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Abstract: Engineered nanomaterials (ENMs), such as copper oxide nanoparticles (CuO NPs), are
emerging as pollutants extensively used in many commercial and industrial applications, thus
raising environmental concerns due to their release into water bodies. It is, therefore, essential to
remove these pollutants from water bodies in order to minimize the potential threat to the aquatic
environment and human health. The objective of this study was to investigate the removal of CuO
NPs from waters by the coagulation process. This study also explored the efficiency of coagulation
to remove hydrophobic/hydrophilic dissolved organic matter (DOM) and turbidity with varying
polyaluminum chloride (PACl) doses. According to the results, a high concentration of DOM affects
both the CuO NPs zeta potential and hydrodynamic diameter, thereby decreasing the agglomeration
behavior. At effective coagulation zone (ECR), high removal of CuO NPs (>95%) was observed
for all studied waters (hydrophobic and hydrophilic waters), above ECR excess charge induced by
coagulant restabilized particles in solution. Furthermore, waters containing hydrophobic DOM and
those with high UV254nm values needed more coagulant dose than hydrophilic waters to obtain
similar CuO NP removals. The primary mechanism involved in CuO NPs removal might be charge
neutralization. These findings suggest that PACl is an effective coagulant in the removal of CuO NPs;
however, water characteristics are an influencing factor on the removal performance of ENMs during
the coagulation process.

Keywords: agglomeration; coagulation; copper oxide nanoparticles; dissolved organic matter;
polyaluminum chloride

1. Introduction

Engineered nanomaterials (ENMs) are widely used in many consumer products and industrial
applications, such as cosmetics, electronics, energy technology, drug delivery, agriculture and
environmental sciences [1]. Amongst many ENMs, copper oxide (CuO) is the most extensively
used nanoparticle (NP) because of its application as an antimicrobial agent in textile and coatings, and
also in the materials used for energy technology process [2,3]. In 2010, the global production of CuO was
approximately 570 tons/year and is estimated to reach 1600 tons/year by 2025. According to Keller et al.,
54% of the produced ENMs may be released during their usage and disposal phase and are likely to
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enter wastewater treatment plants (WWTP) [4]. A recent study [5] reported the presence of ENMs in
wastewater treatment effluents and biosolids, which further suggests that NPs might eventually end
up in freshwater bodies. At present, data on the measure environmental concentration of most ENMs
in surface waters are not available; however, researchers have estimated the concentration to be in the
range of 21–10,000 ng/L [6]. Therefore, if the conventional WWTP are incapable of removing ENMs
from water, NPs may find their ways into water bodies, thereby increasing the associated potential
risks of exposure to aquatic organisms and humans.

Various studies [7,8] have demonstrated that ENMs are a potential threat and may adversely affect
the aquatic biota and human health. CuO NPs can attach on the surface of micro-organisms such as
lymphocytes, Fagopyrum esculentum, and Pseudokirchneriella, thereby affecting their life cycle [9,10].
Dimkpa et al. demonstrated the adverse effect of released Cu2+ ions on the growth rate of
Triticum aestivum and Dreher et al. showed acute toxic effects of ENMs (i.e., oxidative stress in
human cells and damage to DNA) [11,12]. In the natural environment, the transport behavior of ENMs
mostly depends on their physiochemical properties such as particle size, shape, surface charge, coating,
media properties (e.g., pH, ionic strength), and dissolved organic matter (DOM) [13]. For instance,
media pH can affect the surface potential via a pH-dependent protonation/deprotonation of surface
hydroxyl groups, thus affecting the aggregation and mobility of NPs [14]. Peng et al. reported that a
higher concentration of metal cation increases the agglomeration by compressing the electrical double
layer (EDL) around the NPs surface [15]. Conversely, DOM such as humic acid (HA) and fulvic acid
(FA) can be attached to the surface of NPs through hydrophobic interaction, and H-bonding thereby
promotes the colloidal stability of suspension [16,17]. Thus, it is important to understand the transport
and removal performance of the ENMs in the water treatment process to control the associated risk of
exposure to the ecosystem.

Presently, advanced techniques such as ultra-filtration process are widely used to remove the
ENMs from water. However, the membrane fouling significantly impacts the treatment performance
leading to an increased operation cost [18]. ENMs can be removed through the activated sludge process;
however, they are toxic to microbes and adversely impact the sludge treatment [19]. Conventional
drinking water treatment plants include coagulation, flocculation and sedimentation steps. Coagulation
is an efficient technique for removing the suspended solids, organic and inorganic matter from aqueous
solution. Various studies [20–23] have demonstrated the removal of commercially available ENMs
such as CdTe, C60, MWCNT and titanium dioxide (TiO2) by coagulation process. Abbott Chalew et al.
reported the residual concentration of different commercial ENMs such as Ag (2%–21%), TiO2 (2%–9%)
and ZnO (48%–98%) in synthetic WWTP [24]. Previous studies demonstrated the high removal of
CuO, Ag and TiO2 NPs using iron-based or aluminum-based coagulants, but these studies used a
high coagulant dose (up to 50 mg/L) [23,25,26]. DOM has been known to impede agglomeration and
reduce NP removal by coagulation. For example, ENMs coated with DOM such as humic acid (HA)
showed remarkable adsorption capacities, thereby reduce the NPs removal efficiency because of the
steric hindrance effect of adsorbed DOM molecules [27]. The findings of the various previous studies
suggested that coagulation seems to be an efficient process for removing CuO NPs from the aqueous
environment. However, most of the earlier studies reported in the literature are limited to ENMs
removal in the presence of DOM. Furthermore, the studies also appear inadequate in elucidating
the influence of characteristic of hydrophobic/hydrophilic DOM on the interactive behavior of CuO
NPs. Thus, it is important to comprehensively understand the effect of DOM characteristics on the
agglomeration and removal behavior of CuO NPs by coagulation in heterogenous water environments.

Accordingly, the objective of this study was to explore the removal of CuO NPs by coagulation
process and understand the effect of DOM characteristics on the agglomeration and overall removal
performance of the coagulation process. The obtained data were then used to predict the possible
transportation and removal mechanism of CuO NPs during water treatment.
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2. Materials and Methods

2.1. Chemicals

The CuO NPs (diameter < 50 nm) humic acid (HA) and salicylic acid (SA) were purchased from
Sigma-Aldrich (St. Louis, MO, USA) and were used without additional purification. The analytical
grade chemicals—potassium chloride (KCl), magnesium chloride (MgCl2), sodium hydroxide (NaOH)
and hydrochloric acid (HCl)—were procured from Samchun (Samchun pure Chemicals Co., Ltd.,
Pyeongtaek-si, Korea). The coagulation experiments were conducted using a commercial coagulant
i.e., polyaluminum chloride (PACl) with relative basicity of (65–70%) in stock solution with 850 mg/L
Al2O3 was procured from WAC HB (Elf Atochem). Pure water (18.2 MΩ) was prepared using
Synergy ultra-pure water system (Milli-Q, Millipore, USA) and used for the preparation of all
experimental solutions.

2.2. Experimental Procedure

2.2.1. Preparation of Stock Solution and Model Waters

First, 1 mg of CuO NPs was weighed through microbalance (Mettler Toledo XP26DR; Mettler
Toledo AG, Greidensee, Switzerland) and dissolved into 100 mL pure water. Prior to the experiments,
the NPs suspension was subjected to probe sonication by ultrasonic cell crusher (Bio-safer 1200-90,
Nanjing, China). To simulate diverse natural water characteristics, four synthetic waters (W1–W4) of
various organic concentration (moderate/moderate-high) and organic type (hydrophilic/hydrophobic)
were used. The inorganic matrix background was maintained in all studied samples, as presented
in Table 1. The dissolved organic carbon (DOC) concentration was controlled by spiking the HA
and SA representing the hydrophobic, high molecular mass (HMM) DOM and the hydrophilic,
low molecular mass (LMM) DOM surrogate, respectively. These models, DOM are widely used
in water treatment research to provide consistent experimental conditions [28]. HA stock solution
was prepared by dissolving the powder in pure water and adjusting the solution pH to 8 by the
addition of NaOH. A 100 mg/L stock solution of SA was prepared by dissolving it into 1 L pure water.
The characteristics of hydrophilic and hydrophobic DOC were based on specific ultraviolet absorbance
(SUVA) with values below 3 L/(m·mg) and above 4 L/(m·mg), respectively [29]. Moderate (2–3 mgC/L)
and moderate–high (ca. 6 mgC/L) range DOC concentrations waters were analyzed [30]. In order to
simulate moderately-hard water, ionic strength was maintained at 4.0 mM using (mono (KCl) and
divalent (MgCl2)) [31]. Water containing hydrophilic DOM showed lower pH values because of the
addition of higher SA concentrations (Table 1).

Table 1. Detailed properties of synthetic waters.

DOC
Concentration a DOC Type b Water

Code
DOC

(mgCL−1)
UV254nm
(cm−1)

SUVA
(L(m.mg)−1)

Turbidity
(NTU)

EC
(µScm−1)

pH

Moderate
(ca. 2–3 mg

CL−1)

Hydrophilic
SUVA < 3 W1 2.69 ± 0.27 0.031 ± 0.002 1.34 ± 0.07 1.17 ± 0.01 375 ± 1.7 4.60

Hydrophobic
SUVA > 4 W2 2.54 ± 0.12 0.192 ± 0.039 7.93 ± 1.31 4.96 ± 0.21 378 ± 1.0 6.39

Moderate to
high

(ca. 6 mg CL−1)

Hydrophilic
SUVA < 3 W3 6.21 ± 0.25 0.041 ± 0.011 0.68 ± 0.08 1.18 ± 0.25 382 ± 1.5 4.21

Hydrophobic
SUVA > 4 W4 5.80 ± 1.54 0.490 ± 0.020 8.59 ± 0.68 9.45 ± 0.65 388 ± 1.0 6.83

DOC: dissolved organic carbon, SUVA: specific ultraviolet absorbance, W1–W4: synthetic waters; a Edzwald and
Van Benschoten [29]; b USEPA [30] classification, i.e., moderate DOC concentration between 2.0 and 4.0 mg CL−1,
moderate-high between 4.0 and 8.0 mg CL−1, and high DOC concentration above 8.0 mg CL−1.

2.2.2. Sedimentation Experiments

To better understand the aggregation behavior of ENMs in waters, the agglomeration rate of
CuO NPs was quantitatively determined through the turbidity variation with time, as described
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in the previous study [27]. Briefly, the suspension was placed in cuvette and turbidity was
monitored continuously as a function of time. Since turbidity of suspension increases with increase
in NP concentration, the aggregation rate can be determined through normalized NP turbidity
(C/C0), where C0 and C is the initial turbidity of suspension at time 0 and time t, respectively.
The sedimentation rate constant d(C/C0)/dt can be assessed from an initial 5% decline in (C/C0)
NP turbidity, which usually occurs within 1 h for the rapid agglomeration and in 12 h for slow
agglomeration experimental environments.

2.2.3. Coagulation Experiments with Synthetic Waters

The coagulation experiments were conducted using a 250 mL sample, in jar tester (Model: SJ10,
Young Hana Tech Co., Ltd. Gyeongsangbuk-Do, Korea) with six paddles at 25 ± 1 ◦C. Prior to the
coagulation experiment, the CuO NPs suspension was probe-sonicated then placed into the jars and
stirred for 1 min before the addition of coagulant. The operating conditions were set based on the
standard procedure used in water treatments plants which include the following: (1) coagulation at
200 rpm for 2 min; (2) flocculation at 20 rpm for 20 min; and (3) settling for 30 min. Once rapid mixing
began, the predetermined amount of PACl coagulant was dosed into the jars. The zeta potential of
each CuO suspension was measured at suspension was measured during the experiment. An aliquot
of 100 mL of the supernatant was collected at the end of the experiment to measure the different water
quality parameters. The effects of various (0–10 mg/L) coagulant dose were investigated in all studied
waters, where 0 represent the control (absence of coagulant) experiments. The high concentration
(10 mg/L) of CuO that was used in all tested waters is much higher than the predicted value in the
environment by many researchers. However, this value was selected to obtain good accuracy in
dynamic light scattering (DLS) and other measurements. All experiments were performed in triplicate
and the relative standard deviations (RSD) are reported.

2.3. Other Analytical Methods

An aliquot of 100 mL was collected for the measurement of pH and conductivity (HACH: HQ40d
Portable pH, conductivity, oxidation-reduction potential (ORP) and ion selective electrode (ISE)
Multi-Parameter Meter, Hach Company, Loveland, CO, USA), turbidity (HACH 2100N with detection
range, 0.001 NTU), UV absorbance at 254 nm wavelength (Optizen 2120 UV, Mecasys, Daejeon, Korea)
and DOC (TOC-5000A, Shimadzu Corp, Kyoto, Japan) by standard methods of analysis. The residual
concentrations of Cu2+ and Al were analyzed using (ICP-OES: Model Varian, Agilent Technologies,
Santa Clara, CA, USA). The electrophoretic mobility (EPM) and hydrodynamic diameters (HD) of CuO
NPs were analyzed through laser Doppler electrophoresis and DLS method using a Malvern Zetasizer
(NanoZS, Worcestershire, UK).

3. Results and Discussion

3.1. Characterization of CuO NPs

Figure 1A shows the effect of pH on the hydrodynamic diameters (HD) and zeta potential (ZP)
in pure water. For all the tested pH, a larger HD of CuO NPs (approximately 150 nm) was found
in pure water as compared to the vendor reported size (50 nm), thus indicating that most of NPs
form larger agglomerates when suspended in the aqueous environment. The interaction among NPs
and surrounding media might promote the formation of larger size NPs aggregates [32]. The surface
potential and subsequently, HD of NPs, might be modified by altering the solution pH or IS. The zeta
potential and HD were significantly influenced by suspension pH (Figure 1A). The surface charge was
positive between pH 3.0 to 8.0 and became negative for pH values above 8 (32.1 ± 2.6 to −28.3 ± 0.9 mV).
The point of zero charge (pzc) was found approximate to (pH ≈ 8.2), where the charge of a particle
is negligible or zero. These findings are consistent with those contained in the literature [13,15,17],
which reported that the pzc of CuO NPs was between pH 7.0 and 8.5. Moreover, zeta potential at pH
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values below pzc was positive, then negative at pH values above pzc. Furthermore, it was assumed
that CuO NPs with zeta potential within ±15 mV would be unstable and will tend to aggregate under
pure electrostatic interaction, while NPs having surface charge of ±15 mV to ±30 mV would be in a
transitional state. The NPs with zeta potential above (±30 mV) would be predominantly stable in the
suspension [13].

Processes 2019, 7, x FOR PEER REVIEW 5 of 12 

 

it was assumed that CuO NPs with zeta potential within ±15 mV would be unstable and will tend to 
aggregate under pure electrostatic interaction, while NPs having surface charge of ±15 mV to ±30 mV 
would be in a transitional state. The NPs with zeta potential above (±30 mV) would be predominantly 
stable in the suspension [13]. 

 

  

(A) (B) 

Figure 1. Zeta potential (ZP) and hydrodynamic diameter (HD) of CuO NPs (10 mg/L); (A) under 
various pH values (pH 3–11); (B) different synthetic waters (W1-W4). 

As illustrated in Figure 1A, the highest aggregates size was observed between pH 8–9 (510.3 ± 
51.4 to 630.7 ± 85.2 nm), where the zeta potential was (5.1 ± 1.5 to −1.8 ± 1.1 mV), while the lowest was 
observed at pH 3.0 (148.9 ± 35.9 nm), where the zeta potential was (28.3 ± 3.9 mV). At or near pzc (pH 
≈ 8.2), NPs had negligible or zero surface charge, resulting in a significant weakening of the repulsive 
forces among NPs, implying that each collision between primary NPs and/or aggregates may cause 
colloids adherence [17]. Thus, CuO NPs present the highest HD (630.7 ± 85.2 nm, Figure 1A) at this 
pH, due to gravitational force the larger size aggregates  settle quickly in the solution. CuO NPs 
were highly charged and stable for pH values between 3.0 and 5.0 (28.3 ± 3.9 mV and 20.3 ± 2.4 mV); 
thus, agglomeration was minimized with HD values less than 150 nm due to high repulsive forces. 
An increase in pH led to enhanced in repulsive forces among NPs, thus resulting in stabilization of 
particles and consequently decrease in the HD of particles. Moreover, electrostatic repulsive forces 
predominate over the van der Waals (vdW) forces at these pH conditions [15]. Prior to the pzc, 
particles are in an intermediate state, so the size values ranged from 250.3 ± 108.1 nm to 510.3 ± 51.4, 
as shown in Figure 1A. 

The measured polydispersity index (PdI) for synthetic waters was 0.31 ± 0.03 for W1, 0.30 ± 0.02 
for W2, 0.32 ± 0.01 for W3 and 0.28 ± 0.03 for W4, which indicated a high accuracy level for this DLS 
device. As illustrated in Figure 1B, the presence of DOM shifts the zeta potential and HD of CuO NPs. 
CuO NPs were negatively charged and the HD values in all the studied waters ranged from 190 ± 35 
to 310 ± 65 nm. Consequently, DOM increased the absolute surface potential by imparting a negative 
charge to the particle surface. These results coincide with previous studies, which reported a 
stabilizing effect of DOM [32,33]. Peng et al. reported that DOM may be adsorbed onto the NPs 
surface and might decrease or alter the surface charge from positive to negative at appropriate 
concentrations [15]. 

The zeta potential of CuO NPs in hydrophobic waters (W2 and W4) showed higher negative 
values as compared to the hydrophilic waters (W1 and W3) (Figure 1B). This shows that the 
hydrophilic DOM (SA) contributed less to the negativity of the CuO NPs surface charge than the 
hydrophobic DOM. Baalousha et al. also reported the enhanced absorption and thickness of surface 
coating of organic molecules with an increase in DOM concentration [34]. Sorption of DOM molecules 
enhanced the effect of steric stabilization combined with the effect on the surface charge that controls 
NPs interactions in solution. A recent study reported that the primary driving forces of sorption of 

Figure 1. Zeta potential (ZP) and hydrodynamic diameter (HD) of CuO NPs (10 mg/L); (A) under
various pH values (pH 3–11); (B) different synthetic waters (W1–W4).

As illustrated in Figure 1A, the highest aggregates size was observed between pH 8–9 (510.3 ± 51.4
to 630.7 ± 85.2 nm), where the zeta potential was (5.1 ± 1.5 to −1.8 ± 1.1 mV), while the lowest was
observed at pH 3.0 (148.9 ± 35.9 nm), where the zeta potential was (28.3 ± 3.9 mV). At or near pzc
(pH ≈ 8.2), NPs had negligible or zero surface charge, resulting in a significant weakening of the
repulsive forces among NPs, implying that each collision between primary NPs and/or aggregates may
cause colloids adherence [17]. Thus, CuO NPs present the highest HD (630.7 ± 85.2 nm, Figure 1A) at
this pH, due to gravitational force the larger size aggregates settle quickly in the solution. CuO NPs
were highly charged and stable for pH values between 3.0 and 5.0 (28.3 ± 3.9 mV and 20.3 ± 2.4 mV);
thus, agglomeration was minimized with HD values less than 150 nm due to high repulsive forces.
An increase in pH led to enhanced in repulsive forces among NPs, thus resulting in stabilization of
particles and consequently decrease in the HD of particles. Moreover, electrostatic repulsive forces
predominate over the van der Waals (vdW) forces at these pH conditions [15]. Prior to the pzc, particles
are in an intermediate state, so the size values ranged from 250.3 ± 108.1 nm to 510.3 ± 51.4, as shown
in Figure 1A.

The measured polydispersity index (PdI) for synthetic waters was 0.31 ± 0.03 for W1, 0.30 ± 0.02
for W2, 0.32 ± 0.01 for W3 and 0.28 ± 0.03 for W4, which indicated a high accuracy level for this DLS
device. As illustrated in Figure 1B, the presence of DOM shifts the zeta potential and HD of CuO NPs.
CuO NPs were negatively charged and the HD values in all the studied waters ranged from 190 ± 35
to 310 ± 65 nm. Consequently, DOM increased the absolute surface potential by imparting a negative
charge to the particle surface. These results coincide with previous studies, which reported a stabilizing
effect of DOM [32,33]. Peng et al. reported that DOM may be adsorbed onto the NPs surface and might
decrease or alter the surface charge from positive to negative at appropriate concentrations [15].

The zeta potential of CuO NPs in hydrophobic waters (W2 and W4) showed higher negative
values as compared to the hydrophilic waters (W1 and W3) (Figure 1B). This shows that the hydrophilic
DOM (SA) contributed less to the negativity of the CuO NPs surface charge than the hydrophobic DOM.
Baalousha et al. also reported the enhanced absorption and thickness of surface coating of organic
molecules with an increase in DOM concentration [34]. Sorption of DOM molecules enhanced the effect
of steric stabilization combined with the effect on the surface charge that controls NPs interactions in
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solution. A recent study reported that the primary driving forces of sorption of DOM onto the NPs
surface might be a result of the combination of electrostatic repulsive and attractive interactions [23].
In general, in the presence of heterogeneous compounds such as humic acid and salicylic acid, vdW
interactions and steric effects also played a critical role in colloidal stability.

3.2. Agglomeration of CuO NPs

The agglomeration behavior of CuO NPs (10 mg/L) observed in various aqueous matrices is
presented in Figure 2. The higher agglomeration rate (~0.08 h−1) (Figure 2B) shows that CuO NPs
suspended in pure water settled faster as compared to the remaining waters (Figure 2A). This might be
attributed to the absence of repulsive force, where CuO NPs form large aggregates, thereby resulting in
a higher sedimentation rate (Figure 2B). Particles with a greater size tend to agglomerates faster due to
gravitational force. In addition, CuO NPs spiked in water containing hydrophobic DOM (W2 and W4)
present a small HD size (Figure 1B); hence, the settling is less pronounced and, subsequently, shows
the lowest agglomeration rate (0.03 h−1) (Figure 2B). However, hydrophilic waters (W1 and W3) show
higher aggregation and settling rates (~0.05 h−1) than hydrophobic waters. In general, the aggregation
and settling rate of CuO NPs were found to be higher in hydrophilic DOM containing waters.
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Figure 2. (A) CuO aggregation kinetics; (B) agglomeration rates (h−1) in the studied waters (10 mg/L
CuO NPs).

3.3. Removal of CuO NPs

Figure 3 illustrates the removal of CuO NPs and corresponding zeta potential values of synthetic
waters (W1–W4) at various coagulant doses after the coagulation process. More Cu was removed in
the absence of coagulant in all tested waters. Hydrophilic DOM water (W1, W3) showed Cu removal
efficiencies of above 65% compared to 50% for hydrophobic waters. Under these conditions, the
CuO NPs form aggregates with HD values ranging between 350 ± 35 and 310 ± 54 nm, confirming
the larger HD values for hydrophilic waters (Figure 1B). These observations are consistent with
sedimentation experiments, where the hydrophilic waters (W1, W3) indicated a higher agglomeration
rate in comparison with hydrophobic waters (W2 and W4). A previous study [35] also reported larger
size (300 nm) NPs in the presence of HA auto-precipitated at control condition (without coagulant
(AlCl3)). The high removal of CuO NPs in these conditions may also be attributed to the presence of
metal cations (K+, Mg2+). Holbrook et al. demonstrated that the specific adsorption of divalent cation
increased the NPs agglomeration at a wide range of pH levels in a complex environment [22].
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Figure 3. Cu removal and zeta potential (ZP) under different coagulant dose in synthetic waters (A) W1
(B); W2; (C) W3 and (D) W4.

As presented in Figure 3, the addition of coagulant increased the Cu removal efficiencies in all
studied waters. The removal efficiencies increased with an increase in coagulant dose until the removal
approached a plateau at ~90%, which is known as the “effective coagulation zone” (ECR) [35]. The ECR
for hydrophilic waters varied between 0.5 to 2.5 mg Al2O3/L for W1 with an optimum dose (OD)
of 1.5 mg/L Al2O3/L, and between 2.0 and 4.0 mg Al2O3/L for W3 with an OD of 3.0 mg Al2O3/L
(Figure 3A,C). In the case of hydrophobic waters such as W2, the ECR was between 2.5 and 4.5 mg
Al2O3/L with the OD at 3.5 mg Al2O3/L, while W4 showed an ECR between 4.0 and 7.0 mg Al2O3/L
with the OD at 6.0 mg Al2O3/L (Figure 3B,D). Removal of Cu up to 95% was achieved at the OD
of coagulant Al2O3/L (Figure 3). These results suggest a dependency of CuO NPs removal on the
source water characteristics and dosage of applied coagulant as demonstrated in earlier studies [21,22].
The results in Figure 3 further show the key role of DOM characteristics on the coagulant dose and
overall performance of the coagulation process. For instance, water with hydrophobic DOM (W2 and
W4) would need a higher coagulant dose to obtain similar Cu removal to that observed in hydrophilic
water (W1, W3). With similar DOC content among hydrophilic/hydrophobic waters, high UV254nm

values require a higher Al2O3/L dose to obtain similar Cu removals. The addition of coagulant
after the ECR zone promoted the restabilization of coagulated colloids because of polyelectrolytes
oversaturation, thereby decreasing the removal efficiency [36].

As presented in Figure 1B, the CuO NPs in the model waters were negatively charged (between
−10.7 ± 0.9 and −28 ± 1.5 mV) at the experimental pH. When added to the aqueous system, the
hydrolyzed product of PACl (Al3+) effectively neutralized the negatively charged CuO NPs, causing
destabilization of colloids. Therefore, adsorption of Al hydrolysis products on the surface of NPs
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decreases the zeta potential towards zero trajectory. At the OD of coagulant, NPs were effectively
destabilized, the absolute zeta potential was neutral and NPs formed precipitate owing to the reduction
in the electrosteric repulsion among them (Figure 3). Zhang et al. reported that NPs can be effectively
destabilized and removed when the zeta potential is in the range of ±20 mV [35]. However, after
the ECR, the zeta potential increased with increasing coagulant dose and became more positive
to values greater than (+20 mV). Thus, the NPs surface becomes highly positive with increasing
coagulant dose, resulting in restabilization of the CuO NPs; hence, low removal efficiency was
observed in all studied waters (Figure 3A,D). These results indicate that the dominant removal
mechanism of CuO NPs from water containing DOM might be charge neutralization. This is in
accordance with the mechanism proposed by several studies working on the removal of NPs using
iron- and aluminum-based coagulants [20,23,26,27]. The pH of the suspension was monitored after
the completion of the experiment, which showed insignificant variation (Supplementary Figure S1).
In contrast, a slight decrease in the pH values of hydrophobic waters was observed. Previous studies
also reported that the pre-polymerization reaction might be responsible for decreasing the solution pH
during the coagulation process compared to non-pre-polymerized ones [25,35].

3.4. Removal of DOM and Turbidity

CuO can be efficiently removed through conventional treatment, yet the removal of DOM
and turbidity is also necessary in order to evaluate whether or not their coexistence influences
the overall performance of the water treatment process. The comparison of removal efficiencies of
DOM-related parameters (DOC and UV254nm, and turbidity) for synthetic waters were as shown in
Figure 4. According to results, the hydrophobic fraction of DOM was removed more efficiently than
the hydrophilic fraction. As observed, the DOC and UV254nm removal were higher in the hydrophobic
waters (>95% in ERC, Figure 4B,D for W2 and W4, respectively) than in hydrophilic waters (<25%,
Figure 4A,C for W1–W3, respectively). These findings are consistent with Edzwald and Tobiason [37],
who report that (i) DOM can control the coagulation process and good DOC removal is obtained when
SUVA > 4 in water (mostly higher than 50%) because they are largely composed of humics with high
hydrophobicity as well as HMM compounds; (ii) in water with SUVA < 2, DOM has little influence
in the process of coagulation and less than 25% DOC removal is achieved, mainly because they
contain non-humics with low hydrophobicity and LMM compounds. The amount of DOC reduced
was less compared to the amount of UV254nm in all studied waters, revealing that aromatic organic
materials are removed more efficiently compared to other DOM fractions. Sharp et al. reported that
the hydrophobic DOM fraction has a low isoelectric point (IEP) because of the presence of phenolic
and carboxylic groups, which induces a high negative surface potential, as presented in Figure 1B [38].
Charge neutralization with aluminum hydrolysis products removes the hydrophobic DOM more
easily because of its increased number of anionic attachment sites compared to in the hydrophilic
DOM. Hence, the specific colloidal charge character is dominated by the hydrophobic fraction [39].
A previous study reported that the magnitude of zeta potential affects the removal of hydrophobic
fractions. Their finding also demonstrated that under an operational zeta potential window (−10 and
+3 mV), the remaining DOC was optimized and stable.

The results for hydrophobic waters (W2 and W4) showed high removal of DOC and UV254nm,

above 90% when surface potential was approximately +10 mV, for the CuO removal at OD of coagulant.
However, removal efficiency decreased at zeta potential ranges of approximately ±30 mV. Interestingly,
the removal curves of DOC, UV254nm, and turbidity follow the CuO removal pattern in all tested
waters. These results confirmed the removal efficiency of hydrophobic DOM during the chemical
coagulation process, as demonstrated in previous studies [40,41]. The removal of DOC and UV254nm in
hydrophobic water (W2 and W4) was higher than in hydrophilic water (W1, W3). DOC removal varied
between 1% and 25%, while UV254nm removal varied between 10% and 60% (Figure 4A,C). This might
be due to the presence of weaker acidic groups and LMW compounds in hydrophilic waters, which
impede the competitive interactions among coagulants and DOM.
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The OD of turbidity removal follows the same pattern as Cu removal in each studied water
(Figures 3 and 4). However, water containing hydrophobic DOM showed higher turbidity removal
compared to hydrophilic DOM. The possible explanation for this might be related to the major
concentration of HA, which increased the initial turbidity of the hydrophobic waters, thereby improving
the removal. The presence of CuO NPs might contribute to the higher removal of DOM and turbidity.
For instance, a recent study [42] used the titanium-based NPs as a coagulant in water treatment to
remove nutrients and organic matter. The titanium salts successfully achieved high DOM removal
with better flocs settling, similar to Al and Fe salts [43]. Thus, the coagulation performance of CuO NPs
using polyaluminum coagulant might have a positive impact on the removal of DOM and turbidity.
Nevertheless, further analysis and experiments are required to confirm this finding.

4. Conclusions

The objective of this study was to explore the influence of DOM type (hydrophobic/hydrophilic)
and its concentration on CuO NPs agglomeration and removal from water by coagulation process.
According to the results, hydrophobic DOM, such as HA, remarkably reduced the zeta potential and
HD size of CuO NPs compared to hydrophilic DOM because of their greater adsorption potential.
The higher DOC concentration hindered the NPs sedimentation owing to the steric repulsion effect of
sorbed DOM molecules. The results of coagulation experiments showed that polyaluminum-based
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coagulants could effectively remove the CuO NPs to values up to 95%. At the OD of coagulant,
the high removal of CuO was achieved in all studied waters independently to DOM type and
characteristic. However, after the OD, removal of CuO NPs reduced to values less than 70% because
of the restabilization of precipitated colloids. Hydrophilic water requires lower coagulant dose to
achieve high Cu removal, whereas water with hydrophobic DOM needs more coagulant to obtain
the same level of removal. Amongst hydrophilic/hydrophobic waters with the same DOC content,
higher UV254nm values required a larger amount of coagulant to obtain similar amount of Cu removals.
This indicated that the DOM type plays an important role in determining the applied coagulant
dose during the coagulation process. Current results revealed that the primary removal mechanism
involved in the CuO NPs composite contaminant might be charge neutralization from waters with
various type/concentration of DOM. The findings of this study provide evidence that the characteristic
of DOM might affect the fate, mobility and coagulation performance of released CuO NPs during
water/wastewater treatment.

Supplementary Materials: The following are available online at http://www.mdpi.com/2227-9717/7/7/455/s1,
Supplementary Figure S1. Difference of water pH with added coagulant for (A) hydrophilic; (B) hydrophobic waters.
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