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Abstract: The widespread usage of nano-copper oxide particles (nano-CuO) in several industrial
products and applications raises concerns about their release into water bodies. Thus, their elimi-
nation from drinking water is essential to reduce the risk to human health. This work investigated
the removal of nano-CuO from pure water and montmorillonite clay (MC) suspensions using poly
aluminum ferric chloride (PAFC) as well as cationic polyacrylamide (PAM) by the coagulation-
flocculation-sedimentation (C/F/S) process. Moreover, the PAFC and PAFC/PAM flocculation
performance for various nano-CuO particles concentrations, dosages, pH, settling times and stirring
speeds were also investigated. The findings showed that the removal of nano-CuO and turbidity in
MC suspension were higher as compared to pure water. Moreover, the combined effect of PAFC/PAM
on the elimination of nano-CuO and turbidity was also substantially better than the individual use of
PAFC or PAM. The efficient removal of CuO was observed in the solution containing higher mass
concentration in the order (10 mg/L > 2.5 mg/L > 1 mg/L) with an increased coagulant dose. The
improved removal performance of nano-CuO was observed in a pH range of 7–11 under various
water matrices. The C/F/S conditions of nano-CuO were further optimized by the Box–Behnken
statistical experiment design and response surface methodology. The PAFC/PAM dose resulted in the
maximum removal of nano-CuO (10 mg/L) in both pure water (>97%) and MC suspension (>99%).
The results of particle monitoring and Fourier transform infrared of composite flocs revealed that the
main removal mechanism of nano-CuO may be the combined effect of neutralization, complexation
as well as adsorption.

Keywords: Box–Behnken design; coagulation-flocculation-sedimentation; clay; optimization; CuO

1. Introduction

Developments in nanotechnology have led to the widespread application of several
metal-based nanoparticles (NPs) in different products and processes. The increased usage
of NPs results in their release into the ecosystem, thereby affecting aquatic life and human
health via the food chain [1]. Metal particles such as nano-copper oxide (nano-CuO) are
typical metal-based particles, with an estimated global production of around 570 tons/year,
which is projected to enhance over time [2,3]. The failure of wastewater treatment pro-
cesses to effectively remove large quantities of nano-CuO can lead to the contamination of
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freshwater sources. The hazardous effects of nano-CuO upon many biological species, for
instance, Lymphocytes, Fagopyrum esculentum, Daphnia magna and Pseudokirchneriella
are well known [4–8]. Moreover, human exposure to these metal-based NPs via ingestion
may cause cytotoxicity as well as genotoxicity even at a low concentration of 1 µg/mL [1,9].
Consequently, failure to remove nano-CuO effectively might increase the potential risk of
exposure of these NPs to aquatic life and humans.

The mobility of metal-based NPs in the aquatic environment is controlled by different
technologies such as bioremediation, phytoremediation, ion exchange, membrane sepa-
ration, adsorption, electrochemical and coagulation processes. In wastewater treatment
plants, biological treatments such as activated sludge can remove nano-CuO particles.
However, the toxicity of NPs on the bacterial film of activated sludge interferes with the
overall removal process by modifying the properties of sludge [10,11]. The membrane
process can also effectively remove the NPs from water, but it is not commercially viable
due to membrane fouling caused by highly concentrated NPs [12,13]. The incomplete
removal of NPs through sewage treatment may eventually increase the threat of freshwater
contamination. Consequently, a cost-effective method for complete nano-CuO particle
removal is imperative.

Previous studies have confirmed that the conventional coagulation-flocculation-
sedimentation (C/F/S) method can be used for the effective removal of various metal-
based NPs such as nano-CuO, TiO2, cadmium telluride (CdTe), multiwall carbon nanotubes
(MWCNT) and zinc oxide (ZnO) from water. In alum treated water, Chalew et al. reported
residual concentrations of 48–99%, 3–8% and 2–20% in spiked ZnO, TiO2 and AgO NPs,
respectively [14]. Earlier reports suggested that ferric chloride (FeCl3) yielded a better coag-
ulation efficiency of TiO2 and ZnO NPs under a heterogeneous environment compared to
polyferrous sulfate (PFS) and polyaluminum chloride (PACl) [15]. Moreover, the removal of
metal-based NPs might be enhanced by the higher dosages of FeCl3 and Al2(SO4)3 [16,17].
The C/F/S process appears effective in removing metal-based NPs; however, the higher
coagulant dose and unstable performance might be related to the single aluminum-based
or iron-based coagulant. A recent study [18] described that the combined effect of alu-
minum and iron salt coagulants such as polyaluminum ferric chloride (PAFC) enhanced the
coagulation performance of TiO2 NPs at a low dosage. Moreover, high-molecular-weight
flocculants such as cationic polyacrylamide (PAM) were reported to enhance the impact
of removal via charge neutralization of the negatively charged flocculants [19,20]. Thus,
a comprehensive exploration of the concurrent effect of inorganic coagulant and organic
flocculants is essential for the removal of nano-CuO particles from aquatic environments.

Earlier studies focused on the C/F/S behavior of the primary pollutant nano-CuO;
however, the interaction between several substances hindered the aggregation and removal
of NPs. The interaction between clay particles such as kaolinite and NPs enhances the
aggregation in ground and surface water, although the special structure of clay significantly
affects the coagulation performance of NPs [21]. Wang et al. demonstrated the effect
of anisotropy aggregation on the stability of NPs and clay mineral mixtures [22]. Other
researchers have also shown the high adsorption capacity of the modified clay minerals
of heavy metal ions under coagulation conditions [6]. Consequently, it is essential to
systematically analyze the effect of clay minerals on the fate, mobility and removal behavior
of nano-CuO during the conventional C/F/S process.

Many researchers have used the classical approach known as the single-factor method
to investigate the coagulation behavior, although this technique fails to predict the in-
teractive behavior under different operating parameters [23]. Amongst many statistical
techniques, the Box–Behnken statistical experiment design (BBD) is a classical response
surface methodology (RSM) used for modeling and analysis of experimental data with
multiple operating parameters [24]. To the best of our knowledge, studies that simulate
the C/F/S performance of nano-CuO removal using RSM have not been reported yet. It is
crucial to systematically investigate the removal performance of nano-CuO by the C/F/S
process using a mathematical modeling approach.
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The present study aims to investigate the coagulation behavior of nano-CuO particles
in water using PAFC and PAM via C/F/S under different experimental conditions. The
effects of various mass concentrations of nano-CuO in pure water and clay suspensions
were investigated. First, the optimum coagulation conditions of nano-CuO NPs were ex-
plored under PAFC, PAM and PAFC/PAM using a one factor at a time approach. Secondly,
BBD and RSM were used to investigate the effect of various factors such as inorganic
coagulant, organic flocculant and stirring speed. Last, the validity and reliability of the
statistical analysis with various experimental data points were determined by comparing
experimental and predicted nano-CuO removal efficiency response values.

2. Materials and Methods
2.1. Materials

Nano-copper oxide powder with an average <50 nm diameter, 99.8% purity, and
montmorillonite clay (MC) used as the clay minerals in the current study were obtained
from Sigma-Aldrich (St. Louis, MO, USA). The inorganic coagulant polyaluminum iron
chloride (PAFC) (containing 26% of Al and Fe) and organic flocculant cationic polyacry-
lamide (PAM) with a molecular weight of 12 million were obtained from water treatment
material Gongyi Tenglong Co., Ltd., Henan, China and Tianjin Chemical Reagent, Tianjin,
China, respectively.

2.2. Stock Solutions

The nano-CuO stock solution was prepared by mixing various concentrations of CuO
powder in pure water (18.2 MΩ). Initially, the stock solution of 100 mg/L of CuO was
prepared and the final pH of the stock suspension was adjusted to 7.0 using 100 mM NaOH
or HCl. The NP solution was dispersed by a probe-type ultrasonicator (Bio-safer 1200-90,
Nanjing, China) for a period of 30 min at 400 W to acquire a well stable nano-CuO particles
suspension. The 1 g/L MC suspension was prepared by weighing 1 g of MC powder using
the microbalance (Mettler Toledo AG, Ag Model-XP26DR, Greidensee, Switzerland) and
dissolved in 1 L pure water. Before the experiment, NPs’ suspension was dispersed by
a probe-type sonicator for 30 min. The stock solution comprising PAM 100 mg/L was
prepared in pure water. The solution was stirred at a temperature of 50 ◦C and 250 rpm for
1 h with a lab magnetic stirrer to ensure complete dissolution. The dry weight method was
used to calculate the dosage of inorganic coagulant (PAFC) and organic flocculant (PAM)
in the current C/F/S experiments.

2.3. C/F/S Experiments

The experiments were conducted in the jar tester with a six-synchronous automatic
lifting mixer (Young Tech Co., Ltd. Gyeongsangbuk-Do, Korea). Pure and artificial test
water (MC suspension) were transferred to glass beakers. Predetermined amounts of
PAFC, PAM and PAFC/PAM were dosed, and the suspension was rapidly stirred for 2 min
at 250 rpm, and slow stirred for 10 min at 70 rpm. The different sets of the experiment
including nano-CuO concentration (1–10 mg/L), pH (6–11), settling time (5–30 min) and
stirring speed (100–350 rpm) were also investigated. The samples were collected 2 cm
below the solution in the sampling vessel after the completion of the experiment for further
analysis. The particle size was analyzed through the particle-size analyzer Zetasizer (Nano
ZS90, Worcestershire, UK). During the coagulation, the water sample containing flocs was
circulated using a silicone tube (dia 8 mm) through a peristaltic pump with controlled flow
rate into the Zetasizer.

2.4. Analytical Procedure

Turbidity removal was determined with a turbidity measurement of the supernatant
using a turbidimeter (Hach 2100-N, Loveland, CO, USA). Moreover, the residual concentra-
tion of nano-CuO was calculated by determining the absorbance at 254 nm with a UV-Vis
spectrophotometer (Optizen, Mecasys, Daejeon, South Korea) as shown in the supplemen-
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tary information (Figure S1). Additionally, a Fourier transform infrared (FTIR- JASCO,
Easton, PA, USA) in the range of 400 to 4000 cm−1 was performed before and after the
C/F/S experiments to understand possible removal mechanisms. Each test was performed
three times and the relative standard deviations (STD) were reported as <5%. Moreover,
the standard error was calculated through the division of STD by the square root of the
number of tests performed. The popular Design Expert (version 8.0.5) software was used
for the regression analysis, response-surface and contour maps of the experimental data.

3. Results
3.1. Influence of Coagulant and Flocculant Dosage on the Removal of Nano-CuO

Figure 1 shows the influence of PAFC, PAM, and PAFC/PAM on the removal perfor-
mance in two water environments with varying concentrations (i.e., 1, 2.5 and 10 mg/L)
of nano-CuO. The optimum dose of PAM (3 mg/L) and PAFC (50 mg/L) was observed
for removing nano-CuO from pure water as well as MC containing water. Increasing the
dosage of PAFC and PAFC/PAM led to the enhanced removal rate of nano-CuO and tur-
bidity as depicted in Figure 1. The excess dose of PAM significantly decreased the removal
rate after the optimal critical point; however, this effect of removal was found insignificant
in the case of PAFC/PAM. It was observed that the removal efficiency of nano-CuO was
enhanced with increasing mass concentration in the solution. This might be related to the
fact that the higher concentration of NPs enhanced the probability of collision as well as
increased the effect of co-precipitation via formation of the floc core. These findings are in
good agreement with earlier work by Honda et al. [15]. The relatively better removal rate
of various nano-CuO (1, 2.5 and 10 mg/L) concentrations in pure water was observed in
PAFC/PAM (83.33%, 92.78% and 98.54%) rather than PAFC (72.48%, 86.23% and 93.90%)
alone. The efficacy of co-precipitation and adsorption among the flocculants as well as
NPs improved with the addition of PAFC/PAM in the solution. The enhanced removal
efficiency of nano-CuO was found in suspension containing MC. Moreover, the addition
of PAFC in both the pure and MC environments increased the removal rate of nano-CuO
(10 mg/L) from 94.60% to 97.34%. As illustrated in Figure 1, the addition of MC and PAM
had beneficial effects on the nano-CuO removal rates and the turbidity of the solution with
similar flocculation conditions. In addition, the combined effect of PAFC/PAM improved
the nano-CuO removal compared with PAFC as shown in Figure 1.
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In pure water, the single system of nano-CuO (10 mg/L), the removal efficiency of
PAFC before and after the addition of PAM was 94.90% and 98.54%, respectively. The PAM
resulted in the formation of larger stable flocs due to increased adsorption bridging of the
linear polymer, thereby improving the flocculation of nano-CuO [25]. The turbidity removal
efficiency was strongly correlated with the removal of nano-CuO. It was observed that after
optimal dosage, the increase of the PAM dosage decreased the rate of turbidity removal
by 38%; however, this effect was found to be insignificant in the PAFC and PAFC/PAM
cases. These results can be attributed to the fact that PAFC has strong potency to ionize
high amounts of Fe and Al cations in the aquatic environment; thereby neutralizing the
negative surface potential of nano-CuO [26]. However, the residual cations enhanced the
effect of steric hindrance among colloids, resulting in particle stabilization. For the MC
system, the removal efficiency was slightly higher compared with CuO in pure water. This
phenomenon may be related to the fact that the addition of MC increased the floc nucleus
and collision probability of the NPs, thereby resulting in adsorption onto the flocculant
surface and formation of tiny dense flocs [27]. During flocculation, the simultaneous effects
of PAFC and MC provided a net sweep, thus forming compact flocs and improving the
overall effect of flocculation and impeded cohesion.

3.2. Influence of pH on the Removal of Nano-CuO

Figure 2 shows the effect of pH on the removal rates of nano-CuO and turbidity within
the pH range of 6–11 at optimum doses of PAFC (50 mg/L) and PAM (3 mg/L). Fluctuation
of the pH in the two systems significantly affected the removal of nano-CuO and turbidity.
For instance, the removal efficiency was remarkably enhanced with the increase in pH and
then declined to different levels. In the absence of MC suspension, PAM resulted in less
than 30% removal of nano-CuO and turbidity at pH 6. The addition of MC enhanced the
removal rates of nano-CuO and turbidity up to 60% under similar flocculation conditions
as shown in Figure 2. However, the system containing MC had an insignificant effect
on the nano-CuO removal by PAFC and PAFC/PAM. At pH 9 the removal efficiency of
various initial concentrations of nano-CuO enhanced to the maximum level. In the MC
environment, the removal efficiency of nano-CuO by PAFC/PAM was found to be more
than 90%. In general, under acidic pH, the removal of both nano-CuO and turbidity was
reduced compared with slightly alkaline environments and this difference was significant
in the pure water system. The removal efficiency of PAFC, PAM and PAFC/PAM in
the alkaline condition remained the same, suggesting that the higher pH environment
had a negligible effect. The results of nano-CuO and turbidity removal curves showed
similar trends, which indicate a strong correlation between the initial mass concentration
of nano-CuO and turbidity. Our observation is consistent with earlier findings [28].

In the aquatic environment, the pH plays an important role in the surface potential
of nano-CuO and also affects the formation of flocculant hydrolysates. The removal
efficiency of PAM was mainly influenced by the solution pH due to a positive charge
at acidic and alkaline conditions. Under the acidic environment, the hydroxyl groups
on the surface of nano-CuO adsorbed protons and thus were positively charged, while
PAM released cations in the solution, resulting in the poor removal efficiency of NPs.
The surface potential of CuO above pH 7 was negatively charged owing to the loss of
protons. The release of cations due to the ionization of PAM neutralized the surface
charge thereby enhancing the removal due to formation of large aggregated flocs in the
system [29]. However, under highly alkaline pH environments, both NPs and PAM
were negatively charged thus increasing the electrostatic repulsion amongst them, and
so reducing the overall flocculation and precipitation efficiency. Furthermore, under
alkaline conditions, PAFC rapidly hydrolyzed and precipitated to form hydroxide, thereby
reducing the overall removal efficiency of NPs. The effect of nano-CuO destabilization
was enhanced by increasing the solution pH following the addition of PAFC; however,
the tiny flocs remained suspended in the solution [30]. The compounding process of
PAFC/PAM was relatively more stable than PAFC and PAM alone due to the wider pH
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adaptation range of organic flocculant (PAM) [31,32]. Moreover, the complex structure of
the PAFC/PAM polymer remarkably enhanced the flocculant-specific surface area and
improved the bridging effect during adsorption [32]. Consequently, the combination of
inorganic and organic flocculants had a synergistic effect on the C/F/S process and on the
overall nano-CuO removal performance from the aquatic environment.
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3.3. Influence of Sedimentation Period on the Removal of Nano-CuO

The sedimentation period, which is directly related to the design of the settling
tank, is considered as a key parameter affecting the magnitude of design, investment
and operation cost. In the present study, the settling time was used as the analytical
index based on the optimal dosage of coagulant. The removal rates of nano-CuO and
turbidity under specific PAFC, PAM and PAFC/PAM settling time were investigated with
various concentrations of nano-CuO (1, 2.5 and 10 mg/L) in two separate systems. Figure 3
shows the effect of the prolonged duration of precipitation in increasing the turbidity
and removal efficacy of nano-CuO. The addition of the PAFC coagulant resulted in stable
removal rates of CuO after 30 min of sedimentation time in both systems. In the single
CuO system, the removal performance of PAFC and PAM for 1, 2.5 and 10 mg/L CuO
under a settling time of 5 min reached 23.38, 26.04 and 79.13% and 13.87, 26.10 and 73.11%,
respectively. However, the removal rates remained constant after 15 min of settling time.
The precipitation period under different concentrations of CuO was substantially shorter in
the composite coagulant-flocculant system (PAFC/PAM) compared to the single PAFC and
PAM. The removal efficiency of nano-CuO by PAFC/PAM exceeded 75% within 5 min of
settling. In the single system of CuO, the removal rate of 1, 2.5 and 10 mg/L CuO by PAFC
after 5 min of settling increased from 23.38% to 65.17%, 26.04% to 78.54% and 79.13% to
92.94%, respectively. In general, the nano-CuO removal rates and turbidity stabilized with
a further increase in the precipitation period up to 20 min. The optimal removal rate of
nano-CuO (10 mg/L) after 30 min by PAFC, PAM and PAFC/PAM was found to be 94.14%,
83.89% and 99.24%, respectively. Moreover, the addition of MC facilitated the removal
efficiency of CuO and turbidity under similar settling conditions as depicted in Figure 3.
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The removal efficiencies, turbidity and settling time of nano-CuO in the three initial mass
concentrations were similar in both systems. Our results are consistent with those reported
in the literature [33].
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In the PAFC case, the optimal settling period of CuO was found to be shorter than
that of PAM alone. The ionization of PAFC released Fe(III) and Al(III) ions in the solution,
leading to the formation of complexes with nano-CuO. Moreover, PAM contained the
reactive groups in its polymer chains which provided the favorable adsorption sites for tiny
flocs of CuO. Thus, the removal of nano-CuO by PAM mainly occurs via the adsorption
bridging mechanism [34]. These observations are consistent with the literature [35], which
reported similar turbidity removal rates of the kaolinite−humic acid solution using PAFC
and PAM−PAFC. In the PAFC/PAM case, stable nano-CuO (10 mg/L) and turbidity
removal rates of up to 97.85% and 96.45%, respectively, were observed after 15 min as
shown in Figure 3C,F. The enhanced removal efficiency may be related to the bridging
effect of PAFC/PAM, which forms dense and stable flocs that rapidly settle down. In
contrast, the flocs formed by PAFC and PAM alone were small and had longer settling
times. Thus, the combination of organic and inorganic flocculants, i.e., PAFC/PAM can
significantly decrease the treatment cost by reducing the settling time.

3.4. Influence of Stirring Speed on the Removal of Nano-CuO

The optimum doses of PAFC and PAM were determined at neutral pH and a pre-
cipitation duration of 30 min, at 10 min intervals under a slow stirring speed of 70 rpm
and at 2 min under a fast rotation speed (FRS) of 250 rpm. Figure 4 shows the effect of
different stirring speeds on the elimination of nano-CuO particles. The optimal removal
of NPs under different mass concentrations (1, 2.5 and 10 mg/L) in both systems was
found at an FRS of 200 rpm. Moreover, the changes in the removal pattern in both systems
were consistent with the variation in the hydraulic conditions. For instance, at an initial
concentration of 1 mg/L in the single system of CuO, the effect of the stirring conditions
was significantly high. The removal efficiencies of 1, 2.5 and 10 mg/L of nano-CuO using
PAFC were found at an FRS of 200 and 350 rpm in the ranges of 69.10% and 28.01%, 95.37%
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and 38.80% and 95.39% and 98.12%, respectively. Moreover, the removal rates of 1, 2.5 and
10 mg/L of nano-CuO by PAFC/PAM at an FRS of 200 and 350 rpm were found in the
ranges of 87.23% and 28.98%, 96.54% and 42.01% and 97.45% and 93.70%, respectively.
The variation in stirring conditions significantly affected the removal rates of NPs at lower
initial concentrations of 1 and 2.5 mg/L of CuO compared with relatively higher concentra-
tions of 10 mg/L. The addition of MC enhanced the removal rates of nano-CuO and the
suspension turbidity under similar conditions. For instance, in the MC suspension system,
the removal efficiency of nano-CuO (10 mg/L) using PAFC/PAM at an FRS of 200 and
350 rpm was found as 98.54% and 92.10%, respectively.
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Hydraulic parameters, specifically the agitation time and speed, are major parameters
in the formation of stable flocs. Rapid agitation is required for the homogeneous dispersion
of the coagulant and flocculant in the sample, while a slower speed is used to form
stable flocs. The velocity gradient (G) is another critical parameter influencing the C/F/S
performance. Furthermore, mixing speeds also have a direct effect on the formation and
stabilization of flocs. During the rapid mixing phase, the rotation speed around 100 rpm
was too low and produced a small G value in the solution. Hence, in such systems,
the low removal efficiency of nano-CuO was attributed to insignificant floc formation.
Furthermore, fast speeds of about 350 rpm produced a higher G value, which was not
conducive to floc formation, thereby reducing the removal efficiency of nano-CuO. The
optimum G value leads to compact agglomerates with increased fractal dimension and
flocs size in the suspension becoming more even [36]. The significant effect of the stirring
speed was observed at low concentrations of nano-CuO (1 and 2.5 mg/L) as shown in
Figure 4A,B. Such an observation might be related to the fact that the higher agitation rate
leads to the formation of small aggregates during the C/F/S process. Further, the tiny and
unstable flocs broke down resulting in poor removal efficiency of nano-CuO in a low mass
concentration of NPs. Relatively large and stable flocs were formed during the C/F/S
process at an initial mass concentration of 10 mg/L, with higher resistance to variations in
hydraulic conditions. In the case of PAM alone, the high mixing speed during the C/F/S
process resulted in the poor adsorption bridging effect of long-chain polymer [18,37]. Thus,
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the removal performance of nano-CuO and turbidity were significantly reduced in such
a system.

3.5. Response Surface Methodology

Response surface methodology (RSM) based on the Box–Behnken model (BBD) design
principle was used to further understand the removal behavior of nano-CuO (10 mg/L)
in MC suspensions. Three independent factors, i.e., PAFC, PAM dosage and stirring
conditions, were selected at three levels and the experimental design was set to simulate
different C/F/S conditions as shown in Table 1. The removal rate of nano-CuO was taken
as the response value and a regression model was generated, as presented in Table 2.

Table 1. Type, parameters and corresponding coded levels for RSM.

Type Variables Coded Level of Variables

−1 0 1

Corresponding Operation Values

A PAFC (mg/L) 20 50 80
B PAM (mg/L) 1 3 5
C Stirring Speed (RPM) 100 200 350

Table 2. Test design and response values for RSM.

Experiment A B C Nano-CuO Removal (%)

1 0 1 1 92.26
2 −1 1 0 90.15
3 −1 0 1 91.15
4 0 0 0 98.82
5 0 1 −1 88.12
6 0 −1 −1 87.87
7 0 0 0 98.67
8 0 0 0 99.15
9 1 1 0 91.95

10 −1 0 −1 90.23
11 0 0 0 99.48
12 0 0 0 99.51
13 1 0 −1 87.14
14 1 0 1 93.49
15 −1 −1 0 89.37
16 1 −1 0 91.22
17 0 −1 1 91.14

The slope of the response surface plot shows the effect of different parameters on
the removal efficiency of nano-CuO as illustrated in Figure 5. The higher slope value
indicates the greater influence, whereas the shape of the contour map reflects the effect
of the interaction of other parameters on the removal performance. The effect of linear
parameters, i.e., hydraulic conditions and PAFC dosage, and all quadratic parameters
on the removal efficiency of nano-CuO was found significant. However, the influence of
different interactions was found insignificant (Figure 5A–C). At constant PAFC dosage, the
removal efficiency of nano-CuO improved and then decreased with the increased PAM
dosage (Figure 5A). Likewise, at constant PAM dosage, the increase in PAFC dosage initially
increased the removal of nano-CuO and then decreased the overall C/F/S performance
(Figure 5B).

The optimum influencing ranges of PAFC and PAM dosages on the removal of nano-
CuO were found to be 37–65 mg/L and 2.20–4.00 mg/L, respectively. However, the model
shows no significant effect of the interaction between PAFC and PAM dosages on the
removal rate of the pollutant (Table 3). The optimal range of PAFC and stirring speed were
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found to be 37–65 mg/L and 170–270 rpm, respectively (Figure 5B). The stirring speed had
a substantial influence on the removal efficiency of nano-CuO (Table 3). As indicated in
Figure 5C, when the PAFC dosage was kept constant, the influence of other parameters on
the elimination of nano-CuO initially increased and then decreased. The optimum ranges
for the PAM dosage and stirring speed were observed as 2.20–4.00 mg/L and 170–270 rpm,
respectively. The regression analysis was performed to further understand the influence
of each factor. The regression equation between PAFC, PAM dosage, stirring speed and
nano-CuO removal rate is presented in Equation (1).

nano − CuO removal E f f iciency
= 98.13 + 0.36A + 0.36B + 1.83C − 0.013AB + 1.36AC
+0.22BC − 3.90A2 − 4.55B2 − 4.72C2

(1)
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Table 3. Analysis of variance.

Source Sum of
Squares Df Mean Square F Value p-Value Prob > F

Model 310.5 9 34.5 80.51 <0.0001 Significant
A-(PAFC) 1.05 1 1.05 2.45 0.1613 Not significant
B-(PAM) 1.04 1 1.04 2.42 0.1638 Not significant

C-(Stirring Speed) 26.94 1 26.94 62.86 <0.0001 Significant
AB 6.250 ×10−4 1 6.25 × 10−4 1.458 × 10−3 0.9706 Not significant
AC 7.37 1 7.37 17.2 0.0043 Significant
BC 0.19 1 0.19 0.44 0.5276 Not significant
A2 64.02 1 64.02 149.38 <0.0001 Significant
B2 87.33 1 87.33 203.79 <0.0001 Significant
C2 93.97 1 93.97 219.28 <0.0001 Significant

Residual 3 7 0.43
Lack of Fit 2.42 3 0.81 5.62 0.0643 Not significant
Pure Error 0.57 4 0.14
Cor Total 313.5 16
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The detail of the analysis of variance is shown in Table 3. The mathematical model
was found significant (F = 80.51, p < 0.0001). Moreover, the individual effects of stirring
conditions and PAFC dosage were found significant. In contrast, the interaction influence
of these parameters was found insignificant. These observations are in good agreement
with the results of the response surface analysis. The adjusted coefficient of determination
Radj2 was found to be 0.9781. Moreover, the obtained experimental results show a good
correlation with the estimated value. In general, the model might be utilized to optimize the
analysis and estimate the removal of nano-CuO by PAFC/PAM during the C/F/S process.

3.6. Model Validation and Monitoring of Floc

The regression equation was solved to find the optimum C/F/S condition for removal
of nano-CuO. The obtained settings for NPs’ removal were as follows: PAFC (~52.48 mg/L),
PAM (~3.09 mg/L), and stirring conditions of 2 min FRS (220.76 rpm) and 10 min of slow
rotation (80 rpm). The calculated value of nano-CuO removal under these environmental
conditions was around 99.34%. The precision of the model was further verified by perform-
ing the three different sets of the experiment under the obtained model conditions. The
results of three identical sets of trials presented that the treatment efficacy of nano-CuO
was 97.95%, 98.76% and 99.07%. The calculated relative error among the obtained and
estimated value was found to be 0.75%, which shows that the model can better reflect the
optimal removal conditions for nano-CuO.

Figure 6 shows the monitoring of floc formation after the flocculation process with
various conditions of PAFC, PAM, PAFC/PAM, MC and (2.5 mg/L) of nano-CuO. As
demonstrated in Figure 6, the flocs formed under the condition of 50 mg/L PAFC + 3 mg/L
PAM and 20 mg/L MC were larger in size as compared to those found at 50 mg/L PAFC
+ 3 mg/L PAM in pure water. The measured particle size (dia:0.5) of the flocs formed by
50 mg/L PAFC was around 95 µm in pure water, moreover, flocs obtained with 50 mg/L
PAFC + 20 mg/L MC was around 145 µm. Thus, the addition of MC enhanced the particle
size and density of flocs during flocculation. In contrast, the size of the floc formed by the
combination of 50 mg/L PAFC and 3 mg/L PAM was found above 250 µm. The particle size
distribution measurement of the flocs after flocculation experiments further revealed that
the addition of PAM helped to enhance the floc size above 85%. The excess dosage of PAFC
resulted in higher hydrolysis of Al(III) and Fe(III) in coagulation thereby incorporating
cations to neutralize the negative surface potential of nano-CuO. However, excess cations
in the solution resulted in the formation of tiny flocs with low compactness [38]. The
addition of PAM neutralized the negative charge of NPs’ surface thereby destabilizing
the suspended NPs in the solution. Moreover, in the presence of PAM, the adsorption
bridging occurred during the C/F/S process, which helped PAFC to form large flocs with
an enhanced degree of compactness.
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3.7. Characteristics of Composite Flocs

The results of the FTIR analysis of pristine chemicals including MC, PAM, PAFC, nano-
CuO and composite flocs obtained after the C/F/S experiment were used to illustrate the
probable removal mechanisms, as demonstrated in Figure 7. The observed broad bands at
3300–3400 cm−1 due to the stretching vibration of the (−OH) functional group linked to alu-
minum or iron (Al/Fe–OH) [39]. The spectrum peaks observed around 2972, 2887, 1653 and
1460 cm−1 were associated with asymmetric and symmetric stretching vibrations of C-H,
CH2, C=O and acylamino groups, respectively [40]. The absorption bands at 1381 cm−1

attributed to the symmetric stretching vibration of CH3, COO−,while the band appearing at
1254 cm−1 corresponded to the C–O anti-symmetric stretching [41]. In addition, few peaks
were found at 1257, 1151 and 934 cm−1 owing to the stretching of C–OH (phenolic), C–O
and carboxylic acid groups [42]. However, the peaks at 883 and 542 cm−1 were ascribed to
the bending vibration of the Fe–OH– Fe and Cu-O bond stretching, respectively.
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In addition, the IR spectra of composite floc obtained by the PAFC/PAM (MC) system
showed a broader absorption peak with higher intensity at 3653 cm−1 than that of nano-
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CuO, implying some inner hydroxyl in MC bonded to the Cu-O group of nano metals [43].
The observed peak between 3250 cm−1 to 3500 cm−1 with strong intensity at 3404 cm−1 was
larger than that of PAFC, indicating the formation of moderately strong H-bonding between
inner surface hydroxyls of the MC and metals ions during the C/F/S process [44,45]. The
absorption peak at 1633–1657 cm−1 was due to the bending vibration of H–O–H. The peak
in the composite floc decreased with the significant shift, indicating that less (OH) groups
were combined with Al/Fe ions to form complexes with free Cu ions [46]. The higher
intensity of peak at 1460 cm−1 and 1254 cm−1 attributed to C=O and acylamino groups
further clarified the complex coordination with Cu ions in the adsorption process [47]. The
bands at 1114 cm−1 shifted to a lower frequency at 1070 cm−1 with enhanced intensity
owing to the stretching vibration of Fe–O/Cu–O. In addition, the peak observed at 683 cm−1

was found, suggesting the bending vibration of Fe–O–Cu/Fe–OH–Cu [48]. The enrichment
of hydroxyl (OH) bridging in PAFC/PAM (MC) suspension formed the compact structure
flocs. Moreover, the flocs formed would increase adsorption and sweep coagulation. This
was supported by the findings of floc monitoring, where the increase in floc size was
observed in the heterogenous system. The substantial shifts and increase in the intensity of
some bands in the obtained composite flocs also well supported the complexations of metal
ions and PAFC/PAM in the MC environment. Consequently, it might be concluded from the
improved NPs removal rate and IR spectra, that the key mechanism for nano-CuO removal
may be the compound effect of charge neutralization, complexation and adsorption.

4. Conclusions

In this research, we explored the influence of coagulant dose, pH, settling time and
stirring speed on CuO removal during the C/F/S process. The removal efficiency of
nano-CuO and turbidity in both systems were enhanced by increasing the initial mass
concentration of NPs. Moreover, the presence of MC improved the removal efficiency
of CuO. The addition of both PAFC and PAM enhanced the compression and stability
of flocs. The surface potential of flocs was greatly influenced in the acidic environment.
In addition, the PAFC/PAM significantly increased removal efficiency and reduced the
settling time in the MC containing suspension. The variation in initial mass concertation
and the stirring speed affected the floc formation and removal performance of nano-CuO.
The BBD and RSM techniques were applied to determine optimal C/F/S process conditions
for maximizing CuO removal from water. The obtained model responses suggested the
optimum C/F/S conditions as PAFC (52.48 mg/L), PAM (3.09 mg/L), and mixing at 2 min
of fast rotation (220.76 rpm) and 10 min of slow rotation (80 rpm). Furthermore, the validity
of the model was accessed under different environmental conditions. The FT-IR analysis
of composite flocs revealed that primary mechanisms including charge neutralization,
complexation and adsorption may be involved in the removal of nano-CuO by the C/F/S
process. In general, the findings provide insight into enhanced flocculation and coagulation
of CuO in drinking water containing clay particles.
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8. Muna, M.; Blinova, I.; Kahru, A.; Vinković Vrček, I.; Pem, B.; Orupõld, K.; Heinlaan, M. Combined effects of test media and

dietary algae on the toxicity of CuO and ZnO nanoparticles to freshwater microcrustaceans Daphnia magna and Heterocypris
incongruens: Food for thought. Nanomaterials 2019, 9, 23. [CrossRef]

9. Lin, W.; Xu, Y.; Huang, C.-C.; Ma, Y.; Shannon, K.; Chen, D.-R.; Huang, Y.-W. Toxicity of nano- and micro-sized ZnO particles in
human lung epithelial cells. J. Nanoparticle Res. 2009, 11, 25–39. [CrossRef]

10. Eduok, S.; Coulon, F. Engineered Nanoparticles in the environments: Interactions with microbial systems and microbial Activity.
In Microbial Ecotoxicology; Springer: Cham, Switzerland, 2017; pp. 63–107.

11. Chen, H.; Zheng, X.; Chen, Y.; Li, M.; Liu, K.; Li, X. Influence of copper nanoparticles on the physical-chemical properties of
activated sludge. PLoS ONE 2014, 9, e92871. [CrossRef]

12. Wang, Y.; Xue, N.; Chu, Y.; Sun, Y.; Yan, H.; Han, Q. CuO nanoparticle–humic acid (CuONP–HA) composite contaminant removal
by coagulation/ultrafiltration process: The application of sodium alginate as coagulant aid. Desalination 2015, 367, 265–271.
[CrossRef]

13. Springer, F.; Laborie, S.; Guigui, C. Removal of SiO2 nanoparticles from industry wastewaters and subsurface waters by
ultrafiltration: Investigation of process efficiency, deposit properties and fouling mechanism. Sep. Purif. Technol. 2013, 108, 6–14.
[CrossRef]

14. Chalew, T.E.A.; Ajmani, G.; Huang, H.; Schwab, K.J. Evaluating nanoparticle breakthrough during drinking water treatment.
Environ. Health Perspect. 2013, 121, 1161–1166. [CrossRef]

15. Honda, R.J.; Keene, V.; Daniels, L.; Walker, S.L. Removal of TiO2 Nanoparticles during primary water treatment: Role of Coagulant
type, dose, and nanoparticle concentration. Environ. Eng. Sci. 2014, 31, 127–134. [CrossRef] [PubMed]

16. Khan, R.; Inam, M.A.; Park, D.R.; Khan, S.; Akram, M.; Yeom, I.T. The Removal of CuO Nanoparticles from Water by Conventional
Treatment C/F/S: The Effect of pH and Natural Organic Matter. Molecules 2019, 24, 914. [CrossRef]

17. Lv, M.; Liu, T.; Chen, F.; Zhang, Z.; Li, D.; Sun, M.; Feng, Y. Interactions between magnetic particles and polyaluminum chloride
on the coagulation behavior in humic acid-kaolin synthetic water treatment. Environ. Res. 2021, 197, 111093. [CrossRef] [PubMed]

18. You, Z.; Zhuang, C.; Sun, Y.; Zhang, S.; Zheng, H. Efficient Removal of TiO2 nanoparticles by enhanced flocculation–coagulation.
Ind. Eng. Chem. Res. 2019, 58, 14528–14537. [CrossRef]

19. Xu, W.; Yue, Q.; Gao, B.; Du, B. Impacts of organic coagulant aid on purification performance and membrane fouling of
coagulation/ultrafiltration hybrid process with different Al-based coagulants. Desalination 2015, 363, 126–133. [CrossRef]

20. He, M.; Zhou, R.; Guo, X. Behavior of stabilized multiwalled carbon nanotubes in a FeCl3 coagulation system and the structure
characteristics of the produced flocs. J. Colloid Interface Sci. 2012, 366, 173–178. [CrossRef]

21. Wang, H.; Dong, Y.-N.; Zhu, M.; Li, X.; Keller, A.A.; Wang, T.; Li, F. Heteroaggregation of engineered nanoparticles and kaolin
clays in aqueous environments. Water Res. 2015, 80, 130–138. [CrossRef]

22. Wang, J.; Zhao, X.; Wu, F.; Tang, Z.; Zhao, T.; Niu, L.; Fang, M.; Wang, H.; Wang, F. Impact of montmorillonite clay on the
homo-and heteroaggregation of titanium dioxide nanoparticles (nTiO2) in synthetic and natural waters. Sci. Total Environ. 2021,
784, 147019. [CrossRef]

23. Neubauer, D. Process optimization: A statistical approach. J. Qual. Technol. 2008, 40, 348–352. [CrossRef]
24. Lucas, J.M. Response surface methodology: Process and product optimization using designed experiments, 3rd edition. J. Qual.

Technol. 2010, 42, 228–230. [CrossRef]

http://doi.org/10.1002/wnan.1513
http://www.ncbi.nlm.nih.gov/pubmed/29473695
http://doi.org/10.1016/j.envpol.2013.06.003
http://doi.org/10.1039/C9EN00322C
http://doi.org/10.1007/s11270-013-1668-0
http://doi.org/10.1016/j.jhazmat.2014.10.021
http://doi.org/10.3390/nano9010023
http://doi.org/10.1007/s11051-008-9419-7
http://doi.org/10.1371/journal.pone.0092871
http://doi.org/10.1016/j.desal.2015.04.018
http://doi.org/10.1016/j.seppur.2013.01.043
http://doi.org/10.1289/ehp.1306574
http://doi.org/10.1089/ees.2013.0269
http://www.ncbi.nlm.nih.gov/pubmed/24669184
http://doi.org/10.3390/molecules24050914
http://doi.org/10.1016/j.envres.2021.111093
http://www.ncbi.nlm.nih.gov/pubmed/33812872
http://doi.org/10.1021/acs.iecr.9b01504
http://doi.org/10.1016/j.desal.2014.11.003
http://doi.org/10.1016/j.jcis.2011.09.059
http://doi.org/10.1016/j.watres.2015.05.023
http://doi.org/10.1016/j.scitotenv.2021.147019
http://doi.org/10.1080/00224065.2008.11917740
http://doi.org/10.1080/00224065.2010.11917819


Nanomaterials 2021, 11, 2753 15 of 15

25. Sang, Y.; Lin, A.; Liu, X. Population balance modeling of cationic polyacrylamide (CPAM) induced flocculation process for lignin
recovery from the pre-hydrolysis liquor of kraft pulping process. Sep. Purif. Technol. 2019, 221, 152–158. [CrossRef]

26. Sun, Y.; Zhu, C.; Zheng, H.; Sun, W.; Xu, Y.; Xiao, X.; You, Z.; Liu, C. Characterization and coagulation behavior of polymeric
aluminum ferric silicate for high-concentration oily wastewater treatment. Chem. Eng. Res. Des. 2017, 119, 23–32. [CrossRef]

27. Sousa, V.S.; Corniciuc, C.; Teixeira, M.R. The effect of TiO2 nanoparticles removal on drinking water quality produced by
conventional treatment C/F/S. Water Res. 2017, 109, 1–12. [CrossRef] [PubMed]

28. Wang, H.T.; Ye, Y.Y.; Qi, J.; Li, F.T.; Tang, Y.L. Removal of titanium dioxide nanoparticles by coagulation: Effects of coagulants,
typical ions, alkalinity and natural organic matters. Water Sci. Technol. 2013, 68, 7–1143. [CrossRef] [PubMed]

29. Salamanca, C.H.; Yarce, C.J.; Zapata, C.A.; Giraldo, J.A. Relationship between the polymeric ionization degree and powder
and surface properties in materials derived from poly (maleic anhydride-alt-octadecene). Molecules 2018, 23, 320. [CrossRef]
[PubMed]

30. Zhang, Y.; Li, S.; Wang, X.; Li, X. Coagulation performance and mechanism of polyaluminum ferric chloride (PAFC) coagulant
synthesized using blast furnace dust. Sep. Purif. Technol. 2015, 154, 345–350. [CrossRef]

31. Sun, Y.; Zheng, H.; Tan, M.; Wang, Y.; Tang, X.; Feng, L.; Xiang, X. Synthesis and characterization of composite flocculant
PAFS-CPAM for the treatment of textile dye wastewater. J. Appl. Polym. Sci. 2014. [CrossRef]

32. Sun, W.; Tang, M.; Sun, Y.; Xu, Y.; Zheng, H. Effective sludge dewatering technique using the combination of Fenton’s reagent
and CPAM. Can. J. Chem. Eng. 2017, 96, 1256–1263. [CrossRef]

33. He, J.; Chu, J.; Tan, S.K.; Vu, T.T.; Lam, K.P. Sedimentation behavior of flocculant-treated soil slurry. Mar. Georesour. Geotechnol.
2016, 35, 593–602. [CrossRef]

34. Sun, Y.; Chen, A.; Pan, S.-Y.; Sun, W.; Zhu, C.; Shah, K.J.; Zheng, H. Novel chitosan-based flocculants for chromium and nickle
removal in wastewater via integrated chelation and flocculation. J. Environ. Manag. 2019, 248, 109241. [CrossRef]

35. Wang, X.; Jiang, S.; Tan, S.; Wang, X.; Wang, H. Preparation and coagulation performance of hybrid coagulant polyacrylamide-
polymeric aluminum ferric chloride. J. Appl. Polym. Sci. 2018. [CrossRef]

36. Mohammadighavam, S.; Heiderscheidt, E.; Marttila, H.; Kløve, B. Optimization of gravity-driven hydraulic flocculators to treat
peat extraction runoff water. J. Irrig. Drain. Eng. 2016, 142, 04015045. [CrossRef]

37. Chi, Y.-L.; Guo, L.-F.; Xu, Y.; Liu, J.-W.; Xu, W.; Zhao, H.-Z. Rapid removal of bound water from dredged sediments using novel
hybrid coagulants. Sep. Purif. Technol. 2018, 205, 169–175. [CrossRef]

38. Sun, W.; Zhou, S.; Sun, Y.; Xu, Y. Synthesis and evaluation of cationic flocculant P(DAC-PAPTAC-AM) for flocculation of coal
chemical wastewater. J. Environ. Sci. 2021, 99, 239–248. [CrossRef]

39. Zhang, Y.; Li, S.; Wang, X.; Ma, X.; Wang, W.; Li, X. Synthesis, purification and characterization of polyaluminum ferric chloride
(PAFC) with high (Al+Fe)b content. Sep. Purif. Technol. 2015, 146, 311–316. [CrossRef]

40. Matrajt, G.; Borg, J.; Raynal, P.I.; Djouadi, Z.; Hendecourt, L.D.; Flynn, G.; Deboffe, D. FTIR and Raman analyses of the Tagish
Lake meteorite: Relationship with the aliphatic hydrocarbons observed in the Diffuse Interstellar Medium. Astron. Astrophys.
2004, 416, 983–990. [CrossRef]

41. Liao, Y.; Tang, X.; Yang, Q.; Chen, W.; Liu, B.; Zhao, C.; Zhai, J.; Zheng, H. Characterization of an inorganic polymer coagulant
and coagulation behavior for humic acid/algae-polluted water treatment: Polymeric zinc–ferric–silicate–sulfate coagulant. RSC
Adv. 2017, 7, 19856–19862. [CrossRef]

42. Khan, R.; Inam, M.A.; Zam, S.Z.; Park, D.R.; Yeom, I.T. Assessment of Key Environmental Factors Influencing the Sedimentation
and Aggregation Behavior of Zinc Oxide Nanoparticles in Aquatic Environment. Water 2018, 10, 660. [CrossRef]

43. Zhu, Z.; Gao, C.; Wu, Y.; Sun, L.; Huang, X.; Ran, W.; Shen, Q. Removal of heavy metals from aqueous solution by lipopeptides
and lipopeptides modified Na-montmorillonite. Bioresour. Technol. 2013, 147, 378–386. [CrossRef]

44. Reinert, L.; Batouche, K.; Lévêque, J.-M.; Muller, F.; Bény, J.-M.; Kebabi, B.; Duclaux, L. Adsorption of imidazolium and pyridinium
ionic liquids onto montmorillonite: Characterisation and thermodynamic calculations. Chem. Eng. J. 2012, 209, 13–19. [CrossRef]

45. Hussein, S.M.; Shihab, O.H.; Ibrahim, S.S. Interaction between Kaolin and DMSO: FTIR, XRD, thermodynamic and Nano studies.
J. Univ. Anbar Pure Sci. 2014, 8, 32–40.

46. Seifi, S.; Masoum, S. Preparation of copper oxide/oak-based biomass nanocomposite for electrochemical hydrogen storage. Int. J.
Hydrog. Energy 2019, 44, 11979–11988. [CrossRef]

47. Schindler, P.W. Co-adsorption of metal ions and organic ligands: Formation of ternary surface complexes. Miner. Water Interface
Geochem. 2018, 281–308.

48. Rahimi-Nasrabadi, M.; Behpour, M.; Sobhani-Nasab, A.; Jeddy, M.R. Nanocrystalline Ce-doped copper ferrite: Synthesis,
characterization, and its photocatalyst application. J. Mater. Sci. Mater. Electron. 2016, 27, 11691–11697. [CrossRef]

http://doi.org/10.1016/j.seppur.2019.03.090
http://doi.org/10.1016/j.cherd.2017.01.009
http://doi.org/10.1016/j.watres.2016.11.030
http://www.ncbi.nlm.nih.gov/pubmed/27865169
http://doi.org/10.2166/wst.2013.356
http://www.ncbi.nlm.nih.gov/pubmed/24037166
http://doi.org/10.3390/molecules23020320
http://www.ncbi.nlm.nih.gov/pubmed/29393883
http://doi.org/10.1016/j.seppur.2015.09.075
http://doi.org/10.1002/app.40062
http://doi.org/10.1002/cjce.23069
http://doi.org/10.1080/1064119X.2016.1177625
http://doi.org/10.1016/j.jenvman.2019.07.012
http://doi.org/10.1002/app.46355
http://doi.org/10.1061/(ASCE)IR.1943-4774.0000955
http://doi.org/10.1016/j.seppur.2018.05.047
http://doi.org/10.1016/j.jes.2020.07.001
http://doi.org/10.1016/j.seppur.2015.03.045
http://doi.org/10.1051/0004-6361:20034526
http://doi.org/10.1039/C7RA00232G
http://doi.org/10.3390/w10050660
http://doi.org/10.1016/j.biortech.2013.08.049
http://doi.org/10.1016/j.cej.2012.07.128
http://doi.org/10.1016/j.ijhydene.2019.03.083
http://doi.org/10.1007/s10854-016-5305-8

	Introduction 
	Materials and Methods 
	Materials 
	Stock Solutions 
	C/F/S Experiments 
	Analytical Procedure 

	Results 
	Influence of Coagulant and Flocculant Dosage on the Removal of Nano-CuO 
	Influence of pH on the Removal of Nano-CuO 
	Influence of Sedimentation Period on the Removal of Nano-CuO 
	Influence of Stirring Speed on the Removal of Nano-CuO 
	Response Surface Methodology 
	Model Validation and Monitoring of Floc 
	Characteristics of Composite Flocs 

	Conclusions 
	References

