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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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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, Fe304, TiO;, 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 Fe304@C nanoparticles for the decolorization of high concentrations of methylene
blue. According to the obtained results, an easy method for producing Fe;O0,@C nanoparti-
cles with excellent catalytic reactivity is presented, representing a promising approach for
the industrial production of Fe;0,4@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/Fe304) 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)
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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 Pefiaranda 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~> M and 107> M
in mineral and river water matrices. Ramirez-Rodriguez 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-C3Ny) using a solution method for the successful extraction of
arsenic (III), pointing out that a ZnO-CuO/g-C3N, 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. Toéth et al. [20] presented the effect of different phosphate
sources on the synthesis and photocatalytic activity of AgzPOy for pollutants degrada-
tion. These authors concluded that Agz;POs-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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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

Citation: Giannoulia, S.; saturated HNC with low energy requirements (16.67 Wh/g-adsorbent) in contrast to Fenton oxidation.
Triantaphyllidou, I-E.; Most importantly, the enhanced adsorption capacity of the CAP-regenerated HNC (compared to
Tekerlekopoulou, A.G.; raw HNC), when applied in new adsorption cycles, indicated its activation during the regeneration

Aggelopoulos, C.A. Mechanisms of process. The present study provides a green, sustainable and highly effective alternative for water

Individual and Simultancous remediation where pharmaceutical and dyes co-exist.
Adsorption of Antibiotics and Dyes
onto Halloysite Nanoclay and . . . .
Keywords: adsorption; nanoclays; halloysite; methylene blue; enrofloxacin; regeneration; cold
Regeneration of Saturated Adsorbent
via Cold Plasma Bubbling.
Nanomaterials 2023, 13, 341. https://

doi.org/10.3390/nano13020341

atmospheric plasma

Academic Editor: Fernanda Cassio 1. Introduction

Received: 19 December 2022 Water pollution is regarded as a serious environmental problem with particularly
Revised: 6 January 2023 negative impacts on modern societies [1]. Pharmaceuticals and dyes are usually present in
Accepted: 11 January 2023 aquatic systems and are responsible for adverse ecological and human health effects. In
Published: 13 January 2023 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
Attribution (CC BY) license (https:// is one of the most efficient, easy-to-apply and cost-effective techniques. According to the
creativecommons.org licenses /by / literature, many adsorbents (e.g., clay minerals, biosorbents, polymers, etc.) have been
10/). 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 (Al,(OH)45i,05-nH,0),
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 10,, :OH, O, -0, ~, 03, NO,~, NO5~, ONOO",
H,0,, 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, AlySi,O5(OH)402H,0, M.W. = 294.19 g/mol), antibi-
otic enrofloxacin (ENRO, C19HFN3O3, M.W. = 359.39 g/mol) and methylene blue (MB,
C16H13CIN3Se2H,0, 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, g, (mg/g), the adsorption capacity at
a specific time t, ; (mg/g) and the pollutants removal efficiency, R (%), were calculated
according to Equations (1), (2) and (3), respectively:

(GG
7 = (m> <V M
g = (CO;Q) XV @)
R (%) = (COC_OQ) X 100 3)

where V is the volume of the artificially polluted water (L), m is the adsorbent mass (g) and C,,
C. and C; 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 /H;0,
solution (Cge = 1072 M and 3% H,0,) 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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High voltage (HV) nanopulses

at 3 L/min. The duration of adsorbent regeneration by plasma was 30 min, under constant
pulse voltage (28 kV) and frequency (200 Hz).
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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 (pHp,c) 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 (pH;) 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 (pHy). The pHp,c was determined by the cross
point of the curve plotting ApH = pH; — pH; versus pH;. 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 Nj adsorption isotherm. According to the results obtained,
the HNC used in the present study has a relatively high specific surface area, 69 m? /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 AI-OH. For pH values higher than the point of
zero charge (pHp;c), the charge balance is negative, while for pH values lower than pHy,.,
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 ApH versus pH; (Figure 52). 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 pHyp,c of Si-O and the
AlSipO5(OH)y 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 ™! are attributed to the
stretching vibrations of the inner-surface AI-OH groups, and the peaks at 752, 797, 907,
1004, 1118 and 1109 cm ! 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 ™! 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 -CH, or
—CHj3 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).
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Figure 3. Effect of pH on MB and ENRO removal efficiency (Cyp = 40 mg/L, Cgnro = 40 mg/L,
Cunc =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 pKj; = 5.9 due to the carboxyl acid group and pK,, = 7.7 due to the basic tertiary
amine. When the pH of the solution is lower than pK,, the cationic form of ENRO (ENRO")
is dominant, while at pH higher than pK;,, a basic anionic form of ENRO (ENRO™) dom-
inates. When the pH value is between pK,; and pKj», 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 pK,; 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, Cyg 40 + Cpnro 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].

10



Nanomaterials 2023, 13, 341

36

a m———— w  |100 b I 100
33+ 33+ A —
A
30{ = 80 . 30 80
= 2
(=]
D 27 . £ 27
£ \ 60 % / F60 =
o S = 3
o 24+ = ~ 24+ <
9 / \ = s / A =
3 21 . 40 9 214 & 5 40
1] [ I 4
18 184 I
L 20 L 20
15 15
'] \\\\
12 4+— : : : : —+0 12+ : : : : —+o
05 1.0 15 2.0 25 3.0 05 1.0 15 2.0 25 3.0
HNC (g/L) HNC (g/L)
36
c P E— Y T d | 100
i 21
30 4 80 80
- = G
3 2 4 1
S 27
E - F60 %= L60 —
o 24+ g < S
Z & £ 45 &
S 214 - 40 o - 40
) o . 4
= N z
184 N -
1 \ 20 124 20
5 -
L]
12 T T T T T T 0 T T T T T T 0
05 1.0 15 2.0 25 3.0 05 1.0 15 2.0 25 3.0
HNC (g/L) HNC (g/L)

Figure 4. Effect of HNC dosage on removal efficiency and adsorption capacity for (a) MBy)
(Co=40mg/L, pH = 6.2, contact time 1 h) (b) ENRO sy (Cp = 40 mg/L, pH = 6.2, contact time 1 h,
T =28 °C) (c) MBy, 5 (binary system, Co v = 40 mg/L, Co enro =40 mg/L, pH = 6.2, contact time 1 h,
T=28°C)and (d) ENRO (, ¢ (binary system, Conp =40 mg/L, Coenro =40 mg/L, pH = 6.2, contact
time 1h, 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

11
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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.
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Figure 5. Effect of contact time on the amount adsorbed onto HNC of (a) single system, MB and
ENRO (Cy =40 mg/L, pH =6.2, Cync =2 g/L, T =28 °C) and (b) binary system (Co g = 40 mg/L,
CO ENRO = 40 mg/L pH = 6.2, CHNC =2 g/L, T=28 OC).

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) Cyp = 40 mg/L and various concentrations of
ENRO, i.e., 10, 20, 40, 80, 120 and 150 mg/L (pH = 6.2, Cync =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, g. (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, Cync =2 g/L, T =28 °C).

According to Figure 7, the amount of MB and ENRO that was adsorbed per adsorbent
mass, g, (mg/g), increased as a function of the initial concentrations of both pollutants.
This tendency agrees with previous publications [65]. The g, 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 g, 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]:

logg, = logK + %logce 4)

where K ((mg/g)(L/ mg)l/ ™) is the Freundlich adsorption constant related to the maximum
adsorption capacity of the adsorbent and % is a constant related to the adsorption intensity,
varying with the heterogeneity of the adsorbent [68]. When % 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 1 G

e Qb - Q ©)
where g, (mg/g) is the amount of pollutant adsorbed per unit mass of adsorbent at equilib-
rium, C, (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, R, is
an indicator of the adsorption capacity:

1
146G

Ry, (6)
where Cy (mg/L) is the initial pollutant concentration in aqueous solution. The adsorption
process is considered favorable when 0 < Ry < 1 and unfavorable when Ry > 1.

In Table 1, the calculated Langmuir and Freundlich isotherm constants, along with the
correlation coefficients (R?) are presented. Based on the R? 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 R; and 1 values revealed the
favorable character of the adsorption in both cases (0 < Ry < 1 and % < 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.

Langmuir Freundlich
Organic Pollutant
8 e, exp (MY Q (mg/g) b (L/mg) Ry R? K (mg/g) (L/mg)n 1 R?
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]:

In(g. — q¢) = Inge — kqt (7)

where kq (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 54 and S8). In the case of the single system, the correlation coefficients
(R?) were found to be 0.914 and 0.836 for MB and ENRO, respectively, while the predicted
adsorption capacity, g, «,;, was not relatively close to the ge exy for both pollutants. The same
motif was observed for the binary system, where R? was found to be 0.949 and 0.924 for
MB and ENRO, respectively, and the predicted adsorption capacity, g. ;;, was found to be
not so close to the ge 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 1 t

TR ®
where k; (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.
R? 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, ge c;, Were close to the g 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 qe,cal kl x 10-3 Rz qe,cal kZ x 103 Rz [ 1/b RZ Kid c RZ
(mg/g)  (mg/g) (1/min) (mg/g) (g/mg-min) (mg/g-min) (mg/g) (mg/g-min®®)  (mg/g)
Single system
MB 20.96 10.81'" 0.125'h 0914 21.46'" 31.2 10 0.9991h 322220 2.460™  0.968"  7.6352min 3.4512min 0.9812min
1 .68825min 11 '99725min 0.95925min
0.051'" 20.564'" 1'h
ENRO 1856 2537 104.76'" 0.836'"  18.65'" 138.44'0 0.999™ 125 x 10-6™ 0747 0.906'"  5.004>min 9.8682min  (1,9202min
0.306'" 17.8921'h 0.951'"
Binary system
MB 20.20 4.672'h 57.6'h 0.949'  20.34'h 43.16' 0.9991h 322.22'h 2.460™  0.968"  1.3005min 13.6525min  (,9395min
0.3701h 17.297'h 0.902'h
ENRO 13.64 3.37'h 28.81h 0.924™ 13410 4225 0.994™ 159 x 10*!h 0791 0.917'"  0.478'"h 9.642'h 0.950th

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]:

qr = %ln(ab) + % Int 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 56 and 510), 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]:

g = Kigt'? + C (10)

where g; is the adsorption capacity (mg/min) of HNC for the pollutants at time t, kjy
is the rate constant of intra-particle diffusion (mg/g-min’?) 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 g; versus t'/? 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 Kj; is significantly reduced. For MB, it dropped from 7.635 to 1.688 mg/g-min!/?, and
for ENRO from 5.004 to 0.306 mg/g-min!/?, 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
Kjy is even lower (0.051 mg/g-min!/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 yuiticomponent: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 yuutticomponent:Q single < 1)-

(b) Synergistic interaction: The adsorption capacity of an adsorbent increases when it is

in association with other components (Q yuiticomponent:Q singte > 1)-

(¢) Non-interaction: The adsorption capacity is independent of the absence or presence

of other components in a solution (Q uuticomponent:Q singte = 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]:

b1Cey
14 (b1Ce1 + 2C2)

der = Q1 (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 m? /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.
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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., 10,, -OH, O, -0, ~, O3, H,0,, 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.

3 Saturation of raw HNC | . Regeneration of 5 | Regeneration of
i . saturated HNC Saturation of raw HNC ' saturatedHNC
00 - 1 100 i 1
80 R
S
x
60 o 691 i
x 3
= |
40 - 40 -
20 20
0 ] — : e
@ @ @ O O S N @ @ O g 3
& > 9 & > ©! S ¥ X & & 3
RN N &,6‘ & N & S
N 9 > ,,\,0‘} b Q‘Z’Q N 4 % S Y
& K &K
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 (Cgnro = 40 mg/L,
Cyvp =40mg/L, pH=62,Cync =2g/L, T=28°C).
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Figure 10. Adsorption cycles of raw, 1st CAP-regenerated HNC and 2nd CAP-regenerated HNC, for
(a) MB and (b) ENRO (Cgnro =40 mg/L, Cyp =40 mg/L, pH=6.2, Cgyne =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.

20



Nanomaterials 2023, 13, 341

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. ApH versus pH; for HNC; Figure S3. The
ATR/FTIR spectrum of halloysite in the spectral region 500-4000 cm~!; 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 AgzPO; 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, NaH;PO4, Nay;HPO4,
Na3PO4-12 H;O) 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 AgzPOy, different products were
obtained. Using H3POy did not lead to the formation of AgzPOy, while applying NaH;POy resulted
in AgzPOy 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
AgsPOy. 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 TiO,-based semiconductors and composites, other metal oxides, and salts have
been investigated regarding their degradation of organic pollutants [1]. However, even the
TiO,-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.
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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 AgzPOy 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 AgzPOy4. 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 A, 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 NH* [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 AgzPOy 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 AgsPO; 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
AgsPOy semiconductor in photocatalytic approaches as follows:

e  The effect of different phosphate sources on the synthesis and photocatalytic activity
of Ag3POy. For this purpose, H3PO4, NaH,POy4, NagHPOy, and Naz POy - 12H,0 were
used as phosphate sources. In this part, we propose a mechanism for the formation of
Ag3PO4.

e Investigation of the stability of AgzPOy via recharacterization and reusability mea-
surements.

e  The effect of Ag nanoparticles on Ag;POy, 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 (AgNOj3, 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 (HzPOy, 85%, VWR
Chemicals; Radnor, PA, USA), monosodium phosphate (NaH;POy; >99.0%, Spektrum-3D;
Debrecen, Hungary), disodium phosphate (Nap HPOj4; >99.0%, Sigma-Aldrich; Schnelldorf,
Germany), and trisodium phosphate dodecahydrate (NazPO,-12H,0O; 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 Agz;PO, microcrystals. Four
phosphate sources (MPOy4: H3PO4, NaH,;POy4, NapHPO4, NagPO4-12 HyO) and AgNOs3
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 x 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:
Ag3POy4_source_concentration, where concentration is the initial concentration of the
used phosphate precursor (example: AgzPO4;_NazPO,_0.1M denotes the sample that
was prepared using 0.1 M NazgPOy4-12 H,O as the phosphate source). The word “after” was
added to the names to designate samples investigated after photocatalytic tests (example:
AgsPO,4_NazPO4_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
CuKo radiation (Acyke = 1.54 A). The XRD patterns were recorded in 20 range between 15
and 60°, with scan speed 1°-min~!.

Fourier transform infrared spectroscopy (FI-IR) measurements were performed on a
JASCO-6200 FT-IR spectrophotometer (Jasco, Tokyo, Japan) in the 4000400 cm ! wave-
length range, with 4 cm~! 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 BaSOy 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-K« 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 (Cyo = 125 pM) was the model pollutant. The reactor was
surrounded by 6 x 15 W visible light-emitting lamps (A > 400 nm). The system was kept at
a constant temperature (25 °C), and the suspension (Csyspension = 1 g-L’l) was continuously
stirred and purged by air at constant flow (40 L-h~!). The concentration change of MO was
followed with a JASCO-V650 UV-Vis spectrophotometer (UV-Vis; Jasco, Wien, Austria) at
Amax = 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 X 100),

where Cqpg is the concentration of MO after 120 min and Cj is the initial concentration
of MO.

The reaction order (n) and apparent rate constants (kj, ky) were calculated to investi-
gate the kinetics of MO degradation. The apparent rate constants (kj, k) were determined
by plotting the MO concentration vs. the irradiation time, where the slope was consid-
ered the apparent rate constants. For k; values, we took the first hour (0-60 min) of
the degradation process into account, whereas for k; values, we considered the second
(60120 min) hour.

The adsorption of MO on the samples was also investigated. The photocatalysts
(50 mg) and MO (50 mL; Cyjo = 125 pM) 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 Ag3POy

Synthesizing AgzPO, by using different MPOy sources is a rather complicated process.
MPOy (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 H3PO, did
not lead to the formation of Ag;PO,. The lack of Ag3PO, can be explained by the acidic
environment set by H3zPOy, hindering the precipitation of Ag3POy (Figure 1). Moreover,
the presence of H3POy 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 AgzPO,4 samples (n.a.—mno available).

pH MPO, Band C(;:{J])Energy Amax () ?SEIN)[ Cgrzlvlir(i/io(;n
Ag;PO4_NaH,PO4_0.2M 422 2.3 507 n.a. 38.98
AgzPO4_NaH,PO4_0.1M 427 2.3 504 n.a. 49.53
AgzPO4_Na;HPO4_0.2M 9.14 2.33 506 0.92 89.72
Ag3;PO4_Na,HPO,4_0.1M 9.24 2.34 506 0.97 88.80
AgzPO4_NazPO4_0.2M 11.46 2.27 498 0.58 95.94
Ag3zPO4_NazPOy4_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 Agz;POy crystals. Cubic Ag3PO, was identified (COD 00-101-0324) in
all cases: the reflections of the AgzPO, were located at 20° ~ 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_NaH,;PO,4 sample series located at 20° =~ 27.0°,
~30.6° and ~32.1° (Figure 2a), which could be associated with the typical reflections of
Ag4P>0O7 [20]. These observations are consistent with the presumed mechanism (Figure 1).
It must be emphasized that the pyrophosphate formation is much higher for NaH, POy
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 Ag,O particles, were not found in the XRD patterns (Figure 2a).
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Figure 2. (a) X-ray diffraction patterns and (b) infrared spectra of AgzPO4 samples synthesized by
using different types (NazPO,, Na,HPO, and NaH,PPO,) and concentrations of phosphate sources
(C=0.1and 0.2 M).

29



Nanomaterials 2023, 13, 89

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~!, confirming the presence of silver pyrophosphate
(observed only in the Ag3;PO4_NaH;PO, sample series; Figure 2b). Additional bands
were also observed [17]: at 2554 cm ™! (O=P-0); ~1007 cm ! (,40-P), ~1389 cm~! (O=P),
and H-O-H (<1655 cm™1). Thereby, it can be concluded that the formation of AgsP,0y
depends on the nature of the applied phosphate source (Figure 2b).

When NaH,PO,4 was used as the phosphate source, the formation of Agz;PO, was
incomplete, while the formation of Ag,P,0O; 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
NaNOj favorable because the electropositivity of Na* is higher than that of H*. Against
the AgsPO4_NaH,PO,4 samples, the Ag,4P>,0O7 was not detected using Na,HPO, or Na3z POy,
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 um diameter and plates with 0.2 um height—
were obtained in the Agz;PO,_NaH,PO4 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 pm regardless of the used concentration. The particle size distribution
was lower than for the NazPO, samples series; moreover, lower concentration resulted
in smaller particles. The AgzPO,;_NayHPO,4 sample series contained more polyhedral
particles compared to the AgzPO4_NazPO, sample series.

Figure 3. SEM micrographs of AgzPO, samples synthesized by using different types (Na3POy,
Nap,HPOy4, and NaH,PO,4) 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 Ag;PO,_NaH,;POy4 (which
contained AgyP,07, 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:

AgsPO,_NayHPO, > AgsPO,_NaH,PO, > AgzPO4_NasPO,. 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.
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Figure 4. (a) Diffuse reflectance spectra and (b) their first derivative order of AgzPO,4 samples
synthesized by using different types (Na3PO4, NayHPO,, and NaH,;PO,) 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 Amax values were almost identical (Amax ~ 495-507 nm;
Figure 4). Since Ag4P>O7 can be photoactive as well [20], the derivative DRS of sample
Ag3PO4_NaH,PO, should result in two specific electron transition peaks: (i) one corre-
sponding to Ag,4P>O7 (observed at ~300 nm [20]) and (ii) one corresponding to AgzPOy,
(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 3ds,, and 3d3,, of
Ag3POy corresponding to the peaks 373.67 and 367.67 eV, respectively [22]), which could
be associated with Ag* from AgzPO,.
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Figure 5. Ag3d XPS spectra of the Ag 3d (a) AgzPO4_NaH;PO4 0.1IM and (b)
AgsPO4_Nay;HPO,4_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: AgzPO,;_NasPOy > AgsPO,_NayHPO4 > AgsPO, NaH;POy
(Figure 6). Because the samples had different absorption properties, similar photocatalytic
activation was also expected to differ. According to our assumptions, samples containing
Agy4P>0y, a stand-alone photocatalyst, should have higher photocatalytic activity. Moreover,
a photojunction between Ag,P,0O7; and AgzPO, could also form [23]. AgsP>0O7 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 AgsPO4_Na3zPO,_0.2M and Ag3zPO4_Na3zPO4_0.1M, respectively (Table 1).
It could also be noticed that the most photoactive materials (Ag3;PO4_NazPOy; 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 NayHPOj, as a phosphate
source. Based on these findings, we ascertained that the proposed mechanism of AgzPOy
formation (Figure 1) is in good agreement with the photocatalytic performance. The more
complete the transformation, the higher the photoactivity because when Na3PO, was used
during the synthesis, no Ag,P,0O; or Ag nanoparticles could be observed.
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Figure 6. Photocatalytic investigation of Ag;PO,; samples using C = 125 pM of MO as a model
pollutant and visible light (A > 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 Na,HPO, resulted in
the highest photocatalytic activity. They also mentioned that the samples synthesized
from Naz PO, contained not only AgzPO4 but Ag,O as well, which inhibited photoactivity.
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Similarly, in our case, samples that did not contain Ag,O 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 AgzPOy
is the best approach since both Ag,O and Ag,P,0Oy7 are stand-alone photocatalysts that do
not improve the efficiency of AgzPOj,.

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 (R;—-N=N-Rj),
probably by direct hole oxidation (0-60 min) since this is the thermodynamic and elec-
trochemical facile pathway [24]. The second step (k) is the first-order mineralization
(60-120 min) of the intermediates (benzenesulfonic acid; 4-hydrazinylaniline; phenyl di-
azene) by reactive radicals (éOH; O,°7) [25]. The k; values are in excellent agreement
with the correlation coefficients (R?) regarding the MO conversion values after 1 h of
visible light irradiation. The proposed mechanism can be applied to most samples; how-
ever, for AgzPO4-NazPO4-0.2M and AgzPO4-NazPO4-0.1M (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 AgzPO, samples.

C] CC)

First Hour — 0 Order Second Hour — 1 or 2 Order
NaHzPO4//Na2HPO4//Na3PO4 NaH2P04//NaZHPO4
—,0th Order —1st order
NazPO4; — 2nd Order
Reaction Order kq 2 Reaction Order 1 2
Sample P (uM-min-1) R ) ky (s71) R
Ag;PO4_NaH,PO4_0.1M 0 0.3945 0.990 1 0.0063 0.988
Ag3P04-NaH,;P04-0.2M 0 0.5626 0.991 1 0.0065 0.998
Ag;P0O4_NaHPO,4_0.1M 0 1.0027 0.996 1 0.0244 0.996
Ag;P0O4_NaHPO4_0.2M 0 1.2889 0.997 1 0.0250 0.974
AgzPO4_NazPO4_0.1M 0 1.8342 0.996 2 0.0023 0.97
AgzPO4_Na3zPO4_0.2M 0 1.4366 0.993 2 0.0025 0.998
Reaction order k1 2 Reaction order —1a—1 2
Sample @) (uM-min—1) R ) ky (s7 /M) R

3.3. Stability Investigation of Ag3POy
3.3.1. Recharacterization of the Investigated AgzPO4

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 AgsPOj 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 Ag,P,0O;
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 Ag;PO, 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 Ag,O is also possible because their reflection is close to that of Ag, and they do not have
plasmon resonance bands in the reflectance spectra.

XRD measurements - after degradation
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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 AgzPO4 Samples: Recycling Tests and Photoluminescence
Measurements

To investigate reusability, we have chosen the Ag;PO,; Na,HPO,; 0.2M and
AgzPO4_NazPO4_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 AgzPO,. 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.
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Figure 8. Stability measurements for AgzPO; NapyHPO,; 0.2M and AgzPO;_NazPO4_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:

e  Besides the AgsPOy, only AgsP>,O; was observed after the synthesis. Typical bands
for surface oxygen vacancies and defects were also observed in the PL spectra.
e  Twodifferent pathways were observed using MO as a model pollutant, and the kinetics

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

Vacancies

MO degradation -
Visible light

h* h* h* h* AN Z
\/

Ag;PO, Ag@wAg;PO,
Before deposition After deposition
of Ag NP of Ag NP

Figure 9. Proposed degradation mechanism of MO with AgzPO, 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 Oth—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 AgszPO, 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 Ag3PO, 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 AgzPO4. We proved that the formation of Ag,sP,0O; 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 Ag4P,0O7 inhibits the photocatalytic activity of Ag;PO;. In addition to other similar
publications in the literature, we also investigated the stability and reusability of AgzPOy.
We concluded that Ag species were formed on the AgzPO,, 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 AgzPO,-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
AgsPO,; materials; Figure S2: The adsorption test of the AgzPO4; NazPO4_0.2M and
AgsPO4_NazPO4_0.1M on MO (C = 125 uM).
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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 pug/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 ug/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 H,O, or
H,O and generate radicals with strong oxidation ability, such as -OH, -O,~, 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 MnCl, to adsorb heavy metal ion Cd(Il) in wastewater, and the adsorption ratio of
Cd(II) reached 98.69%. Xiong [23] et al. prepared AgzPO,/Fe304/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 MnFe,O,/diatomite (MFD) material by solvothermal
method and explored the degradation effects of tetracycline hydrochloride (TC-HCI) 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 (MnO,) in acidic conditions, which showed high efficiency
in the degradation of methylene blue and methyl orange. Wang [26] et al. mixed g-C3Ny
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 (Fe;O3, CeO»,
CuO, etc.) can be employed as active components coated on catalyst supports because
they have similar catalytic effects to Fe?* or Cu®* [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 totalof1 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.

40



Nanomaterials 2022, 12, 4305

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 ! to 400 cm~!. 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 A 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: 1 = (Cyp—Cy)/Cy x 100%, in which Cy is the
initial concentration of CIP solution, and C; 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(Ill) in Alkaline Condition

According to the literature reports, when periodate is added to the alkaline reaction
system, it can form Cu(Ill)—periodate complex to stabilize the unstable Cu(lll) 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 pm 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, Fe;03, NiO;, Ag,O and CeO,, 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 Ag,O 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(NOj3), 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(NOj3), 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, FI-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.

BET Specific Surface Total Pore Volume Average Pore

Samples Area (m?/g) (cm®/g) Diameter (um)
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 um 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 um), 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 ™! are related to
the surface hydroxyl stretching vibration of GO and DE, respectively [41,43]. The peak at
1623 cm ! is attributed to the stretching vibration of the C=C bond on GO, and the peak at
1087 ecm ™! is the stretching vibration of the C-O-C bond on GO [44]. The peak at 1094 cm~!
is attributed to the symmetric stretching vibration of the Si-O-5i bond of DE; The peak
at 794 cm~! 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 ™!, 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; () XRD patterns of DE, GO, GO-DE and CuO/GO-DE; XPS spectra of CuO/GO-DE:
(d) total spectrum, (e) C1s,(f)O1s,(g)Si2 pand (h) Cu2p.
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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 Eyg lattice vibration by sp? carbon atom hybrid vibration, is around
1580 cm™!; the D peak, caused by sp® hybrid carbon atoms, is about 1350 cm ™! [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~! and
the G peak at 1588 cm ') 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 26 = 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 20 = 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 20 = 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=0 and O-C=0 [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=0 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, H,O, 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 H,O, 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 HyO, decomposing to H,O and O,, Cu(I)
will be oxidized by H,O, and O to high valence Cu(Ill) 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 H,O, 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 HyO,. 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 H,O, dosage is mutual restriction. It can be seen from Figure 4b of the
experimental results that it is not true; the more catalyst or H,O,, 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 HyO; 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
H202 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(IIl), thus
improving the efficiency of the catalytic system for the degradation of CIP. The too-high
temperature accelerates the decomposition of HyOy, 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 H,O, existed, (2) only
CuO/GO-DE composite existed or (3) both CuO/GO-DE and H,O; existed. The results
are shown in Figure 5a. When there was only H,O; 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 H;O,, CuO/GO-DE may catalyze O, to -O,~, which
also has an effect on the oxidative degradation of CIP. When there were both CuO/GO-DE
and HyO; in the system, the degradation rate of CIP jumped to 99.9%, indicating that
CuO/GO-DE/H;0; system has stronger oxidation than other systems.
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Figure 5. (a) Removal of CIP by different systems; (b) -OH concentration and Cu(IIl) 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(Ill) 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, HyO, 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(Ill) and -OH produced in CuO/GO-DE/H;0; system, while there were almost no
Cu(IlI) and -OH produced in CuO/GO-DE and H,O, systems separately.

In order to further determine the contributions of Cu(Ill) 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(Il) and catalyzed HyO, 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 HyO; in the solution, and Cu(Ill) 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(Il) is oxidized to higher valence Cu(lIll), and as the
pH value rises, the number of Cu(Ill) is significantly increased, reflecting that Cu(IlI) 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(Ill) and -OH; when in alkaline, it mainly
depends on the oxidation of Cu(Ill). 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(IlI).
CIP removal ratios at pH values of from 2 to 12 were also tested in CuO/GO-DE/H,0,
system and CuO/GO-DE/H,O; + tert-butyl alcohol system, and the contribution curves of
Cu(Ill) + -OH and Cu(lll) 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/H;0, 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 CoHsN 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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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 H,O, 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 HyO, 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(IIl), 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(Ill) and -OH; under alkaline conditions, it mainly depends on
the oxidation of Cu(Ill). 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.
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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-C3Ny) 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-C3Ny 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—-C3N,4 nanocomposite can be a potential candidate for the enhanced

removal of arsenic from water reservoirs.

Keywords: arsenic removal; ZnO-CuO/g-C3Ny4 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 (HyAsO, ™) and oxyanions: arsenite (HyAsO3 ™) [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 pug L1 [12,13]. However, concentrations of arsenic in polluted water have reached levels
of 100-300 pg L1 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], Fe304 [21], x-Fe;O3 [22], CeO; [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., 5.7mg/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, TiOy, NiO, ZnO, etc.) and their combination with
effective support (MCM—41, g-C3Ny, 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-C3Ny
for As removal from waste water resources.
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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—-C3Ny4 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)2.3H,0 at a 0.1 M concentration was mixed in a
beaker with 100 mL of 0.1 M Zn(NO3)2.6H,O 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—C3Ny and ZnO-CuO/3—C3N4 Composite

Graphitic resembling C3Ny was manufactured via thermal polymerization from
melamine. Typically, to obtain a yellowish powder of g—C3Ny, 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-C3Ny 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-C3Njy.

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 HCI (0.1 M) and NaOH (0.1 M) solutions, whereas 50 ug/L, 100 ug/L,
and 150, 200 pg/L concentrations of the sodium arsenite solutions were used. Following
the state of the consolidation of meddling ions with 50 pg/L, 100 ng/L, and 150 ug/L, the
impact of prepared contents on the penetration of sodium arsenite with a combination of
100 pg/L was determined. Likewise, to investigate the absorption dynamism, 50 pg/L,
100 pg/L, and 150 pg/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 pg/L to
200 pg/L was examined through ZnO-CuO/g—CsNy 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 (ug/L)
of arsenic through the adsorbent was determined as follows:

Je = (Co—Ce)V/m (1)

%R = (1 — Ce/Cp) x 100 )

Here, Ce (ug/L) and Cy (ug/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 26 = 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-C3Ny
results incorporated all the common peaks of g-C3Ny, 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-C3Ny, indicating a decrease in the intensity of ZnO and CuO peaks, respectively. For
the ZnO-CuO/g-C3Ny sample, the XRD pattern exhibited no basic pick for g-C3Ny, which
can be credited to the low substance of the g-C3Ny 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.
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Figure 1. (a) XRD patterns of g-C3Ny, ZnO and ZnO-CuO/g-C3Ny4 samples, (b) FTIR spectra of the
g-C3Ny and prepared composite ZnO-CuO/g-C3Ny.

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-C3N, composite. The upper-level peak at around 810 cm ! in
the g—C3Ny test is associated with the twisting vibration attributes of heptazine moiety.
At the same time, the peak observed at 3200 cm ™! reveals the O-H stretching vibration,
suggesting the presence of moisture particles in CuO and ZnO materials. The broad
group about 1200-1700 cm ™! in the g-C3Ny test is concerned with the ordinary stretching
mode of C-N heterocycles, while another wideband about 3200 cm~ ! in a similar case is
associated with the extending vibration mode of the amine group [43]. In a composite
ZnO-CuO/g—C3Ny, the broad double peaks at 1631 and 1563 cm ! are associated with C—
N stretching vibration modes, whereas the peaks at 1251, 1323 and 1420 cm ! are assigned
to the aromatic C-N stretching. The broad peak around 3000 to 3500 cm ™! in the sample is
associated with the adsorbed H,O 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-C3Ny 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-C3Ny nanosheets.
It confirms the successful synthesis of ZnO-CuO/g—-C3Ny heterostructure composite [46].

100 nm

Figure 2. In HRTEM figure, (a) represents CuO-ZnO whereas (b) represents ZnO-CuO/g—C3Ny 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-C3Ny. Figure 3a represents the structure of the g—CsNy
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 N, adsorption-desorption isotherms and the Barrett-Joyner-
Halenda pore-size dispersion bends of ZnO-CuO/g-C3Ny nanosheets. The Brunauer-
Emmett-Teller (BET) explicit surface territory for CuO nanosheets ZnO-CuO/g—-C3Ny is
268 m? 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—C3Ny 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].
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Figure 3. SEM images of (a) of g-C3Ny, (b) ZnO-CuO/g-C3Ny, and (c) EDS analysis of ZnO-CuO/g-
C3Ny composite.
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Figure 4. (a) N, adsorption-desorption isotherm curves of the synthesized ZnO-CuO/g-C3Ny 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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Intensity

1034.3 eV, corresponding to Zn 2p3/, and 2pq /, respectively. The two very intense peaks
originating at 933.7 eV and 953.8 eV are suggested for Cu 2p;,, and 2p; /,, respectively
(Figure 5b). Similarly, the XPS also confirmed the % weight of Zn and Cu, which are 26.7%
and 31.22%, respectively.
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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 pg/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-C3Ny
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 (PO43~, NO;3 ~, SO42~, CO32~ and Cl~) with
three initial dilutions (50, 100, 150 pug/L) on As(Ill) elimination by ZnO-CuQO/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 C1™ 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 ug/L as the trial object, and
the adsorbent was 10 mg of ZnO-CuO/g—-C3Ny that adsorbed in 24 h.
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Figure 6. (a) Effect of pH (b) interfering ions on the removal of As(Ill) by ZnO-CuO/g-C3Ny

composite, (c) removal rate (%) of As(IIl) by ZnO-CuO/g-C3Ny4 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—C3Ny, 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-C3N, 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-C3Ny
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 ng/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)
Q. =KFCl/ne (4)
507 -e- Langmuir adsorption isotherm
-~ [Freundlick adsorption isotherm
40-
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Figure 8. Freundlich and Langmuir isotherms of As(IIl) adsorption on ZnO-CuO/g—CsNy.

Here, Ce (nug/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 K, (ng/L) (ng/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 R? of the two models,
the R? fit by Langmuir (0.989) was higher than the R 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-C3Ny4 adsorbent for arsenic removal is summarized in Ta-
ble 1. The consequences recommended that ZnO-CuO/g—-C3Ny 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-
C3Ny4 nanocomposite and other adsorbents.

Adsorbents Adsorption Capacity References
As (mg-g™ 1)
Reduced graphene oxide-supported 99.5 52]
mesoporous Fe;O3/TiO, nanoparticles '
CuFe, 04 foam 85.4 [53]
Zirconium nanoscale carbon 110 [54]
(Layered doqble hydroxides/graphene oxide) 18311 [55]
nanocomposites
MnFe, Oy 90 [56]
CoFezO4 74 [56]
GO-MnFe,Oy4 207 [57]
Fe30y4 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-N3Cy 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 ng/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 pug/L, 100 ug/L, and 150 ug/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:

In(Qe — Qt) =InQe — Kjt (5)
tQt=tQe+1K,Qy e (6)
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Figure 9. Kinetic study of As(Ill) removal by ZnO-CuO/g-C3Ny at (a) Temperature and (b) Concen-
tration versus time intervals.

The quantities of As(Ill) adsorbed by adsorbents at equilibrium and at time t, re-
spectively, are Q. and Q; (mg/g), and the rate constants for the pseudo-first-order and
pseudo-second-order models, respectively, are k; (1/min) and k; (g/(mg min).

The value of R? 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 pg/L and 100 pg/L. The outcome demonstrates that copper oxide is engaged with
the reaction. The R? 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 (K;) and the pseudo-second-order kinetics model
(Ky) 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 (Kj) 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-
C3Ny). 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 (X;) (X; — Xang)?
! 3 98 915.06

2 4 92 588.06

3 5 84 264.06

4 6 73 27.56

> 7 65 756

6 8 61 4556

7 9 43 612.56

8 10 26 1743.06

Xavg = 67.75 Y(X; — Xaug)? = 4203.48

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

Eobserved =

Xavg B

K

s/ Vi

@)

In Equation (8), u is the optimum pH, whereas o; is the standard deviation, and it was

calculated by using Equation (8).

s = L (X~ Xag )2 /1= 1)

®)

Topserved Was found to be 0.92 and was compared with tp,10104 (2.306). AS fopserved 1S
less then t44p,4t04, 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-C3Ny

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(IIl) during adsorption.

X; (Arsenic Initial

X¢ (Arsenic Final

Concentration in ppm) Concentration in ppm) Di=X; = Xy (D; — Dagg)*
1 20 3.5 16.5 1054.95
2 40 47 35.3 187.14
3 60 6.8 53.2 17.80
4 80 14.7 65.3 266.34
5 100 254 74.6 656.38
Dyyq = 48.98 Y.(D; — Dyyg)* = 2182.6

Hypothesis. The two hypotheses were:

Null Hypothesis: No change in adsorbate concentration.
Alternate Hypothesis: During adsorption, adsorbate concentration changes.
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\/{ Y (Di - thg)2 }n
gdiff = 1 (10)

0giff 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 ¢ tabulated
(2.77). As tegiculated 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(I1) Removal

The method of arsenic adsorption by material ZnO-CuO/g-CsN4 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-C3Ny 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-C3Ny 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—C3Ny as per the “Seed growth method”. Therefore, the g-C3Ny 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 FI-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—C3Ny can extract
As from both physical and chemical reactions, and the combined impact of g—C3Ny4, 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.
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Scheme 1. Shows the schematic diagram for the removal mechanism of arsenic.
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4. Conclusions

In brief, ZnO-CuO/g-C3Ny nanomaterial was synthesized by grafting ZnO-CuO
onto g—C3Ny. 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~ !, 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 pug/L
and 50 ug/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 pg/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).

| Taylor Con:

I:k>- Colllector

Needle Liquid jet

Polymer
Syringe Solution

L

| I 1l

Syringe pump Higr: Vlcjltage

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, Ramirez-Rodriguez 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 3-Lactoglobulin
(60%) and «-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 (3-Lactoglobulin and 22% was «-lactalbumin, activated carbon was obtained from
Sigma Aldrich (USA) with a particle size of 150 um. The 2-Mercaptoethanol (3ME, 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, BME concentration and the collector distance of the electrospinning. Solutions
of PCL and WPI with BME 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 BME 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.

Levels
Variable Unit Factors
—1 0 1
WPI % A 50 70 90
BME % B 0.1 0.65 1.2
Collector Distance cm C 7 10 13

o =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].

n—1

Y = Bo+ Y Bt )y Z?:i+1ﬁijxixj + Y Biixi” (1)

where Y is the predicted response, By is the regression coefficients, p; is the linear coefficient,
Bii is the quadratic coefficients, f;; is the interaction coefficients and X; 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 Image] 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 ™. 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 fME 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, Kriiss, 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 Ko 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 HNOj3. 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 (ge, 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.

(¢ = cf)«v
qge = ————— (2)

m

Thermodynamic parameters of Cr adsorption process were calculated using the Gibbs
free energy (AG®, k] /mol), see Equation (3). Standard enthalpy (AH®) and entropy (AS®)
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.

AG = — RTInK. )
_AH’ AS’
nKe = o7~ + & )

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 WPL.PCL (%), the
concentration of BME (%) and the collector distance (cm), which were used to obtain
nanofibers with a thinner diameter (nm) and higher adsorption capacity (ge) 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-BME (%) 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 7 212 160 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 (R?) 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 R? values being over 0.94, which was
according to the literature where it has been indicated that R? value must be higher than
0.7 to obtain a good fit to the experimental data [37]. The adjusted R? 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 ge were
influenced significantly by the proportion of WPL:PCL (%), the concentration of PME (%)
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 BME (%). 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 45602 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

A? 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

C? 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

R? 0.94 0.99 0.96 0.99
R? 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 PME (%) 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 ME 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/THEF (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 BME 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 4+ 0.21
Error (%) 5.0
Diameter predicted (nm) 39.1
Diameter Validated (nm) 38.3+23

Error (%) 2.2
Viscosity predicted (cP) 5.9
Viscosity validated (cP) 57+04

Error (%) 43

Surface Tension predicted (mN/m) 31.2
Surface Tension validated (mN/m) 30.5+ 0.1
Error (%) 24

The results showed that the adsorption capacity was favored at high amounts of WPI
(~90%), BME (~1%) and a short distance (~7 cm). These results demonstrated that high
amounts of WPI and BME displayed the best results. This is because whey proteins are
rich in functional groups, which in this case, have been desaturated with BME. 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 3-Lactoglobulin
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and o-Lactalbumin, where -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, a-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 fME 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. BME 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 BME holds the thiol groups of proteins in their reduced
state [49]. Nguyen et al. studied the effect of BME on the denaturation of whey proteins
and concluded that thiol reagents such as ME initiate thiol-disulfide exchange reactions
with the disulfide bonds on a-lactalbumin and (3-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 3-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]. BME 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 3ME
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 fME 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 BME
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% BME 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 ¢ (mg/e) Diameter Viscosity Surface Tension Beads
Solids % ¢ Tmg'e (nm) (Pa-s) (mN/m) 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 (1 = 3).
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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 % WPLPCL and % PME 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% WPIL:PCL (see
Figure 2A). Decreasing the amount of PCL in the solution to 70:30% (Figure 2B) and 90:10%
WPLPCL (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 fME in the spun solution. Note that the viscosity of the solution
is modulated with the addition of BME owing to BME-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 BME 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 WPIand 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 !, 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 ™! related to a primary amide
group (C=0, C-N) [43], and the band at 1546 cm ! 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 ! [59], the bands at 2956 and 2907 cm ™!
represented the symmetric and asymmetric stretching vibration of a methylene group
(CHy) [17], the absorption bands at 1298 (C-O bands tension), 1246 (C-O-C symmetrical
tension) and 1192 cm~! (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.

83



Nanomaterials 2022, 12, 2744

c0 co
1723 1298
[“Amicer [ c-0C

1246

1643 | 126
rCONHi- 1192

— e T

— WPI-PCL

Transmittance %

4000 3500 3000 2500 2000 1500 1000
Wavenumber (cm™)

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 BME 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 BME on WPI that is a denaturant agent of proteins. CR is a
specific dye that binds with the crossed--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 fME 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 BME increased in the
solution of WPI, which was due to an increase of the (3-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 BME, 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 BME [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 BME 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.
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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 BME, black, purple and green lines represent
WPI in aqueous solution with different compositions of BME.

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].
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Figure 5. Contact angle of the hybrid membrane of PCL-WPI prepared with different compositions
of WPL.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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Weight Loss (%)

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
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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 R? > 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(Ill) [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 R? 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].
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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
qte (Mg/g) 8.57 18.34
Pseudo First Order K1 (mg/min) 0.05 0.03
R? 0.97 0.94
qte (Mg/g) 9.03 19.40
Pseudo Second Order K2 (mg/min) 0.01 0.002
R? 0.99 0.97
Kd (mg/(g min'/?) 0.10 0.33
Intraparticle diffusion C (mg/g) 5.38 10.30
R? 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.

88



Nanomaterials 2022, 12, 2744

A B
%: ______ e N ==« Sips  __ae--
g 25 e * 30°C 251 AucememmoT -
P 'a' ’,"‘ A 2
'3' 204 ’,/' __é-.--—----"""'A 20+ A”,.-’
S i el = 20°C
S 51 [ 15{ *
2 b ‘I ,'A _. . 3
= I’ 1 'l I Pwmmemn===
.§ 10 ﬁ/’ 10 " “::::: ____ . __---_--. ° 5
' ] ‘c"__. .................
S = 540" 9
- I‘ e . - 1
< o . : : . 0 : : : :
0 30 60 90 120 150 0 20 40 60 80 100

Equilibrium concentration, mg/L

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 HCrO, ™~ [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 WPL.

T (°C) AG°, kJ/mol AH?, kJ/mol AS°, 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 R?> > 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 pH Sips

©Q) gs (mg/g) Ks (L"$/mg"s) ns R?

20 2 21.5 0.056 1.8 0.99

2 31.0 0.074 1.0 0.98

3 13.2 0.074 1.0 0.99

30 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 K;, 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~! 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~! [77]. Moreover, at pH 2 and 3 the amino group
of the proteins could be protonated into NHj; favoring the electrostatic interaction with
HCrO,4 ™, as stated by Jin et al. [77]. The same was confirmed by XPS in Figure 11E with the
appearance of NHj 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

atpH 5,3 and 2.
— Before — After
2 i Cts B Cr 2p3p
«-101s i
" h
o i
Cr 2’)\ E : Nis E ‘
M : : 3 ' :
;s 1 ] ' :
i i
N ' an
o | ] h
11 L [ h
Wl : ' 1B
:-I -1 d 1
L]
750 600 450 300 150 0 594 591 588 585 582 579 576 573
Binding Energy (eV) Binding Energy (eV)
C Before D Before o1 E Before N1
C-0
C=0
After After o1
C=0
C-0
—
292 290 288 286 284 282 540 538 536 534 532 530 528406 404 402 400 398 396
Binding Energy (eV) Binding Energy (eV) Binding Energy (eV)

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(Ill) and Cr(VI), respectively [87]. Likewise, the Cr 2p3/2 XPS spectrum
was deconvoluted into two peaks of Cr(Ill) and Cr(VI) species at 579.3 and 577.6 eV, which
indicated the coexistence of Cr(VI) and Cr(IlI) 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=0 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 54).
These results may indicate that carbon in the membrane could be oxidized by Cr(VI) and
Cr may be reduced to Cr(Ill) as explained by Yuan et al. [87]. Moreover, Ols spectrum
was deconvoluted into C-O at 533.6 eV and C=0 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=0 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 NHj increased in the membrane after the adsorption
confirming the electrostatic interaction with HCrO, ™, 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 coyalent organic 3 1-1000 173 ih [14]
framework nanofibers
PCL/Clay and PVA/Clay Electrospun Fibers 5 200 24.57 - [20]
Cerium oxide Nano'pa.rticles eglbedded in 6 20 28.09 3h [90]
polyacrylonitrile nanofiber
Cellulose acetate (CA), acetone/DMACc, Citric Acid 2 20-60 20 2h [91]
ZIF-8@ZIF-8/polyacrylonitrile nanofibers 2 1-500 39.68 90 min [92]
PAN-GO-Fe304 hybrid nanofibers 3 50 124.3 70 min [93]
keratin/PET nanofiber 3 20-120 75 4h [77]
PVDE/silica thiol nanofiber 2 31 15.1 60 min [89]
Hybrid membrane of WPI-PCL 2 10 to 300 31.0 35h 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 PME, WPI, and PCL on the adsorption capacity of this hybrid membrane
was studied, thus demonstrating that the addition of BME 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 WPL. 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(Ill) 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 azithromyecin, 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 TiO,-based sensors produced by DC magnetron sputtering either with
50% or 100% O, in the sputtering chamber, were able to detect the three macrolides in concentrations
between 1071 M and 107> 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 x 10716 M
was found near the 10715 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
TiO;, 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> to 107> M in water and milk-based
solutions. More recently, aligned TiO; 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 M and 1078 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 107> M to 107> 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 (TiO;) 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 (O,), and nitrogen (Ny) 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 M() 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 Brandao,
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 1071 M to 107> M
were prepared by performing sequential dilutions of a mother solution with a concentration
of 107% 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) x 7.6 mm (width) x 1 mm (thickness), and each internal
“finger” had a 200 um 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.

TiO; 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 (Gas Piedense gases, Setubal, Portugal,
99.99%). To achieve a base pressure of 107#-107> 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% O, and 50:50
O,/ 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 Zn0_100 TiO,_50 TiO,_100

O, (%) 50% 100% 50% 100%
Ar (0/0) 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.
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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 = £, with y and o 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 TiO; films, exhibiting a granular surface microstructure, more evident for the film
deposited with 50% O,. 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 x magnification).

“

(b) ZnO film deposited with 100% Oz

(a) ZnO film deposited with 50% O

(c) TiO2 film deposited with 50% O2 (d) TiO 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 x magnification for (a) ZnO 50% (60,000 x magnitude); (b) ZnO
100%; (c) TiO, 50%; (d) TiO, 100% (scale bar size: 2 um) and 30,000 x magnification for (e) uncoated
ceramic substrate (scale bar size: 5 um).

Regarding TiO, (Figure 1c,d; and in Figure S7 with 30,000 x magnification) both
produced films exhibit similar characteristics displaying relatively uniform and smooth
surface [23]. In Figure 1le, 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 S1-54 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% O,

In Figure 2, the response of ZnO films produced with 50% and 100% of O, 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% O, 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%
O, 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% O, and 50% O,, respectively (Figures S3 and S5). Those
sensors exhibited identical trends of monotonic functions with inverse tendency.
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Figure 2. Impedance spectra of the ZnO sensor devices deposited with 50% and 100% O, measured
2
at different frequencies, when immersed in MW at different AZI, CLA, and ERY concentrations.
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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).
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Figure 3. Impedance spectra of the ZnO sensors devices deposited with 50% and 100% O, 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% O, narrowed from 10~> M to 10~12 M, as com-
pared with the amplitude from 0 M to 10~ M For ZnO (50% O,), by fixing the impedance
at 6.31 x 10* and 3.98 x 10? Hz in relation to compound concentrations, resulted in an
increasing normalized impedance trend for both AZI and CLAR (Figures S2 and 54). Re-
garding ERY, the ZnO sensor produced with 50% of O, presented a normalized impedance
increase between 10~ 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% O,) 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. TiO, Thin Films Produced with 50% O, and 100% O,

The electrical responses of TiO; films produced with 50% and 100% of O, to the
different antibiotics in MW matrices are depicted in Figure 4.
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Figure 4. Impedance spectra of the TiO;,-based sensors device produced with 50% and 100% O, 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 TiO; (50% O;) sensor, with the measured impedance magnitude
presenting significant sensitivity at lower frequencies (1-100 Hz) with a decreasing trend
(Figure 4). The TiO; sensor produced with 100% O, 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 TiO, 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 TiO, acted in contrast to one another, with TiO, (100% O;) thin films showing an
increasing impedance trend and TiO; (50% O,) presenting a decreasing impedance trend.
Both types of sensors presented significant sensitivity to the distinct AZI concentrations. A
decreasing trend was also observed in TiO; (50% Oy) for CLAR until the concentration of
10~° 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 TiO, (100% O,) 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 TiO, sensor produced with 50% O,, displaying a
more pronounced sensitivity in the 1 Hz to 10 Hz frequency range (Figure 5).
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Figure 5. Impedance spectra at different frequencies of the TiO;-based sensor devices produced with
50% and 100% O,, when immersed in RW at different AZI, CLA, and ERY concentrations.

Concerning the TiO, sensor produced with 100% O, 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 10° Hz for CLAR (Figures S2, S4 and S6), it could be observed that the
results achieved with the TiO, device produced with 50% O, only showed sensitivity for
AZI and ERY samples between 10715 and 10~8 M. On the other hand, for CLAR samples,
the TiO, (100% O,) sensor displayed a more pronounced sensitivity in comparison with
the TiO; (50% O,) sensor. Finally, the function that fit the data measured by the TiO, (100%
O3) 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.
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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 1015 M to 10> 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 6¢ 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:

AlogC = logC — logCs
where AlogC = %, 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(al),
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 x 1077 M and 1 x 10~'® 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 X 10726 x 1072 M [26]; Khanna et al. (2018) tested a MnO,
electrochemical sensor to detect BPA and achieved a detection limit of 0.66 uM [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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108



Nanomaterials 2022, 12, 1858

PC 2 (12.73%)

PC2 (5.11%)

MW (al) (a2) @a3)
s 10" .
10 Mg ]UHM AIDr\'/"‘AM .\6\vl\ R 30
oMe oMM 10T Ml .\“'\\ S e
1075 M 10N 40 @ 8 20 Intercept 54.0
R m-'wl?\M I Mo
MY @\ 10° M
TN T e 10+ Slope 5.0
10 M 1012 ®  L0i0°M —_
® Azithromycin 1072 M 10°M & LR o 0 Error 0.2
A Clarithromycin RV A C 1x 1015
4 Erythromycin ° -0 ® Azithromycin A x
A 107M A Clarithromyein Cs 1x1015
204 4 Erithromycin
* é C 9.3 x 101* M
oM 304 @ :
105 Ky e e e e e e Resolution 7 x 1017
T T T T T T T T w* e e ' et 1wt 10t
50 40 <30 20 <10 0 10 20 30 C oM
PC 1 (61.95%)
RW (b1) (b2) (b3)
40
® Azithromycin , N A
A Clarithromycin A ou ! 301 ¢ ®  Azithromycin
4 Erythromycin I‘ /l " A Clarithromyein Intercept -53.5
@ 10°M <Y A i i
. \ +  Eritl
‘\A"\ Y% rithromycin SlOpe 4.8
£ /10°M 10 4
m-vM@i s Error 0.3
1
IO"‘M‘&:" a 0 CH 1x10715
10°M ~o
,,J,mMV’,I‘; &5, 101 ) Cs 1x1015
M o] R2=0911 i
s 2 . o 8.8 x 1016
1075 ®_ 4iny -304 Resolution 1 x10-1°
. . . : . : i i i B e B e e B B e

PC 1 (84.88%)

101" 10 10 107

C (M)

0 50 60 70 0% oM 0"

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~°> M, when immersed in
MW (a1) and RW (b1); PC1 factor scores as a function of AZI, CLAR, and ERY concentrations (0 M to
1015 M to 105 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 TiO, and ZnO sensors for the detection
of AZI, CLAR, and ERY in concentrations between 10~ M and 10> M in MW and RW
matrices has been proposed. Impedance spectra measured by sensors coated with ZnO
and TiO; thin films deposited with 50% and 100% O, 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 TiO, 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 TiO,. 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 x 10~'¢ M was found near the 10~1> M
concentration, the smallest concentration that could be quantified. Lastly, it was revealed
that the proposed e-tongue, with a sensitivity of —4.8 4= 0.3 per decade and a resolution of
1 x 1071 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 x 103 Hz measured
by the TiO, (100% O,) sensor, TiO;, (50% O,) sensor, ZnO (100% O,) sensor, and ZnO (50% O,) sensor,
respectively; Figure S2. Normalized impedance as a function of azithromycin concentration in RW
at fixed frequencies: 1, 1.58, 3.98 x 103, and 6.31 x 10* Hz measured by the TiO, (50% O,) sensor,
ZnO (100% O») sensor, TiO;, (100% O,) sensor, and ZnO (50% O,) 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 TiO; (50% O;) sensor, TiO, (100% O,) sensor, ZnO (50% O,)
sensor, and ZnO (100% O;) sensor, respectively; Figure S4. Normalized impedance as a function
of clarithromycin concentration in RW at fixed frequencies: 1, 3.98 x 102, 2.51 x 103 and 10° Hz
measured by the ZnO (100% O;) sensor, ZnO (50% O,) sensor, TiO, (100% O,) sensor, and TiO,
(50% O,) sensor, respectively; Figure S5. Normalized impedance as a function of erythromycin
concentration in MW at fixed frequencies: 1, 1.58 x 10? and 2.51 x 103 Hz measured by the TiO; (50%
O3) sensor, ZnO (50% O;) sensor, ZnO (100% O;), and TiO, (100% O;) sensor, respectively; Figure S6.
Normalized impedance as a function of erythromycin concentration in RW at fixed frequencies: 1,
10, 2.51 x 10%, and 10° Hz measured by the TiO, (50% O,) sensor, TiO, (100% O,) sensot, ZnO
(50%03) sensor, and ZnO (100% O,) sensor, respectively. Figure S7. SEM images with 30,000 times
magnification for (a) ZnO 50%; (b) ZnO 100%; (c) TiO, 50%; (d) TiO, 100%. Table S1. Normalized
Impedance data (QQ) reproducibility of the TiO, based sensors devices produced with 100% O, when
immersed in MW and RW at different AZI, CLA and ERY concentrations. Table S2. Normalized
Impedance data (Q2) reproducibility of the TiO, based sensors devices produced with 50% O,, when
immersed in MW and RW at different AZI, CLA and ERY concentrations. Table S3. Normalized
Impedance data (Q)) reproducibility of the ZnO based sensors devices produced with 100% O,, when
immersed in MW and RW at different AZI, CLA and ERY concentrations. Table S4. Normalized
Impedance data (Q2) reproducibility of the ZnO based sensors devices produced with 50% O,, when
immersed in MW and RW at different AZI, CLA and ERY concentrations.
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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),-6H,0),
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 Sao 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(NOj3),-6H,O 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(NOj3),-6H,O
and 0.32 g of AgNOs3 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
mutffle furnace at 750 °C for 1 h (Figure 1).
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A \\L Silver Nitrate

\ /
0\ /
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—~ Calcination Maceration
—

—
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surface 1?g+

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

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 Ko radiation (A = 1.5418 A), with scans in 26 from
20° to 70° and step rate of 0.2 °/sec. The crystallite size (D) was estimated by the Scherrer
equation [19]:

kA
b= B cos(0)
k is the form factor, A is the wavelength of incident X-rays, B is the full width at half-
maxima (FWHM) of the maximum intensity peak, and 6 is the Bragg angle of the maximum
intensity peak.

Raman spectra were recorded using a Micro-Raman system (Senterra Bruker Optik
GmbH, Massachusetts, USA), A = 532 nm, laser power 5 mW, time 10 s, resolution 4 cm L,
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 Kot
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 pm. 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 1I, Berlin, Germany) [21]. The X-ray beam was
monochromatized with a Si(111) double crystal monochromator (AE/E =2 x 10~%). 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~! equidistant k-steps was carried out until k = 16 A~!. 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/ZnQO 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 Zn?* or as an interstitial atom [24,25]. In the case of silver replacing Zn**, 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 26 = 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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Intensity (arb. units)

(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 AgyO. Further, EXAFS analysis was performed to determine the
local structure.
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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 20 = 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,
32.5nm for Ag/Zn0O (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 ™!, 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 ™!, which can be assigned the fundamental
phonon modes Ezl"w and Ezhigh of hexagonal wurtzite ZnO, respectively [30,31]. The
A1(LO) polar branches appeared at about 555 cm ™! 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 A;(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 (V) [32-34], zinc
interstitial (Zn;) defects in ZnO [31,34], or defect complexes of combined V, and Zn; in
the host lattice [34]. Additionally, a broad Raman peak positioned at about 483 cm~! 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
Zn0O loaded with cobalt [36], and thus could not be a local vibrational mode associated
with Ag cations.
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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 54), 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 5¢
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,, and Zn 2p; /;, respectively.
These values agree with the binding energies of Zn 2p3/2 and Zn 2p1/2 in stoichiometric
ZnO, which is attributed to Zn?* state oxidation [38,39].
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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 3ds,)
and 372.8 eV (Ag 3d3,;). The spin-orbit splitting of 6 eV indicates that Ag atoms were
mainly in the metallic state Ag® [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 3ds,; 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 3ds,, spectrum
of the Ag/ZnO (II) sample was fitted by two components centered at 367.1 and 368.2 eV,
corresponding to Ag,O and Ag? 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 O>~ 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 O?~ 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 x(E) is
defined as follows [45]:

#(E) = mo(E)
E) = 2

Ey is the tabulated energy of an absorption edge, Ao (Ep) is step or edge jump between pre-
and post-edge lines, g (Ep) is the mass absorption coefficient of the isolated atom, and u(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.

2m(E — Eg)

k= %

®G)
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 k? weighted x (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 (c2),
nearest neighbor coordination number (CN), and bond distance (c) were considered as
variable parameters during simulations. We calculated the amplitude reduction factor (s3)
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 x(k).k* 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 A) and Zn%* (0.60 A) 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 (s%) 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 s3 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 x(R) spectra for Ag K
and Zn K edges. From this simulation, we calculated the CN, R, and o2 values, i.e., for
Ag-Ag, Zn-0O, and Zn—Zn single scattering paths. The k-range for Fourier transformation
was 3 to 11.5 A~! during the simulation of the Zn K edge. The same for the Ag K edge was
3t09.5 A~L. The R ranges were 1.85-3.15 A and 1-3.65 A for Ag and Zn fits, respectively.
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Figure 7. Ag loaded ZnO NPs. (a,c) Normalized XANES data for Ag K edge and Zn K edge. (b,d) k?-
weighted x(k) spectra for Ag K edge and Zn K edge. XANES and x(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 x(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) A. 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) A) 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 ¢ values from
0.008 (0) A% to 0.009 (0) A2. The presence of cationic interstitials or vacancies increases the
o? 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 x(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/Zn0O (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 V,, in both of the samples. These fitting results regarding the
presence of V,, 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 ¢? 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 02 factor for nearest neighbor (Ag-Ag), (Zn-0), and (Zn-Zn) scattering from EXAFS fitting.
The number in the parenthesis indicates the uncertainty in the last digit.

N : .2 .2 22
Sample Shell (1st Shell) R (A) ‘fongg(A ) 05, o(A") 0%, 7,(A7)
Ag-Ag 11.9 (0) 287(0)  0.008 (0) - -
Ag/ZnO (I) Zn-O 2.9 (4) 1.96 (0) - 0.004 (2) -
Zn-Zn 11.9 (0) 3.22(0) - - 0.01 (0)
Ag-Ag 8.9 (0) 286(0)  0.009 (0) - -
Ag/ZnO ()  Zn-O 29(3) 1.96 (0) ) 0.003 (1) -
Zn-Zn 11.9 (0) 323 (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.

Parameters
Sample Total Coliforms  Escherichia coli .
(MPN/100mL)  (MPN/100mL)  PH Turbidity (NTU)
Contaminated Water >2419.6 59.4 75 28.1
Pure ZnO Presence Presence 8.2 15
Ag/Zn0O (I) <1 (Absence) <1 (Absence) 7.7 1.9
Ag/Zn0O (I) <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 (1), 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.

Atomic Concentration (%)

Sample Elements Before After
Cls 5.6 8.2

Ols 46.0 43.0

Ag/ZnO (I) Zn 2p3 474 47.8
Ag3d 1.0 1.0

Cls 11.9 103

Ols 43.0 45.0

Ag/Zn0O (I) Zn 2p; 433 43.0
Ag3d 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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Orange line in image a indicate the area of line analysis. Figure S2: BSE-SEM image of Ag/ZnO (II)
with EDXS elemental maps of Zn, O and Ag. Scale bar on the elemental maps is 250 nm. Orange
frame in BSE-SEM image indicates area of analysis. Figure S3: SEM images of Ag/ZnO (I) (a) and
Ag/ZnO (II) (b) captured with a backscattered electron (BSE) detector. Figure S4: Characteristic TEM
images of Ag-loaded ZnO sample prepared by ex situ doping (Ag/ZnO (II)). The white rectangular
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d-spacing is 0.25 nm and corresponds to (004) planes of hexagonal Ag (ICSD No. 01-870-0598).
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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], TiO, [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 (Fe30O4) nanoparticles (MNPs) stand out as promising supports due to their
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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 (Fe30,). 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 