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Abstract: Increased usage of nano-zinc oxide (nZnO) in different commercial fields has raised serious
concerns regarding their discharge into the water streams containing natural and synthetic coating
agents. Moreover, utilization of ground and surface water for drinking purposes is a common
approach in many countries. Therefore, the removal of nZnO particles from water is essential to
minimize the risk to the environment. The present research investigated the removal of nZnO from
complex water matrices by conventional coagulation-flocculation-sedimentation (C/F/S) process
using polyaluminum chloride (PACI) as coagulants. The result showed that removal of uncoated
nZnO through sedimentation was efficient in waters containing divalent cations in the absence of
dissolved organic matter (DOM). For the water containing higher salt concentration, PACI coagulant
showed better removal performance with increasing coagulant dosage; however, synthetic organic
coating agent and DOM significantly decreased the removal up to 75%. The surface potential of
studied waters indicated that the addition of PACI affects the charge potential of nZnO particles
resulting in charge neutralization. The result of the particle size analyzer revealed the presence of
smaller particles with size of 430 nm even after C/F/S process, which may increase the possibility of
particles release into aquatic environment. The results of the present study may help in understating
the removal behavior of other coated nanoparticles during conventional water treatment.

Keywords: synthetic coating; water; zinc oxide; coagulation

1. Introduction

Climate change affected the water resource and increased water scarcity; therefore, it
is a common strategy to effectively utilize the available aquatic sources such as ground and
surface water for public as well as commercial purposes. Moreover, engineered nanopar-
ticles (ENPs) have been a focus of research interest due to their unique physicochemical
properties. Among many nanomaterials, nano-zinc oxide (nZnO) is widely used in dif-
ferent products and commercial applications, due to its novel mechanical and catalytic
properties [1]. The worldwide yearly production of nZnO was expected to be 1600-58,000
tons/year with market growth of USD 400 million by 2020 [2,3]. The increased production
and incorporation of nZnO in many consumer items raises serious concern that they may
eventually be released into the water streams leading to potential damage to environment.
Moreover, 50% of annually produced ENPs are predicted to be released into the water
streams directly (consumer products) or indirectly. A few researchers have simulated the
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probable concentration of ENPs in the environment [4,5]. The effluent from water treatment
plants (WTP) is assessed to be 1200-29,200 tons annually into water bodies globally [6].
Thus, WTP provides a substantial pathway for ENPs, specifically nZnO.

Nanomaterials such as nZnO pose substantial health as well as environmental risk
to the ecosystem. These tiny particles may enter the human body directly (ingestion) or
indirectly (bioaccumulation) [7]. Earlier studies [8,9] have reported toxicity of nZnO to
various biota, i.e., mammalian, earthworms, plants, and sea urchin. Most of the released
nZnO have active materials with organic coating for longer stabilization, thereby enhancing
the relative toxicity. Consequently;, it is significant to understand the removal of nZnO by
conventional WTP to eliminate its adverse effect on the aquatic environment and human
health due to its exposure.

Recently, the effect of ENPs size, concentration, and type on the coagulant dosage and
total performance of the system was well demonstrated by Popowich et al. [10]. Moreover,
the process conditions, i.e., solution pH and electrolyte concentration, play an essential
role in enhancing the efficiency of treatment process. Rozman et al. demonstrated the
enhanced mobility of TiO; and nZnO in the aquatic environment due to the adsorption
onto microplastic surface [11]. Consequently, it is significant to explore the removal of
ENPs from complex water environments, using the chemical coagulation process. Several
studies [12,13] have reported that the occurrence of dissolved organic matter (DOM) affects
the colloidal behavior of ENPs in aquatic system. The lower concentration of DOM in the
water containing monovalent ions increases the stability of ENPs agglomerates such as
copper oxide (CuO) nanoparticles, thereby reducing the risk to water environment [14]. In
contrast, it has been also demonstrated that higher DOM concentration reduces the size
of NPs aggregates and stabilizes the colloids by electrostatic hindrance [15]. The other
influential parameters for colloidal stability, agglomeration, and toxicity are the synthetic
organic coatings used in many industrial applications as well as commercial products. In
industrial applications, the agglomeration of NPs is controlled by organic coatings such as
meso-2,3-dimercaptosuccinic acid (DMSA), which has been utilized in different medical
and environmental applications [16]. Moreover, this coating (DMSA) simultaneously acts
as chelating agent that is able to bind metal ions to form a complex ring structure called
chelates, which possess ligand binding atoms that can form one or two covalent bonds [17].
Many researchers reported that the presence of DMSA coating forms strong complexes with
the surface layer of the iron-oxide (maghemite) NPs and enhanced stability in intracellular
uptake due to unbound carboxylate groups [18,19]. DMSA has been also utilized as capping
agent for quantum dots and maghemite NPs. Therefore, it is important to explore the fate,
mobility, and agglomeration behavior of nZnO in the presence of synthetic coatings.

Mostly, treatment methods, i.e., chemical coagulation, flocculation, and filtration fol-
lowed by chemical oxidation are introduced by the WTP after secondary treatment unit
to further clean the effluent before discharge. Many researchers have investigated the
removal of ENPs from water and wastewater by activated sludge, reverse osmosis, electro-
coagulation, and coagulation-flocculation-sedimentation (C/F/S) process. A recent study
reported above 80% removal of CeO, NPs from drinking water using granular activated
carbon [20]. Previous studies have shown that traditional C/F/S technology is effective
in the removal of suspended colloids, DOM, inorganic matter, microplastic and disinfec-
tion by-product from contaminated water [21,22]. A recent study [6] demonstrated that
metal salts (i.e., aluminum, iron) are efficient in removal of suspended colloids and DOM,;
however, removal performance is significantly affected by solution chemistry and type of
organic ligands. The presence of DOM such as fulvic and humic acid can adsorb onto the
nZnO surface, thus altering their structural as well as physio-chemical properties. A recent
study [23] reported the better removal of titanium dioxide (TiO;) using aluminum coagu-
lant in waters containing high molecular weight hydrophobic organic ligands. Moreover,
if the DMSA nanometals are discharged into the freshwater which contains the various
salts and DOM, this may further enhance their mobility and transformation behavior. Even
with the exposure and concentration assessment of nanoparticles, we are still faced with
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a lack of quantitative knowledge and appropriate methods for detecting, characterizing,
and quantifying NPs in complex natural media. Many researchers have only focused
on the potential toxicity of NPs along with their treatment pathways in simple environ-
ment; however, limited literature has focused on the removal of NPs in complex water
environment using a conventional process such as C/F/S. If WTP fails to remove these
toxic contaminants, they may enter the human body through ingestion of water. Thus, it
is essential to investigate the ability of conventional techniques to remove nZnO in the
presence of DOM and synthetic coatings.

As a result, the present research aimed to investigate the ability of C/F/S process to
remove nZnO NPs. The specific objectives were to explore the influence of monovalent salt
(NaCl), synthetic source water (i.e., surface and ground waters), organic coating (DMSA),
and presence of DOM on the removal of nZnO.

2. Materials and Methods
2.1. Chemicals and Reagents

Uncoated (bare) nanopowder of zinc oxide (CAS No: 1314-13-2, purity > 97%), humic
acid (HA), and meso-2,3-dimercaptosuccinic acid (DMSA) were procured from Sigma
Aldrich (St. Louis, MO, USA). The coated nZnO was prepared by the earlier described
method [24] using DMSA as the coating agent. Polyaluminum chloride (PACl) with (65—
70% basicity) in stock solution with (850 mg/L Al,O3) was obtained from Elf Atochem
(Toulouse, France) and used in C/F/S experiments.

2.2. Preparation of Test Solution

The stock solution of obtained nanopowder of zinc oxide was prepared by adding
nZnO powder into deionized water. Firstly, 1000 mg/L of nZnO stock suspension was
prepared and pH of the suspension was adjusted to 7.0 using 0.1 M HCl or NaOH. The
nano-ZnO suspension was sonicated using Bio-safer ultrasonicator (Nanjing, China) for
40 min at 500 W to obtain stable NPs suspension. The stock suspension of nZnO was
diluted into a desired concentration and used in the C/F/S experiments. The present
research was carried out using different media conditions including synthetic surface water
(SSW), synthetic ground water (SGW), and two different concentrations of ionic strength
(IS) of NaCl. The monovalent salt IS content of 2.5 and 10 mM was chosen to compare with
electrolyte content of SSW [25] and SGW [26], respectively. The pH of solution used in the
present study was controlled at 7.5 by 100 mM NaOH or HCl to simulate the pH of natural
SSW and SGW. A detailed list of constituents for SSW and SGW is presented in Table 1.
HA was used to represent the model organic ligand, about 1 mg/L of concentration was
selected to depict the natural surface and ground waters [27,28].

Table 1. Composition of synthetic waters.

Synthetic Surface Concentration Synthetic Ground Concentration
Water (SSW) (mg/L) Water (SGW) (mg/L)
MgCl, 6H,0 16.5 CaCl, 2H,0 107.1

MgSO, 8.30 CaSO, 2H,0 74.4

KHCO3 3.10 KNO3 59.5

NaHCO3 19.3 NaHCO;3 107.1
CaCOs3 33.0 Ca(NO3), 4H,0 104.2

- - MgSO, 7H,0 178.6

Total 80.2 630.9
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2.3. C/F/S Experiments

The C/F/S experiments were performed at room temperature using an automatic
jar tester with six mixing paddles. For all the experiments, a jar with capacity of 2 L was
used. In all experiments, a predetermined dosage of PACI (50 mg/L) was used to enhance
the sweep flocculation process, which is typically used in WTP. Moreover, the initial
concentration of bare and coated nZnO was fixed at 100 mg/L in C/F/S experiments. Prior
to each experiment, the nZnO suspension was probe sonicated for 2 min to separate the
large agglomerates. The solution was rapidly mixed for 1 min at 150 rpm to ensure a velocity
gradient equal to or greater than 1000 s~!. Thereafter, the flocculation suspension was slowly
mixed at 30 rpm for 30 min to keep the speed gradient of around 30 s™!. The parameter
such as flocculation velocity gradient was based on typical reactor designs used in drinking
WTP. In the final step, the sedimentation was carried out at 0 rpm and suspension was
left for 60 min to allow the colloids to settle down. After completion of the experiment,
the aliquots were collected below 2 cm for the analysis of nZnO concentration, (-potential,
and hydrodynamic diameter (HDD). The concentration of nZnO NPs in collected sample
was measured using an Optizen UV-Vis spectrophotometer at wavelength of 370 nm as
reported in earlier studies [29]. A control experiment was also performed without any
coagulant (0 mg/L) to determine the efficacy of the coagulant and interaction of nZnO
with PACI coagulant. The (-potential was analyzed through (Nano Z590, Worcestershire,
UK). All experiments were performed in triplicates and relative standard deviations were
plotted in the graphs.

2.4. Analytical Measurement

The (-potential (mV) was determined at room temperature with 10 repeated mea-
surements, where the refractive indices of nZnO and water were set to 2.00 and 1.33,
respectively. The Fourier transform infrared (FTIR) (JASCO Analytical Instruments, Easton,
PA, USA) analyses of pristine nZnO, DMSA, and DMSA-coated nZnO were performed.
X-ray diffractometry (XRD) of pristine nZnO and DMSA-coated nZnO were analyzed
using Dmax C III (Rigaku Corporation, Tokyo, Japan). The residual concentration of nZnO
particles (>0.45 um) was analyzed through inductively coupled plasma coupled with mass
spectrometry (ICP-MS).

3. Results
3.1. Characterization of Uncoated and Coated nZnO NPs

The FTIR spectra of pristine DSMA, nZnO, and DSAM-coated nZnO particles are
shown in Figure 1A. The absorption band at 3375 cm ! was attributed to O-H vibrations
due to moisture content in sample. The peaks at 2563 cm ™! and 1715 cm ™! in DMSA sample
was attributed to the S-H and C=0 stretching of the carboxylic groups, respectively [30].
These spectrum bands were visible in the DMSA-coated nZnO with slight shifts confirming
the coating of DMSA onto the nZnO NPs surface. The XRD pattern of uncoated nZnO and
DMSA-coated nZnO was measured to analyze any changes in crystalline structure. Even
though DMSA was coated onto nZnQO surface, insignificant difference in the nZnO crys-
talline structure between the uncoated nZnO and DMSA-coated nZnO was observed [31].
This confirms that the surface coating of DMSA did not affect the crystalline structure of the
ZnO core particles, which means the nZnO NPs were stable even after surface modification.
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Figure 1. (A) FTIR spectra of pristine DMSA, nZnO, and DMSA-nZnO coated particles; (B) XRD of
pristine nZnO and DMSA-nZnO coated.

3.2. Influence of IS and Solution Chemistry on the Removal of nZnO Particles

Figure 2A showed better removal of uncoated nZnO in complex environmental water
SGW (98%) and SSW (99%), respectively than with the monovalent salt containing waters
of 2.5 mM NaCl (74%) and 10 mM NaCl (83%), respectively. The formation of hydrolyzed
species (Al(OH)4 ™) in the solution resulted in effective particle destabilization [32]. Further
increase in PACI dosage may enhance the cationic species in the system, thus leading to
the charge reversal and destabilization of colloids [33]. The observed (Figure 2B) positive
(-potential of nZnO system is due to the excess absorption of the positively charged Al
species. Moreover, the excessive PACI dosage (50 mg/L) above the optimum point may
lead to precipitation of amorphous hydroxide (OH) colloids [33]. The combined effect of
positively charged OH and cationic species results in excess surface charge of the nZnO
NPs as observed in Figure 2B.
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Figure 2. (A) Removal of uncoated nZnO (100 mg/L) in all four studied waters of 2.5 mM NaCl,
10 mM NaCl, 2.5 mM SSW, and 10 mM SGW at PACI (50 mg/L); (B) ¢-potential (mV) and (C) HDD
of nZnO in all four waters.
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The removal performance with increasing electrolyte concentration within each re-
spective system (NaCl vs. synthetic waters) shows insignificant change (p > 0.05). The
nZnO dispersed in the NaCl system shows enhanced stability with surface potential of 19.6
and 25.1 mV for 2.5 and 10 mM NaCl, respectively, as compared to synthetic waters with
potential of 14.1 and 19.2 mV for SGW and SSW. Our results agree with the observation in
previously reported NaCl-containing waters [34]. Moreover, the measured particle size in
the different studied waters of 2.5 mM NaCl, 10 mM NaCl, SGW, and SSW were 1523.0,
1759.0, 2732, and 3221 nm, respectively as shown in Figure 2C. The reduction in the colloidal
stability may be correlated with the enhanced removal performance in SSW and SGW at
flocculation as well as sedimentation stages of treatment. The enhanced removal efficiency
in the synthetic natural waters (SGW and SSW) may be due to the presence of divalent
cation (i.e.,, Mg?*, Ca"), thereby reducing the colloidal stability. The divalent cations such
as Ca?* and Mg?* due to their larger outer valance size efficiently compressed the electrical
double layer (EDL) near the colloid surface than monovalent ions (i.e., NaCl, KCl). This
may also be attributed to the effective charge screening and reduced Debye length [29].
The increased removal of (above 98%) was observed in waters (SGW and SSW) containing
the divalent cations. Previous study reported similar results, wherein the presence of Ca®*
ions result in increased NPs agglomeration [35]. The improved removal may also be due to
the presence of highly charged anions, which increase the OH precipitation enmeshing the
nZnO NPs to form larger size flocs that easily settle down.

3.3. Role of DOM in Removal of Uncoated nZnO

In WTP, the occurrence of organic ligand may affect the removal and mobility of NPs;
thus, the effect of DOM was investigated in all studied waters. Figure 3A shows that the
presence of DOM in the system significantly affected the removal of uncoated nZnO NPs as
compared to those without DOM. The removal efficiencies in different systems of 2.5 mM
NaCl, 10 mM NaCl, SGW, and SSW, were observed to be 19.8%, 51.0%, 71.1%, and 73.0%,
respectively. The DOM contains various phenolic and carboxylic functional groups that
might adsorb onto the nZnO surface, which results in the repulsion amongst the charged
precipitates. The enhanced removal of nZnO in systems containing the higher electrolyte
content was observed, which might be due to the charge neutralization in the suspension.
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Figure 3. (A) Removal of uncoated nZnO (100 mg/L) and DOM in all four studied waters of 2.5 mM
NaCl, 10 mM NacCl, 2.5 mM SSW, and 10 mM SGW at PACI (50 mg/L); (B) (-potential (mV) and
(C) HDD of nZnO in all four waters.

The measured ¢-potential in these waters of 2.5 mM NaCl, 10 mM NaCl, SGW, and SSW
were —4.1,12.0, 13.1, and 7.3 mV, respectively. These observations are in good agreement
with the low removal in water containing less amount of salt content (Figure 3A). This may
be attributed to the interaction between the positively charged OH species and negatively
charged functional groups of DOM [12]. However, the removal trends in simulated SSW
and SGW were almost similar, indicating that the dominant sweep flocculation mechanism,
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resulting in enhanced OH precipitation, is associated with the highly charged anions. The
reduction in the size of aggregates was observed in the presence of DOM (Figure 3C),
then without DOM (Figure 2C), which might be due to the steric repulsion of sorbed
DOM on the surface of nZnO. The measured HDD of nZnO in different waters of 2.5 mM
NaCl, 10 mM NaCl, SGW, and SSW were 1354, 1490.2, 2106, and 2016 nm, respectively.
The size of aggregates enhanced substantially (p < 0.05) with increasing the electrolyte
concentration within the NaCl-containing waters after sedimentation. Moreover, the size of
agglomerates between the NaCl and synthetic waters notably increased (p < 0.05); however,
this difference was insignificant (p > 0.05) in SSW and SGW. This might be ascribed to the
fact that with enhancing IS of monovalent ions, the electrostatic repulsion is screened, and
the energy barrier shrinks [36]. The larger agglomerates after flash mixing were observed
at 2.5 mM NaCl as compared to 10 mM NaCl, which might be due to the weak interaction
amongst the DOM and nZnO NPs surface results in the enhanced polymer bridging
between colloids to form large aggregates (Figure 3C). In contrast, the stronger interactions
between the DOM and precipitate surface might enhance the particle stability due to
electrostatic repulsion [13]. Previous studies [11,18] reported the increased stability of NPs
in monovalent and divalent cations at different solution chemistries owing to electrostatic
hindrance. In simulated waters, the presence of divalent ions effectively compresses the
EDL around the particle than monovalent ions such as NaCl systems [23]. Moreover,
neutralization of surface charge of nZnO induced counter ions owing to destabilization
and subsequent agglomeration. Elimelech et al. reported similar observations during the
kinetic study of fullerene (C60) NPs in the presence of divalent cation and HA-coated
surface, where macromolecules rapidly form complexes with cations, thereby reducing the
steric hindrance effect of sorbed macromolecular layers [37].

3.4. Role of DMSA Coating and DOM on Removal of nZnO

The synthetic coating has been widely used to stabilize commercial nanoparticles in
different products and applications that might be released into water treatment facilities.
In the present study, the effect of the simultaneous presence of DOM and synthetic coating
(DMSA) has been investigated under environmentally relevant conditions. The removal
efficiencies of DMSA-coated nZnO NPs at different waters of 2.5 mM NaCl, 10 mM NaCl,
SGW, and SSW systems were observed to be 51.0%, 77.8%, 63.6%, and 99.1%, respectively
(Figure 4A). In NaCl system, the total removal after sedimentation was found to be statisti-
cally insignificant, demonstrating that monovalent electrolytes had little effect, similar to
the previous results of uncoated nZnO NPs. The measured (-potential of 2.5 mM NaCl and
10 mM NaCl were 16.5 and 20.1 mV, respectively (Figure 4B). In general, the presence of
synthetic organic coating caused a slight decrease in removal, which might be due to the
steric repulsion of ligand coating onto nZnO. These observations are in good agreement
with the results of DLS showing smaller size aggregates in these waters (Figure 4C). The
presence of carboxylic groups in DOM might contribute to more negative charges on the
nZnO surface after ionization at pH 7, thereby causing significant decline in van der Waals
forces [11]. An increase in SGW removal was observed as compared to NaCl-containing
waters and SSW system. The enhanced screening in the presence of different divalent
cations reduces the surface potential (Figure 4B) and rapid precipitation due to the fact
that strongly charged anions increase the size of agglomerates (Figure 4C). Moreover, the
improved removal in the 10 mM NaCl system might be ascribed to the chelation of the
DMSA between the nZnO and hydroxide precipitates, decreasing the stability of NPs
offered by DOM. Thus, minimal impact of synthetic organic coating was observed on the
fate and mobility of nZnO NPs as compared to without synthetic coating in the presence of
DOM within the water treatment process.
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Figure 4. (A) Removal of DMSA-coated nZnO (100 mg/L) in all four studied waters of 2.5 mM NaCl,
10 mM NaCl, 2.5 mM SSW, and 10 mM SGW at PACl (50 mg/L); (B) {-potential (mV) and (C) HDD
of nZnO in all four waters.

The removal of DMSA-coated nZnO and DOM in waters of 2.5 mM NaCl, 10 mM NaCl,
SGW, and SSW was found to be 80.1%, 78.9%, 61.3%, and 59.2%, respectively, Figure 5A.
The surface potential in studied waters of 2.5 mM NaCl, 10 mM NaCl, SGW, and SSW
was measured to be 8.5, 6.3, 13.2, and —5.5 mV, respectively, Figure 4B. Remarkably, the
removal behavior in NaCl of only system and natural synthetic waters (SGW and SSW)
showed an inverted trend, similar to the obtained removal behavior of nZnO NPs in the
presence of DOM. The synthetic coating might enhance the interaction between DOM
surface, thereby reducing the attachment of chain segment into the suspension, and then
promoting agglomeration [25]. Subsequently, the lower removal of DMSA-coated nZnO
NPs in synthetic waters than in waters containing only DOM might be due to the chelation
of DMSA and metal ions, i.e., Ca®* or Mg?*, thereby reducing the available active site
for bridging [29]. These results are supported by the substantially larger size aggregates
observed in SGW (Figure 5C), which contains more Ca?* content than the other three waters.
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Figure 5. (A) Removal of DMSA-coated nZnO (100 mg/L) + DOM in all four studied waters of
2.5 mM NaCl, 10 mM NaCl, 2.5 mM SSW, and 10 mM SGW at PACI (50 mg/L); (B) {-potential (mV)
and (C) HDD of nZnO in all four waters.

It was observed that even under higher removal conditions above 95%, smaller amount
of NPs aggregates remain suspended in the solution. Thus, the concentration of nZnO
aggregates colloids smaller than 0.45 um was measured using 5 ppm solution (Table 2). The
results indicated that despite aggregation-inducing compounds and coagulants, there is
still a major concern about the released colloids in small aggregates via conventional WTP.
Thus, the release of these particles increases the risk to human health and environment due
to their enhanced reactivity, mobility, and transport in the ecosystem.
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Table 2. ICP-MS data collected for jar tests after sedimentation.

ICP Concentration (ppm)

Experimental conditions 2.5 mM NaCl 10 mM NaCl SSW SGW

Uncoated nZnO 4.55-0.01 4.54-0.02 4.62-0.02 4.56-0.02
Uncoated nZnO + DOM 4.63-0.01 4.79-0.01 4.59-0.01 4.63-0.02
DMSA-coated nZnO 4.60-0.02 4.62-0.01 4.64-0.02 4.60-0.03
DMSA-coated nZnO + DOM 4.65-0.00 4.61-0.02 4.75-0.11 4.73-0.07

4. Conclusions

The objective of the present research study was to investigate the impact of synthetic
organic coating, DOM, and water chemistry on nZnO NPs removal by C/F/S process. The
findings showed that the removal of uncoated nZnO NPs through settling was efficient
(>90%) in high electrolyte concentration and specifically divalent cations without DOM. The
removal efficiency of DMS-coated nZnO NPs in the presence of DOM decreased up to 75%,
with reduction in the size of aggregates owing to the steric repulsion effect of sorbed DOM
compounds. The C/F/S experiments showed that high dosages of polyaluminum-based
coagulants can efficiently remove the nZnO NPs; however, under complex environmentally
relevant conditions, the smaller NPs with size of 430 nm remain suspended after sedimenta-
tion. Findings showed that the main mechanism involved in the removal of DMSA-coated
nZnO NPs might be swept flocculation and charge neutralization. The study provides
some insight into the influence of synthetic organic coating and DOM on the fate, mobility,
and removal of released nZnO during the water treatment process.
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