removal
efficiency of 100 mg/L MB reached ~99% by Fe3O4@C nanoparticles after 3 h, and the
maximum decolorization of the MB was still more than 97% after five usage cycles. Com-
pared to the efficiency of different catalysts for MB degradation described in the literature,
the Fe3O4@C nanoparticles proposed in this paper could degrade MB of much higher
concentration without excessive usage of catalyst or H2O2. The leaching iron ions in the
solution, as determined by ICP-OES, constituted 1.14 mg/L, suggesting that the Fe3O4@C
nanoparticles had good stability. The possible degradation pathways of the MB molecule
were determined by LC-MS: demethylation, chromophoric group crack, and aromatic ring
opening to form smaller fragments. The primary limitations of this study are that the
raw materials to synthesize Fe3O4@C nanoparticles were all analytical, pure reagents, and
that application in real dye wastewater has not been studied. In future research, we will
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focus on the use of titanium dioxide waste residue (~90% FeSO4·7H2O) and pyrite (~75%
FeS2) to synthesize the Fe3O4@C nanoparticles by the in situ, solid-phase method, and its
application in real dye wastewater. In conclusion, this study describes a promising method
for the industrial production of Fe3O4@C nanoparticles and their potential for industrial
treatment of high concentration dye wastewater.

Supplementary Materials: The following are available online at https://www.mdpi.com/2079-4
991/11/2/330/s1, Figure S1: The (a) FT-IR spectroscopy and (b) Raman spectroscopy of the as-
synthesized Fe3O4@C nanoparticles, Figure S2: (a) The N2 adsorption/desorption isotherm curves
and (b) the magnetic property of the Fe3O4@C nanoparticles, Figure S3: The non-linear forms of the
kinetics model. (a) pseudo-first-order model, (b) pseudo-second-order model, Figure S4: The Elovich
kinetics model of the adsorption, Figure S5: ESI mass spectra of different retention time at the reaction
time of 1 h, Figure S6: ESI mass spectra of different retention time at the reaction time of 3 h, Figure S7:
The carbon contents of the Fe3O4@C nanoparticles after repeated use, Figure S8: The recyclabitily test
of the Fe3O4@C nanoparticles (Conditions: 100 mM MB, 30 mM H2O2, 2 g/L Fe3O4@C nanoparticles,
the temperature of 40°C, and initial pH value of 3.0), Table S1: Kinetic parameters for adsorption of
methyl blue on Fe3O4@C nanoparticles, Table S2: The Elovich kinetic parameters for adsorption of
methyl blue on Fe3O4@C nanoparticles, Table S3: The possible intermediate degradation products
of MB.
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