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Abstract: The large-scale production and usage of zinc oxide nanoparticles (ZnO NPs) may lead to
their post-release into the aquatic environment. In this study, the effect of hydrophobic/hydrophilic
organic ligands on sorption and sedimentation of ZnO NPs has been systematically investigated.
In addition, the coagulation efficiency of ZnO NPs, Zn2+, dissolved organic carbon (DOC), and UV254

with varying ferric chloride (FC) dosages in synthetic waters were also evaluated. The results
showed that the higher concentration of organic ligands, i.e., humic acid (HA), salicylic acid (SA),
and L-cysteine (L-cys) reduced the ζ-potential and hydrodynamic diameter (HDD) of particles,
which enhanced the NPs stability. The adsorption of organic ligands onto ZnO NPs was fitted with
the Langmuir model, with maximum adsorption capacities of 143, 40.47, and 66.05 mg/g for HA,
SA and L-cys respectively. Removal of up to 95% of ZnO NPs and Zn2+ was achieved in studied
waters at the effective coagulation zone (ECR), above which excess charge induced by coagulant
restabilized the NPs in suspension. Moreover, the removal rate of DOC and UV254 were found to
be higher in hydrophobic waters than hydrophilic waters. The width of ECR strongly depends on
the characteristics of source water. The waters with hydrophobic ligand and higher UV254 values
require more coagulant than hydrophilic waters to achieve the similar ZnO NPs and Zn2+ removal.
The results of Fourier transform infrared (FT-IR) analysis of ZnO NPs composite contaminant flocs
indicated that the combined effect of enmeshment and charge neutralization might be a possible
removal mechanism. These findings may facilitate the prediction of fate, transport, and removal of
ZnO NPs in the natural waters, and might contribute to risk assessment, as well as decision making
about engineered nanoparticles (ENPs) in aquatic systems.
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1. Introduction

The engineered nanoparticles (ENPs) are extensively used in commercial products, with applications
in industrial processes, electronics, agricultural and environmental sciences, mainly because of their
unique structural properties compared to conventional bulk materials [1,2]. It is estimated that about 35%
of the globally-produced ENPs are released into the aquatic system, which leads to the high possibility of
their co-presence in natural water sources [3]. Amongst several inorganic ENPs, zinc oxide nanoparticles
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(ZnO NPs) have been a widely used nanomaterial (NM) in the field of nanotechnology such as cosmetics,
sunscreens, paints, pigments, foods, and medicines [4]. A recent study suggested that around 8–20% of the
annual production of ZnO NPs (31,500–34,000 t/y) may inevitably enter into the water environment [5].
Moreover, few researchers have reported that the concentration of NPs in surface water in the U.S could
be up to 50–10,000 ng/L, which is anticipated to increase over time with higher use and disposal of
the NP-containing products [1,6]. Therefore, there is growing concern regarding the likelihood of the
occurrence of these NPs in drinking water sources, and the potential increased risk of exposure to humans
as well as the aquatic environment.

In the aquatic system, aggregation and dissolution of NPs are the critical factors in evaluating their
hazards and associated toxicity exposure risk. The toxic effects of ZnO NPs on various aquatic biota,
including daphnia, sea urchin, algae, plants, and mammalians, were reported in the literature [7,8].
Additionally, the adverse effects of these NPs were also reported on humans, including damage to
DNA and cell membranes [9]. The ability of these NPs to penetrate via ingestion into the body and cell
(via fluid-phase endocytosis and caveolae) may provide an accessible site to these toxic NPs as well as
Zn2+ pollutants [10]. The toxicity and bioavailability of NPs also depend upon their physiochemical
properties, including size, surface charge, and other components of waters, i.e., pH, organic ligands
and inorganic ions. Small NPs have higher mobility due to the effect of hydrodynamic forces, and more
active reaction sites increase the risk to organisms as compared to larger NPs that are aggregated [11].
Likewise, the metal cations enhance aggregation by neutralizing charges, subsequently adsorbing onto
the NPs surface [12]. In contrast, naturally ubiquitous organic ligands like humic acid (HA), salicylic
acid (SA) and L-cysteine (L-cys) can adsorb onto the surface of NPs unselectively via ligand exchange,
hydrophobic/hydrophilic interaction, and H-bonding, which promotes the stability of NP suspension
and bioaccumulation [13,14]. Some recent studies have focused on the effect of physicochemical
properties of organic ligands, i.e., molecular weight (MW) distribution and hydrophobic/hydrophilic
characteristics on NPs dissolution and aggregation [15,16]. The elevated concentration of hydrophobic,
high molecular weight (HMW) ligands like HA consists of abundant hydroxyl, carboxyl, and phenolic
groups, which enhance the dissolution of NPs [15]. Our previous study [17] has shown the high
aggregation kinetics of ZnO NP suspensions in the presence of a hydrophilic, low molecular weight
(LMW) ligand such as SA containing carbohydrates, and other active groups. Similarly, the adverse
effects of hydrophilic, LMW ligands, like L-cys containing thiol groups, on NPs aggregation has also
been reported [18]. In contrast, some researchers have shown that in a complex system, the L-cys
produces a reactive insoluble thiol complex which strongly binds to metal ions, thus alleviating the
aggregation and reducing the toxicity of NPs to a certain extent [13]. It has also been found that the
lysine consisting of cysteine modified the surface of NPs, and further improved the stability of silver
(Ag) NPs [14]. Therefore, the stability and aggregation behavior of NPs depends upon their specific
interactions with several components present in natural waters.

The presence of NPs in the aquatic system may provide a potential route for human exposure,
primarily if the source is used as potable water. The conventional water treatment coagulation/flocculation/
sedimentation is an efficient and economical process to remove the colloidal particles, organic matters,
inorganic compounds, and heavy metal ions from water. Previous studies [19–22] demonstrated that
NPs such as CdTe, C60, Ag, and titanium dioxide (TiO2) could be removed from water by polyaluminum
chloride (PACl) and alum coagulation. Moreover, variable coagulation efficiencies of metal oxide NPs,
including ZnO (48–99%), Ag (2–20%) and TiO2 (3–8%) have been studied [23]. Recently a group of
researchers has demonstrated the efficient removal of ZnO and CuO NPs through a combination of a high
dosage of PACl and a coagulant aid [24,25]. The removal of heavy metal ions Zn, Cu, and cadmium (Cd)
from the single as well as binary aqueous systems through batch adsorption experiments have also been
reported [26,27]. The results of analytical models and experimental data suggested that the adsorption
capacity of Zn is not influenced by the presence of other interfering ions in a heterogeneous system.
Some previous studies showed that the presence of complex aqueous ligands might reduce the adsorption
capacity of Fe-oxide-coated quartz sand by changing the solid-to-solution ratio (SSR) in the aquifer [28].
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Moreover, organic ligands have been proved to hinder aggregation and effect the removal performance of
NPs during coagulation [20,22]. For instance, metal oxides coated with organic ligands such as HA and SA
exhibited significant sorption abilities with enhancing stability, thus decreasing the NPs removal rate due
to electrostatic/steric hindrance effect of adsorbed organic contaminants [29]. Conversely, enhanced NP
precipitation was observed in the presence of thiolate functional groups caused by steric effects and a
change in reaction rate [18]. However, studies reported in the literature are limited to NP removal in
the presence of single organic ligands. Previous literature also seems insufficient regarding the specific
interaction of the hydrophobic/hydrophilic organic ligand on the colloidal stability and behavior of ZnO
NPs composite contaminant during coagulation.

The aim of this study is, therefore, to explore the effect of HA, SA, and L-cys on sorption ability
and colloidal stability of ZnO NPs in various aqueous matrices. This work also hopes to evaluate
the removal of ZnO NPs and Zn2+ by coagulation using ferric chloride (FC) from eight synthetic
waters under laboratory condition. The yielded data was further used to predict the fate, mobility,
and possible removal mechanism of ZnO NPs in natural waters.

2. Materials and Methods

2.1. Chemicals

The ZnO NP powder (mean particle diameter <50 nm), model organic ligands (humic acid,
salicylic acid, and L-cysteine) was procured from the Sigma-Aldrich (St. Louis, MO, USA).
The hydrochloric acid (HCl), sodium hydroxide (NaOH), nitric acid (HNO3), sodium chloride (NaCl),
magnesium chloride (MgCl2) and iron (III) chloride hexahydrate (FeCl3·6H2O) were purchased from
Samchun (Samchun pure Chemicals Co., Ltd., Pyeongteak-si, Korea). Nanopure water (18.2 MΩ) was
produced with Synergy ultrapure water system (Milli-Q, Millipore Co., Bedford, MA, USA), and used
to prepare the stock as well as synthetic water solutions. All chemicals in this study were of reagent
grade, and were used as received without any purification.

2.2. Experimental Procedure

2.2.1. Preparation of Stock Solutions

The ZnO NP suspension was prepared by adding 3 mg ZnO NPs powder in 100 mL nanopure
water. The effect of ultrasonication time on the solution turbidity and particle size distribution
were determined by turbidity measurements (Hach Benchtop 2100N, Loveland, CO, USA) after
several optimization experiments. Before the experiment, all samples were subjected to probe
sonication to disperse large NPs agglomerates using ultrasonic cell crusher (Bio-safer 1200-90,
Â 12 mm, Nanjing, China). Humic acid (HA), salicylic acid (SA), and L-cysteine (L-cys) were
used in this research to represent the hydrophobic, HMW, and hydrophilic, LMW organic ligands
surrogate respectively. These model organic substances have widely been used to provide consistent
experimental conditions [30]. The HA powder (1 g) was dissolved in 1 L of nanopure water, and the
pH was adjusted to 10 using 0.1 M NaOH. The solution was stirred at 600 rpm for 24 h to ensure
complete dissolution; then, the suspension was filtered by 0.45 µm glass fiber filter to remove insoluble
particles. The 1 g/L stock solutions of SA and L-cys were prepared by dissolving the powder into 1 L
of nanopure water. All stock solutions were stored in the dark at 4 ◦C in a refrigerator before being
diluted to the desired experimental conditions.

2.2.2. Batch Sorption Experiments

The effect of organic ligand type and concentration (1–100 mg/L) on the ζ-potential and
hydrodynamic diameter (HDD) of particles were evaluated. The adsorption kinetics of HA, SA,
and L-cys (10 mg/L) on ZnO NPs (30 mg/L) were determined through a batch-equilibrium technique
at 25 ± 1 ◦C. The suspensions were orbitally shaken at 100 rpm (Shaker, SK-300, Lab, Companion,
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Kimpo, Korea) to simulate circulation conditions within natural surface waters, and sampled at
intervals from 0.5 to 72 h. The supernatant of each mixture was filtered through a 0.2 µm glass fiber
filter to measure the total organic carbon (TOC) content. Moreover, the adsorption kinetics of each
organic ligand onto the ZnO NP surface were fitted with two commonly used Lagergren pseudo-first
order (PFO) and Ho pseudo-second order (PSO) models using Equations (1) and (2) respectively.

log (qe − qt) = log qe −
k1t

2.303
(1)

t
qt

=
1

k2q2
e
+

t
qe

(2)

where: qe and qt are the amounts of ligands adsorbed (mg/g) at equilibrium and at time t (h),
respectively. k1 and k2 are rate constants adsorption (h−1) of PFO and PSO models, respectively.

In addition, the stock solutions of each organic ligands were diluted in 100 mL vials to form a
50 mL experimental solution, where the dissolved organic carbon (DOC) concentration was maintained
between 0 to 50 mg C/L. The pH of all experimental mixtures was adjusted to 7.0 with 0.1 M NaOH
or 0.1 M HCl. The ZnO NPs-ligand suspensions were shaken at 100 rpm for 24 h, (based on the time
study) to allow the suspension to equilibrate, and were then centrifuged at 10,000 rpm for 30 min.
The supernatant was filtered, and the aliquot was collected for TOC analysis. Adsorption data were
calculated assuming that the removal of the organic substances from suspension was due to the
adsorption onto the NPs surface. Two of the most commonly-used isotherm (Langmuir/Freundlich)
models were applied to fit the experimental data using non-linear Equations (3) and (4):

qe =
qmKLCe

1 + KLCe
(3)

qe = KFC
1
n
e (4)

where: qe (mg/g) is the adsorbed amount of organic ligand on ZnO NPs at equilibrium; qm (mg/g)
and Ce (mg/L) is the maximum adsorption and equilibrium concentration of organic ligands. The KL
(L/mg) and KF (L/mg) are the adsorption equilibrium constants of Langmuir for binding energy and
Freundlich for adsorption capacity models respectively; n is heterogeneity factor for the Freundlich
model, and shows the intensity of adsorption.

2.2.3. Preparation of Synthetic Waters

To investigate the effect of organic ligands on colloidal stability and the coagulation efficiency
of ZnO NPs and Zn2+, eight synthetic waters (S1–S8) with different DOC types and concentrations
were synthetically prepared in the lab. The chemical characteristic of the raw water, i.e., specific
ultraviolet absorbance (SUVA), is a significant indicator for defining the hydrophobicity/hydrophilicity
and aromatic content of organic matter. Moreover, it also reflects a better reactivity of organic
compounds present in waters towards removal by coagulation. It can be defined as the UV
absorbance at 254 nm measured in (1/cm) divided by the DOC concentration measured in (mg/L).
Therefore, the characteristics of hydrophobic and hydrophilic DOC were based on SUVA > 4 L/(mmgC)
and < 3 L/(mmgC), respectively. In addition, the range of DOC concentration varied based on literature
from low (1–2 mg C/L), moderate (2–3 mg C/L), and moderate-high (6 mg C/L) [31,32]. Based on
the DOC values, two hydrophobic and six hydrophilic waters were prepared. The background ionic
strength (IS) was controlled at 4.0 mM (1 mM IS NaCl, and 3 mM IS MgCl2) to simulate moderately-hard
water. The synthetic waters detail composition is presented in Table 1.
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Table 1. The composition of the synthetically prepared waters.

DOC Various Parameters of Synthetic Waters

Type Concentration Ligand Type &
Water Code

DOC
(mg C/L)

UV254nm
(1/cm)

SUVA
(L/(mmg))

Turbidity
(NTU)

EC
(µS/cm)

Hydrophilic SUVA < 3 Low-Moderate
(ca. < 2 mg C/L)

SA S1 1.62 0.017 1.04 1.05 158
L-cys S2 1.60 0.015 0.93 1.12 161

Hydrophilic SUVA < 3 Moderate (ca.
2–3 mg C/L)

SA S3 2.69 0.035 1.30 1.21 375
L-cys S4 2.65 0.031 1.17 1.17 371

Hydrophobic SUVA > 4 HA S5 2.58 0.195 7.55 5.06 378

Hydrophilic SUVA < 3 Moderate-high
(ca. 6 mg C/L)

SA S6 6.31 0.045 0.71 1.16 383
L-cys S7 6.18 0.037 0.60 1.20 382

Hydrophobic SUVA > 4 HA S8 5.92 0.510 8.61 9.80 388

2.2.4. Dissolution and Sedimentation Measurements

The dissolution experiments of ZnO NPs (30 mg/L) spiked in pure and synthetic waters (S1–S8)
were performed in a glass reactor for 24 h at 25 ± 1 ◦C. The buffer was not added to the ZnO NPs
suspension to eliminate the potential effect of IS in this experiment. After 24 h, the solution of ZnO NPs
and Zn2+ ions were separated by centrifugation at 10,000 rpm for 30 min, and the Zn2+ concentration
in the supernatant was measured. To better understand the sedimentation behavior in natural waters,
the aggregation kinetics of ZnO NPs in the synthetic waters were quantitatively determined by UV-Vis
spectrophotometer. All spectra were collected using a 100 mm optical path length cuvette, which allows
analysis of NPs at a relatively low concentration (2720.25 µg/L) [20]. The UV-Vis spectrum of ZnO NPs
suspension (30 mg/L) over wavelength (200–800 nm) shows characteristic surface plasmon resonance
band with a maximum located wavelength of 370 nm (see Supplementary Material Section S3.1 and
Figure S1). The concentration of individual NPs was monitored through UV-Vis absorbance at 370 nm
as a function of time for 24 h at different time intervals. In order to co-relate the NPs sedimentation
process to the aggregation kinetics of ZnO NPs, the sedimentation theory by Stokes law was applied
to estimate the settling rates of NPs in synthetic waters. According to Stokes’ law, the settling velocity
of spherical particles or floccules under gravitational forces is directly proportional to the square of
the particle diameter [33]. The first-order kinetics model Equation (5) was obtained by fitting the
NPs settling curve; Figure S4 shows that the first-order model fits the data well (R2 = 0.9913). It is
worthwhile to note the initial rapid decrease in normalized absorbance during fast settling which
occurs within first 2 h followed by a slow aggregation within 24 h [34]. The effect of different ZnO NP
concentrations (10, and 50 mg/L) on aggregation was also investigated for selected synthetic waters to
determine the role of NPs concentration on aggregation.

dC
dt

= −kC → lnCt = lnC0 − kt (5)

where Ct and C0 is the absorbance at time t and 0; and k shows the sedimentation rate of NPs in the water
phase. The graph of ZnO NPs aggregation was plotted as Ct/C0 as coordinate and time (t) as abscissa.

2.2.5. Laboratory Jar Test Experiments with Synthetic Waters

The coagulation experiments were undertaken in 250 mL plexiglass beakers using jar tester
(Model: SJ-10, Young Hana Tech Co., Ltd. Gyeongsangbuk-Do, Korea) with six paddles at 25 ± 1 ◦C.
Before the coagulation process, the ZnO NP suspension prepared 1 mM NaHCO3 solution was
sonicated, as described in Section 2.2.1, and placed into the jars. Subsequently, samples were taken from
each beaker for DOC, UV254, ζ-potential, and turbidity analysis. The ferric chloride (FC) coagulant was
dosed (0 to 0.50 mM), and pH was adjusted to a predetermined level. The coagulation was carried out
in three sequential steps: initialization of coagulation by rapid mix at 200 rpm for 2 min; then, slow mix
at 40 rpm for 20 min to enhance flocculation; and sedimentation for 30 min. After settling, an aliquot
of 100 mL of the supernatant was sampled to analyze various solution parameters. The influence of
the coagulant dose was investigated for all the studied waters at FC doses between 0 and 0.50 mM,
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where 0 represents the control trial for each water. The average and relative standard deviation (RSD)
were reported for triplicate analysis.

2.3. Other Analytical Methods

An aliquot of 30 mL was collected and centrifuged (Hettich Centrifuger Universal 320R,
Tuttlingen, Germany) at 10,000 rpm for 30 min to separate the ZnO NPs and Zn2+ from suspension.
The residual concentration of Zn2+ was analyzed by Inductively Coupled Plasma Optical Emission
Spectroscopy (ICP-OES: Model Varian, Agilent Technologies, Santa Clara, CA, USA). The pH
and conductivity of solutions were measured with (HACH: HQ40d Portable pH, Conductivity,
Oxidation-Reduction potential (ORP) and Ion-Selective Electrode (ISE) Multi-Parameter Meter,
Thermo Fisher Scientific, Waltham, MA, USA). The supernatant turbidity was measured to describe
the physicochemical properties of studied waters. The concentration of organic matter was determined
from UV254nm (UV absorbance at 254 nm wavelength) using UV-Vis spectrophotometer (Optizen
2120 UV, Mecasys, Daejeon, Korea). The inorganic elemental analysis and TOC content were
measured with a TOC analyzer with an ASI-L liquid autosampler (TOC-5000A, Shimadzu Corp,
Kyoto, Japan). The electrophoretic mobility (EPM) and HDD of ZnO NPs were measured by
laser Doppler electrophoresis and DLS using a Malvern Zetasizer (NanoZS, Worcestershire, UK).
The Brunauer Emmett Teller (BET) surface area and pore size were determined through N2 adsorption
isotherms at −196 ◦C using a gas adsorption device (ASAP 2020, micromeritics, Norcross, GA, USA).
The crystallinity of the ZnO NPs powder was studied using Rigaku D-max C III, X-ray diffractometer
(Rigaku Corporation, Tokyo, Japan) fitted with CuKα radiation (λ = 1.5406 Å). Fourier Transform
Infrared Spectroscopy (FT/IR-4700, JASCO Analytical Instruments, Easton, PA, USA) in the spectral
range of 500–4000 cm−1 was used to investigate bonding features. Moreover, the popular graphical
software Origin Pro 9.0 (Origin Lab, Massachusetts, MA, USA) was used to plot the experimental data.

3. Results and Discussion

3.1. Characterization of the ZnO NPs in Aqueous Solution

The summary of the most important physicochemical properties of ZnO NPs is outlined in
Table S1. Figure S1A shows the FT-IR spectrum of ZnO NPs, which shows a peak at approximately
554 cm−1, attributable to the stretching vibration mode of Zn–O bond. The crystalline phase structure of
commercial ZnO NPs is depicted in the XRD spectrum (Figure S1B). Diffraction peaks corresponding
to ZnO with hexagonal-type structure in the XRD pattern were detected and compared with the
JCPDS card No. 89-7102 (See Supplementary Material (SM) Section S3.1). The effect of sonication
time (5–40 min) on solution turbidity and particle size distribution of ZnO NPs in nanopure water
were investigated. As shown (Figure S2A), the best dispersion was obtained at 30-min sonication
time, and no significant difference was observed above that time. Moreover, DLS measurement
indicated that the majority of NPs were well dispersed in the water, and the HDD was in the range of
200–300 nm (Figure S2B), which was much larger than primary particle size (<50 nm). The change
in particle sizes might be attributed to increases in Van der Waals (vdW) forces among the NPs;
the surrounding solution would thus promote the formation of large aggregates [34]. The optical
absorption spectrum of the different mass concentration of ZnO NPs (0–50 mg/L) in suspension
was found to be proportional to the absorbed light (see Supplementary Material Section S3.1 and
Figure S2C). The relative concentrations of C, N, H, and S in each organic ligand are shown in Table S2;
C and S were shown to be the primary elements in HA, SA, and L-cys respectively. The relative C
and S concentrations of HA, SA, and L-cys were (61.29%, 35.40% and 27.63%) and (0.63%, 0.49% and
24.68%) respectively.

The pH is a key environmental factor of the aquatic system, and fluctuations in pH directly
affect the solubility, size, surface charge, and density of NPs in solution. The ZnO NP solubility,
ζ-potential, and change in HDD at different pH values were investigated (Figure 1A). When the pH
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value was between 2 to 3, the Zn2+ released from ZnO NPs (30 mg/L) was up to 21–24% of total
Zn. However, ZnO NP solubility was reduced above pH 3, and only less than 0.8% of total Zn was
measured at pH 7. Therefore, it indicated a negative correlation between solution pH and solubility of
ZnO NPs (Figure 1A). High concentrations of H+ in acidic conditions react with ZnO NPs and release
a significant amount of Zn2+ ions. However, under weak acidic/alkaline conditions, a small amount of
H+ reacts with NPs, thus generating Zn (OH)+ complexes [11]. Noyes-Whitney demonstrated that
the dissolution rate might be related to the NPs surface area, since large size NPs aggregate faster,
thus reducing the dissolution compared to smaller NPs [35]. As shown in Figure 1B, both ζ-potential
and HDD of ZnO NPs were significantly affected by variation in the suspension pH. For instance,
the ζ-potential was found positive at pH 4.5 to ~9.0, and remained negative at extremely acidic (2–4)
and alkaline pH conditions (9.5–12). The point of zero charge pHzpc of ZnO NPs was at 9.2, where the
surface charge −2.7 ± 2.8 mV and HDD (above 800 ± 70 nm) were found to be higher than other
pH values. The pHzpc determined in the current study coincides with previous studies which report
that the pHzpc of ZnO NPs was between 8.7 to 9.4 [11,12,16]. At pHzpc, NPs have negligible surface
charge; due to weak repulsive interaction between NPs, each collision causes particle adherence and
increases the HDD of particles [12,30]. These results are also consistent with previous reports [13,16],
which affirm that ζ-potential is positive at pH values below the isoelectric point (IEP), and becomes
negative at pH values above IEP. In our study, the ζ-potential remains positive (2 ± 0.3 to 15 ± 2.0 mV)
for the pH values (4.5–8.5) prior to pHzpc, and HDD ranges between 450 ± 20 to ~700 ± 55 nm.
Particles with surface potentials below ±15 mV are considered unstable under electrostatic interaction,
and tend to agglomerate, while NPs with high surface potential above ±30 mV are assumed to be
stable [15].
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Figure 1. (A) Zn2+ released (mg/L); (B) ζ-potential and HDD profile of ZnO NPs (30 mg/L) suspension
(mean ± SD, n = 3) as a function of varying pH. The inset in (Figure 1A) was the same enlarged figure
from pH 7 to 10.

The ζ-potential of suspension in the pH range (9.5–12) was determined (−15± 1.2 to−32 ± 2.4 mV),
which demonstrates highly stable colloids with smaller HDDs (190 ± 50 to 250 ± 35 nm). Such smaller
sized particles at higher pH might be attributed to the deprotonation effect of pH, which increases the
repulsive interaction between the highly-charged NPs [16]. Therefore, to minimize the dissolution effect,
further experiments were carried out at circumneutral pH (pH 7.0).

3.2. Ligand Adsorption

The effect of organic ligand type and concentration on the surface charge and HDD of ZnO NPs
were investigated at a neutral pH (Figure 2A). The results showed that ZnO NPs exhibit positive
ζ-potential in the presence of low concentrations of organic ligand (1 mg/L HA, L-cys and 2.5 mg/L
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SA), while the HDDs at these conditions were between 600–800 nm. The surface of ZnO NPs was
positively charged at pH 7 (Figure 1B); however, the ζ-potential decreases with the addition of ligand,
irrespective of type, and it approaches IEP at low concentration. This might be attributed to the
charge neutralization which occurs when the electrical double layer (EDL) on the surface of NPs
is effectively compressed due to the charge of adsorbed organic molecules, causing a reduction
in electrostatic repulsions between ligand molecule and NPs [17,30]. The low amount of HA and
L-cys significantly reduces surface charge because both contain –SH, carbonyl, carboxyl, aromatic,
acetal, and hetero aliphatic groups, thus having a strong affinity to bind with the surfaces of the
NPs [13,14]. In contrast, the surface charge of ZnO became negative upon further increasing the
ligand concentration (5–100 mg/L), and the HDD of the particle ranged from 180–220 nm over the
experimental trials. The coating effect of organic molecules such as HA, SA, and L-cysteine has
been known to reverse the surface potential from positive to negative, and stabilize the ZnO NPs
in solution [36]. Moreover, during the interaction, sulfur atoms present in L-cys may adsorb onto
the NPs surface, leaving the free amino and carboxylic acid groups in the surface for conjugating
biomolecules [18]. These results indicate that the interaction behavior between NPs and organic
molecules depends on the properties of organic ligands. Moreover, variation in charge reversal might
be related to specific adsorption mechanisms of the organic ligands on ZnO NPs. Therefore, adsorption
kinetics and isotherms studies were conducted.
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Figure 2B shows that ligands such as HA, SA, and L-cys (10 mg/L) demonstrate different degrees
of adsorption onto ZnO NPs (30 mg/L) with time. The adsorption of HA, SA, and L-cys onto ZnO
NP surfaces was rapid, and reached about 92%, 79%, and 84% of their adsorptions respectively after
7.5 h. However, it took an additional 16.0 h to reach 97.5% of its maximum adsorption capacity,
which indicates a rapid initial adsorption followed by slow adsorption, and then a leveling off.
This might be attributed to more interstices between NPs that reduced the ligand molecules binding
to the active surface sites of ZnO NPs [37,38]. Moreover, at the initial step, the ligand molecules
self-aggregated by π-π stacking interactions, which played an essential role in the second step in
aromatic rings adsorption on the surface. The carboxyl group present in the ligand might bind to
the Zn2+ of the NPs surface to form an inner-sphere complex by replacing the previous adsorbed
hydroxyl groups [13,33]. These results are consistent with previous studies which report that 24 h is
sufficient for the adsorption of natural organic matter (NOM) on ZnO, TiO2, and Al2O3 NPs to attain
equilibrium [39–41] The result demonstrates that adsorption of HA was more significant and faster
than that of SA and L-cys, based on rate constant (k), as well as adsorption rates (Table 2). This was
attributed mainly to the higher content of phenolic, aliphatic species, and lower contents of carbonyl,
carboxyl species in the hydrophobic ligand, as compared to the hydrophilic. These results agreed with
a previous observation [18,36] that hydrophobic ligands have a higher affinity to AgO2 and TiO2 NPs
due to their lower solubility and HMW. It is noteworthy that little adsorption of organic ligands was
observed after 24 h, which might be ascribed to some other interaction between ligand molecules and
NPs. Therefore, due to the heterogeneity of organic ligands, the interaction phenomena between the
ZnO NPs and ligand is much more complex. Furthermore, the experimental data fitted better with the
Pseudo-second order (PSO) model for its high correlation coefficients than the Pseudo-first order (PFO)
model (Table 2). This suggested that the attachment of organic ligands onto ZnO NPs was proceeded
by a chemical adsorption phenomenon.

Table 2. Kinetic parameters used to describe the adsorption of organic ligands on ZnO NPs.

Adsorbate Pseudo-First Order (PFO) Pseudo-Second Order (PSO)

qe (mg/g) k1 (1/h) R2 qe (mg/g) k2 (g/mg/h) R2

HA 40.91 5.405 0.917 41.78 0.1385 0.976
SA 9.822 1.042 0.937 10.44 0.0632 0.972

L-cys 20.46 2.146 0.863 21.52 0.0681 0.986

To further elucidate the adsorption phenomenon, the isotherm study was conducted under
varying organic ligands concentration (0.1–50 mg C/L) with ZnO NPs concentration (30 mg/L),
as shown in Figure 2C. As expected, the hydrophobic ligand HA showed a strong adsorption ability
compared to both hydrophilic ligands. The HA isotherm reached a plateau at a concentration of more
than 20 mg C/L, indicating almost complete surface coverage at higher concentrations (Figure 2B).
Moreover, the adsorption isotherms for binding organic ligands on ZnO NPs were further fitted with
Langmuir and Freundlich models. Results showed that adsorption on ZnO NPs was better fitted by
the Langmuir model, with adsorption maxima of 143.35, 66.05 and 40.47 mg/g for HA, SA, and L-cys
respectively (Figure 1C and Table 3). This observation indicated the high adsorption capacity of
hydrophobic ligands in comparison to hydrophilic ones. Similar phenomena have been observed in
previous studies [32,33], where preferential adsorption of HMW hydrophobic ligands was observed
on Fe3O4, and TiO2 NPs, thus providing a more thermodynamically-favorable surface. The strong
sorption capacity of L-cys has been previously described [13,34], where adsorption of cysteine onto
CuO and Ag NPs results in the formation of Cu (II)–S and Ag (I)–S bonds. Our results showed that
organic ligands with HMW adsorbed to ZnO NPs more effectively due to the higher level of adsorptive
interaction of organic molecules with NP surfaces; see Figure 2B. The present results also imply that
the aromatic content and hydrophobicity of organic molecules could be useful for evaluating the level
of ligand adsorption onto ZnO NPs. Nevertheless, the finding in Table 3 suggests that the adsorption
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capacity is closely related to the aromatic group content in the organic substance. For instance, HA with
a higher degree of substitution of aromatic rings, by groups such as phenolic or hydroxyl, may be
linked to greater adsorption capacities. These results are consistent with past studies which reported
that the attractive interaction between chemical compounds containing the aromatic moiety and carbon
nanotubes (CNT) was driven mainly by π-π interaction [33]. In general, such observations suggested
the monolayer adsorption of organic ligands was formed on ZnO NPs.

Table 3. Langmuir and Freundlich fitting for HA, SA and L-cys adsorption on ZnO NPs.

Ligand Langmuir Fitting Freundlich Fitting

KL (L/mg) qm (mg/g) R2 KF (mg/g) (L/mg)
1
n n R2

HA 0.18 ± 0.01 143.37 ± 3.30 0.996 31.60 ± 5.51 2.58 ± 0.36 0.939
SA 0.31 ± 0.04 40.47 ± 1.48 0.988 12.37 ± 2.49 3.18 ± 0.66 0.877

L-cys 0.29 ± 0.02 66.05 ± 1.77 0.994 19.96 ± 3.48 3.17 ± 0.57 0.905

3.3. Influence of Synthetic Waters on the Behavior of ZnO NPs

3.3.1. ζ-Potential and Particle Size of ZnO NPs

The water characteristics not only influence the NP distributions, but may also alter the transport
behavior of NPs in the environment. Figure 3 shows the ζ-potential and HDD of ZnO NPs in prepared
synthetic waters (S1–S8). It can be observed that the ζ-potential and HDD of ZnO NPs were jointly
affected in synthetic waters due to the different DOC types and concentration. The ζ-potential and
HDD values vary, ranging between +4.7 ± 2.0 to −38.3 ± 5.0 and 690 ± 90 to 220 ± 26 respectively in
all studied waters.
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These results suggest that organic substances decrease the surface potential by imparting a negative
charge onto the NP surface, thus stabilizing the ZnO NPs in suspension [42]. Additionally, the ligand
exchange might be responsible for the increase in negative surface potential due to the relatively high
binding affinity of metal ions with a carboxyl group [15]. A sharp increase in HDD of ZnO NPs,
i.e., 520–690 nm, was observed in S1, S2, and S3 waters, whereas, the ζ-potential value closer to IEP
in these waters suggested poor stability of ZnO NPs. This might be attributed to the adsorption of
functional groups such as carboxylic and amine onto the NPs surface through electrostatic attraction,
which tends to enhance the HDD of particles [17,20]. The moderately high DOC concentration in
hydrophobic/hydrophilic waters (S4–S8) reverses the surface charge with a relatively small difference in
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HDD (Figure 3). According to previous studies [26,36], high DOC concentration increases the surface
coating and coverage onto the NPs, which decreases the total surface charge (more negative) and enhances
the steric, as well as electrostatic, stabilizing effect. In general, hydrophilic, LMW organic ligands with
carboxylic groups bonded on aromatic rings form loop or tail structure that extend away, thus affecting
ZnO NP suspensions [17].

3.3.2. Dissolution and Aggregation of ZnO NPs

The release of NPs into the aquatic environment increases their bioavailability to organisms.
Thus, processes like aggregation and sedimentation might reduce their dissolution as well as associated
potential risks. Considering the dissolution of ZnO NPs with time, the release of Zn2+ ions and the
change in the suspension pH were monitored for each synthetic water. In the absence of ligands,
the concentration of Zn2+ was only 0.8 mg/L at pH 7 (Figure 1A), whereas the Zn2+ ion concentration
increased gradually as a function of increasing DOC concentration in synthetic waters. As shown
in Table S3, the highest Zn2+ concentration was found to be 2.26 ± 0.05 and 2.54 ± 0.02 mg/L in S7
and S8 respectively. It is well known that HA promotes ZnO NP dissolution via complexation and
coordination with metal ions. It was reported that complexing ligands could adsorb on the majority of
flat terraces, as well as polarize and weaken the metal–oxygen bonds of the lattice surface. Thus, in the
presence of such ligands, additional dissolution hot spots are created on the terraces other than the
edges and links, leading to the dissolution of nanoscale material [16]. The L-cys may interact with NPs
via one of its functional groups, thus forming polymers via bridging thiolate sulfur [18,34]. In contrast,
the lower dissolution in remaining waters might be attributed to the surface adsorption of ligands onto
ZnO NPs. Moreover, coated NPs may behave as a competitive sink to form oxidation compounds,
thus inhibiting the oxidation of NPs [40]. Additionally, it is postulated that the reactive surface areas of
the NPs exposed to the solution is reduced due to aggregation, and the solution properties within the
aggregates are different from the bulk. Therefore, aggregation plays a significant role in nanoparticle
dissolution in an aqueous system. The results showed that the impact of dissolution during the 24 h
experiments was considered to be minor on the ZnO NPs suspension.

The results of the sedimentation and aggregation behavior of ZnO (30 mg/L) NPs dispersed in
control water, and synthetic waters are shown in Figure 4A,B. It can be observed in (Figure 4A inset) that
a 50% loss of absorbance within 2 h occurred for ZnO NPs suspended in control and hydrophilic (S1, S2,
and S3) waters. The surface charge of ZnO NPs in these waters were close to IEP (Figure 3); therefore,
the enhanced aggregation and sedimentation rate of NPs was majorly due to charge neutralization
between the positively charged NPs and the negatively charged ligands molecules (Figure 4A,B) [15].
Electrostatic interactions between carboxylic groups (COO−) of ligands and NPs at/near IEP increase
due to less DOC being adsorbed on the NP surfaces, contributing to the aggregation of NPs in
solution [14,38]. However, only a 25–35% loss of absorbance within the first two hours and milder
aggregation curve in S4 and S6 was observed (Figure 4A). The grafting of organic matter onto the
surface of NPs altered the surface charges and increased electrostatic repulsion between NPs and
organic media [43]. Similar results were observed in Section 3.2 of this study, where negatively charged
carboxylate, phenolic, and thiol functional groups reverse the ZnO NPs surface charge from positive to
negative (Figure 2A). In contrast, the high L-cys concentration in hydrophilic water (S7) significantly
impeded the aggregation and sedimentation process of ZnO NPs (Figure 4A,B). Such discrepant
aggregation behavior was consistent with previous reports that the disulfide groups in L-cys can sorb
on the surface of NPs, thereby inverting the surface potential of NPs and keeping them suspended
in solution [32]. As shown (Figure 4A,B), the hydrophobic waters S5 and S8 present the slowest
aggregation and sedimentation rates (less than 0.02 h−1) compared to the (0.02–0.07 h−1) hydrophilic
waters. The organic anions in HA enhance the negative charge density adjacent to the NPs surface and
cause a shift in the position of the shear plane further away from the surface, resulting in a decrease of
ζ-potential of NPs, as well as antagonizing the aggregation-promoting effect from the electrolytes [44].
Moreover, the MW of organic ligands significantly affects the thickness of the adsorption layer, thereby
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affecting particle interactions during the aggregation process. This result agreed with those of a
previous study [36].Processes 2018, 6, x FOR PEER REVIEW  12 of 22 
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To further understand the effect of NP concentration on aggregation geometry, sedimentation
experiments at low (10 mg/L) and high (50 mg/L) concentrations of ZnO NPs were conducted in
selected (S1, S4, S5, and S8) waters. For a lower NP concentration (10 mg/L), a slight decrease in
the NP aggregation rate was observed (Figure S3). However, a higher NP concentration (50 mg/L)
slightly enhanced the aggregation and sedimentation rate (Figure 5A,B). This result is consistent with
previous studies, which shows that at higher NP concentrations, collision probability and frequency
increases among surrounding particles, thereby enhancing the NP count [45]. However, irrespective of
NP concentration, the aggregation behavior was found to be similar in synthetic waters.
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Figure 5. (A) Aggregation kinetic and; (B) sedimentation rates K (h−1) of ZnO NPs (50 mg/L)
suspension in selected synthetic waters after 24 h respectively.

Fast aggregation and higher sedimentation rates of ZnO NPs were observed in waters containing
hydrophilic ligands S1 and S2 (0.092 and 0.04 h−1), as compared to waters with hydrophobic ligands
S5 and S8 (0.021 and 0.014 h−1). The results of the above study demonstrated that the characteristics
of organic ligands remarkably affect the aggregation and sedimentation behavior of ZnO NPs.
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Therefore, the prolonged stability of ZnO NPs might cause a serious concern, i.e., the NPs could
be transported into the aquatic environments and may endanger aquatic organisms.

3.3.3. Removal of ZnO NPs and Zn2+

Figure 6 shows the removal of ZnO NPs, Zn2+, and the corresponding ζ-potential values of
synthetic waters (S1 to S8) after coagulation with various FC dosages. Under control conditions,
around 50–75% ZnO NP removal was observed in hydrophilic waters (S1, S2, S3, S4, S6, and S7),
as compared to 20–30% in hydrophobic water (S5 and S8). These results are in good agreement with
the result of a previous study [40], which reported that large NPs with organic matter auto-precipitate
in the absence of coagulant. Another possible reason for the high removal rates in hydrophilic
waters may be the presence of divalent metal cations Ca2+ which effectively compresses the diffuse
layer (DL) associated with the particles, and weakens interparticle repulsion, thus promoting
flocculation [12]. However, removal efficiencies of Zn2+ were quite low (<20%), regardless of water
type at control conditions.

The addition of FC dose increases the removal efficiencies of both ZnO NPs and Zn2+ in all
the waters. The presence of FC results in ampler NP flocs formation, until it reaches the effective
coagulation zone (ECR), which is called a plateau, i.e., where ~95% of removal is achieved [46].
The ECR for hydrophilic waters varies between 0.025–0.125 mM for S1, S2 with optimum doses
(ODs) of 0.025 and 0.05 mM (Figure 6A,B), between 0.05–0.175 mM for S3, S4 with OD 0.10 mM each
(Figure 6C,D), between 0.10–0.25 mM for S6, S7 with OD 0.15 and 0.175 mM (Figure 6F,G) respectively.
The hydrophobic waters S5 and S8 present higher ECR zones between 0.15–0.40 mM, with ODs at
0.225 and 0.35 mM (Figure 6E,H) respectively. This result indicated that NP size plays an important
role in determining the ECR; thus, the smaller the NPs size, the broader the ECR zone [47]. In our
study, ZnO NPs (Figure 3) shows large size aggregates in hydrophilic waters than hydrophobic waters,
while the ECR zone followed the reverse phenomena. These results also show that NP removal
depends upon the character of organic ligand present in source water and dosage of coagulant during
the coagulation process. For instance, the hydrophobic waters (S5 and S8) require a higher FC dosage to
achieve the similar ZnO NPs and Zn2+ removal compared to hydrophilic waters. A similar observation
has been made in previous studies, where water with higher UV254 values require more coagulant
dose to achieve a higher removal rate [26]. After the ECR zone, the excess of a coagulant promotes the
re-stabilization of the ZnO NPs, and consequently decreases the rate of NP removal. This phenomenon
could be attributed to charge inversion and restabilization of coagulated colloids due to polyelectrolytes
oversaturation [41,43].
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In all studied waters, relatively less Zn2+ removal was achieved at low FC dosage, probably due
to less available Fe attachment sites. However, up to 90–98%, Zn2+ removal was observed at OD
irrespective of water type. The effect of FC on Zn2+ removal was consistent with previous literature,
which suggests that the presence of heavy metals in cationic form might be associated with the
precipitate matrix particle via mechanisms known as occlusion [48]. Furthermore, ZnO NP removal
rates increase with FC dosage, until reaching the OD in the ECR zone; they decrease at higher FC
dosages. At a low FC dose, the flocs did not form because the coagulant was not adequate to compress
the EDL of the colloid particles or to bind the colloid particles to form interparticle bridging [29].
The ZnO NPs in control samples were negatively charged (−10 ± 1.3 and −40 ± 2.1) in all waters
except S1, as shown in (Figures 3 and 6). The addition of FC coagulant induces the destabilization
of ZnO NPs, due to the neutralization of the NPs negative surface charges by positively charged
hydrolyzed Fe3+ species in suspension. Consequently, the Fe hydrolysis product strongly adsorbs onto
the NPs surface, and ζ-potential increases and approaches IEP. This result may be explained by the
fact that at OD, NPs are completely destabilized, the surface charge is practically neutral, and colloids
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flocculate owing to the decrease of the electrostatic repulsion between surrounding NPs (Figure 6).
Similar results were observed in the previous study, which reported that NPs could be destabilized
and effectively removed in the range of ζ-potential between −20 and + 20 mV [19]. The small size NPs
in the stable waters (S5, S7, and S8) present more negative charge compared to the large particle (S1–S4
and S6), as shown in Figure 3. Hence, such stable suspensions will consume more FC to neutralize
their charges and induce them to destabilize in the process of coagulation. The HA and L-cys may
bind to the NPs surface and act as an electrostatic stabilizer, thus enhancing the stability, as observed
from the smaller particle size of ZnO NPs in these waters. However, at OD, the enmeshment of the
coagulants was much stronger than the repulsive force between ZnO NPs, and played a dominant
role in removing NPs from the water. As shown (Figure 6A–H), the increase of coagulant dose shifts
the ζ-potential to higher positive values more than +20 mV. Thus, restabilization occurs due to the
highly positive surface of ZnO NPs. It is evident that restabilization decreases the NP removal rate.
The colloidal system becomes stabilized, resulting in lower removal efficiency of ZnO NPs (Figure 6).
The result of the measured pH of suspension before and after the coagulation indicated no significant
change. However, a slight decrease in the pH of hydrophobic waters was observed. As previously
reported [20,44], when aqueous Fe(III) salt is added to water, it will dissociate to respective trivalent
ions, i.e., Fe3+ in suspension with strong ability of hydration to form hydroxo complexes. This reaction
results in the formation of H+ ions in such suspensions, which will lower pH values. The results of all
eight synthetic waters revealed the clear dependency of the ZnO NPs and Zn2+ removal on source
water characteristics, specifically, ligand type and applied coagulant dosage, as well as demand.

3.3.4. Removal of DOC and UV254

Different organic matters are present in subsurface and groundwater environments, and may
adsorb on the surface of NPs and affect the overall colloidal stability. The removal efficiencies of
organic substance-related parameters, DOC and UV254, are presented in Figure 7. The results show
that at/near the ECR zone, the highest removal of DOC and UV254, 90% in hydrophobic waters (S5,
S8, Figure 7E,H) and lowest 23% in hydrophilic waters (S1–S4, S6, and S7, Figure 7A–D,F,G) was
achieved. This indicated that the hydrophobic fraction of organic ligand could be removed more
efficiently than the hydrophilic fraction. These findings are consistent with previous reports [28,29],
and could be explained as follows: in waters with SUVA > 4.0 L/(m mg), ligands principally control
the coagulation process, and more than 50% DOC removal is achieved because suspension contains
humic substances with high hydrophobicity and HMW aromatic compounds. Similarly, waters with
(SUVA < 2 L/(m mg)), organic ligands have little influence on coagulation, and less than 25%
DOC is removed, since they are composed of non-humic, hydrophilic and LMW compounds.
Interestingly, the UV254 is more reduced than DOC, irrespective of water type, which suggests that
aromatic matters are removed more efficiently than other organic ligands fractions. This behavior can
be attributed to that hydrophobic fraction which has a low IEP, due to the abundance of carboxylic
and phenolic groups, resulting in higher coverage of NPs with negative charges, as observed in
Figure 3 and reported in a previous study [49]. The hydrophobic waters contain higher anionic binding
sites, resulting in effective charge neutralization with cationic Fe hydrolysis products compared to
hydrophilic waters at the appropriate dosage [50]. In addition, the Fe hydrolysis with different
polymerization degrees and amorphous hydroxide solids may form insoluble complexes with HA,
which could efficiently remove from the system [29,30]. Further analysis of coagulation performance
revealed a clear relationship between ζ-potential and residual DOC in studied waters. It has been
reported that there is an operational ζ-potential window (−10 and +3 mV), where most of the
colloids are optimized and stable can be removed [51]. However, the removal of hydrophobic
fractions strongly depends upon the magnitude of the coagulation ζ-potential. The DOC and
UV254 results of hydrophobic waters at ζ-potential around +10 mV show high removal (>90%),
but slightly decrease at ζ-potential (~±30 mV) (Figure 7E,H). In addition, the DOC and UV254 removal
in hydrophilic waters were between (1 to 25%) and (10 to 60%) respectively (Figure 7A–D,F,G).
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This might be attributed to the presence of weaker acidic groups and LMW compounds in hydrophilic
waters, thus hindering the competitive interactions between coagulants and ligands molecules [20,47].
In general, the removal behavior of both DOC and UV254 follow the removal pattern of ZnO NPs,
where higher removal efficiency was observed at OD of coagulants in all waters. This suggests that
ligand type (hydrophobic/hydrophilic) is likely to influence on removal efficiency and coagulant
dosage during the water treatment process. These results are in good agreement with previous
studies which have shown the high removal of hydrophobic organic fraction from water using
coagulation [52,53]. The hydrophilic LMW (SA and L-cys) fraction likely influences the achievable
residual post-treatment, due to its poor removal during conventional coagulation. The presence of
zinc-based NPs might also contribute to the enhanced removal of DOC, UV254 in hydrophobic waters.
A recent study showed the adsorbent effectiveness of zinc-based NPs at removing organic ligands from
water [54]. Thus, the coagulation of ZnO NPs associated with the FC may have a positive effect on
overall removal. However, further work is needed to confirm this interpretation. Based on our finding,
ligand type appears to be a crucial factor in influencing the treatability, and should be included in any
mechanistic approach to drinking water treatment.

Processes 2018, 6, x FOR PEER REVIEW  16 of 22 

 

removal efficiency was observed at OD of coagulants in all waters. This suggests that ligand type 
(hydrophobic/hydrophilic) is likely to influence on removal efficiency and coagulant dosage during 
the water treatment process. These results are in good agreement with previous studies which have 
shown the high removal of hydrophobic organic fraction from water using coagulation [52,53]. The 
hydrophilic LMW (SA and L-cys) fraction likely influences the achievable residual post-treatment, 
due to its poor removal during conventional coagulation. The presence of zinc-based NPs might also 
contribute to the enhanced removal of DOC, UV254 in hydrophobic waters. A recent study showed 
the adsorbent effectiveness of zinc-based NPs at removing organic ligands from water [54]. Thus, the 
coagulation of ZnO NPs associated with the FC may have a positive effect on overall removal. 
However, further work is needed to confirm this interpretation. Based on our finding, ligand type 
appears to be a crucial factor in influencing the treatability, and should be included in any 
mechanistic approach to drinking water treatment. 

  

  

  
Figure 7. Cont.



Processes 2018, 6, 170 17 of 22
Processes 2018, 6, x FOR PEER REVIEW  17 of 22 

 

  
Figure 7. Removal of DOC, UV254 from eight synthetic waters (A-H) with different dosage of FC 
coagulant. 

3.3.5. Characteristics of Flocs 

The FT-IR analysis of pristine organic ligands and precipitates of selected waters (S6, S7, and S8) 
were recorded to expound the bond formation, as well as possible coagulation mechanisms, as 
presented in Figure 8. As shown in Figure 8A, the peaks around 3653, 2972 cm−1 and 2887 cm−1 

correspond to OH, asymmetric and symmetric stretching vibrations of aliphatic C–H and C–H2 moiety 
[55]. The peak at 2082 cm−1 and a weak band at 2548 cm−1 were attributed to the stretching vibrations of 
the N–H and S–H group respectively [34]. Furthermore, the peaks observed at 1609 and 1653 cm−1 were 
assigned to the asymmetric and symmetric stretching vibration of C=O (COO−)[56]. The peaks at 1382, 
1398, and 1263 cm−1 correspond to the symmetric stretching vibration of CH3, COO− and C–O anti-
symmetric stretching [57]. Furthermore, some peaks around 1295, 1263, 1147, 1041, 1069 and 954 cm−1 
may be ascribed to the stretching vibration of S=O, C–OH (phenolic), C–O, C–O–C, carbohydrates and 
carboxylic acid groups [17,24]. The peak at 739 cm−1 corresponds to the stretching of the F–O bond [58]. 

 
Figure 8. FT-IR spectra of (A) pristine organic ligands (HA, SA, L-cys, and FC); (B) synthetic water 
(S6, S7, and S8) flocs in obtained at OD in coagulation process. 

Figure 8B shows the IR spectra of synthetic waters (S6, S7, and S8) flocs by FC. The broad peak in 
all flocs at 3327 cm−1 is due to the polar interaction of Fe ions and their hydrolyzed products, which tend 
to form complexes with metal ions [59]. The disappearance of S–H band at 2548 cm−1 in S7 indicates the 
formation of covalent bonds between thiols and Zn2+ onto the NPs surface [60]. The shift in the peak of 
C=O from 1263 to 1250 cm−1 further clarified that carboxyl, hydroxyl, and aromatic ester groups could 
be involved in complex coordination with metal ions during adsorption of the target pollutants [24,25]. 
The peak at 1041 cm−1 shifted to a higher frequency at 1068 cm−1 with increased intensity due to Fe–
O/Zn–O stretching vibration. Moreover, the bending vibration of Zn–O–Fe and Fe–O–Zn/Fe–OH–Zn 

Figure 7. Removal of DOC, UV254 from eight synthetic waters (A-H) with different dosage of
FC coagulant.

3.3.5. Characteristics of Flocs

The FT-IR analysis of pristine organic ligands and precipitates of selected waters (S6, S7,
and S8) were recorded to expound the bond formation, as well as possible coagulation mechanisms,
as presented in Figure 8. As shown in Figure 8A, the peaks around 3653, 2972 cm−1 and 2887 cm−1

correspond to OH, asymmetric and symmetric stretching vibrations of aliphatic C–H and C–H2

moiety [55]. The peak at 2082 cm−1 and a weak band at 2548 cm−1 were attributed to the stretching
vibrations of the N–H and S–H group respectively [34]. Furthermore, the peaks observed at 1609 and
1653 cm−1 were assigned to the asymmetric and symmetric stretching vibration of C=O (COO−) [56].
The peaks at 1382, 1398, and 1263 cm−1 correspond to the symmetric stretching vibration of CH3,
COO− and C–O anti-symmetric stretching [57]. Furthermore, some peaks around 1295, 1263, 1147,
1041, 1069 and 954 cm−1 may be ascribed to the stretching vibration of S=O, C–OH (phenolic), C–O,
C–O–C, carbohydrates and carboxylic acid groups [17,24]. The peak at 739 cm−1 corresponds to the
stretching of the F–O bond [58].
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Figure 8B shows the IR spectra of synthetic waters (S6, S7, and S8) flocs by FC. The broad peak in
all flocs at 3327 cm−1 is due to the polar interaction of Fe ions and their hydrolyzed products, which
tend to form complexes with metal ions [59]. The disappearance of S–H band at 2548 cm−1 in S7
indicates the formation of covalent bonds between thiols and Zn2+ onto the NPs surface [60]. The shift
in the peak of C=O from 1263 to 1250 cm−1 further clarified that carboxyl, hydroxyl, and aromatic ester
groups could be involved in complex coordination with metal ions during adsorption of the target
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pollutants [24,25]. The peak at 1041 cm−1 shifted to a higher frequency at 1068 cm−1 with increased
intensity due to Fe–O/Zn–O stretching vibration. Moreover, the bending vibration of Zn–O–Fe and
Fe–O–Zn/Fe–OH–Zn bonds were found at 951 and 671 cm−1 [61–64]. Thus, the significant shifts,
as well as the disappearance of distinct peaks in the flocs, supported the complex reaction of metal ions
and composite contaminants with FC. Therefore, it can be inferred from the high removal efficiency and
FT-IR spectra, that the principal mechanism for ZnO NPs and Zn2+ with organic ligand might be the
combination of charge neutralization (for colloids), entrapment, complexation, and ligand exchange
adsorption. This mechanism is consistent with previous research [19–24] working on the removal of
other ENPs by coagulation. However, because of the variable composition of the organic substances,
the removal mechanism might vary according to the specific type of organic ligands molecules present
in water.

3.4. Environmental Significance

The incorporation of ZnO NPs into a wide variety of consumer products has led to concerns
about their unintended release to drinking water sources. This study provides some insight into the
aggregation, dissolution, and removal behavior of ZnO NPs in environmental water, which could
limit the release of metal ions and lead to the removal of NPs to reduce potential risk. Our results
highlight that the sorption of organic ligands onto the NP surfaces sterically stabilized the NPs, as well
as enhancing their solubility. Thus, simultaneous transformations of ZnO NPs into Zn2+ could alter the
bioavailability of the NPs to exposed organisms. However, the rate of dissolution depends upon the
aggregation conditions of the NPs and surface modifications caused by sorption of ligand molecules.
It appears that the environmental fate of ZnO NPs would be largely influenced by the type and
concentration of organic ligands, as well as the solution chemistry. Other water quality parameters
such as metal cations, temperature, as well as the presence of inorganic compounds, which were not
examined in this study, might play a critical role in determining the extent of ZnO NPs and organic
ligand interactions. Herein, we demonstrated that the coagulation process could not only remove ZnO
NPs, but also limit the Zn2+ to a low level in the potable water. This study underscores the importance
of understanding the impact of the various organic ligands on the fate of NPs and their persistence in
the natural water environment.

4. Conclusions

In this study, we systematically investigated the effect of organic ligand types such as
hydrophobic/hydrophilic, and their effects on ZnO NPs stability and removal by FC coagulant
from synthetic waters. Our results demonstrated that hydrophobic ligands, e.g. HA, significantly
reduce the HDD and ζ-potential compared to hydrophilic ligands like SA and L-cys due to their strong
sorption capacity. The isotherm study revealed that ligands develop monolayers by binding to Zn2+ on
the surface of ZnO NPs via ligand exchange and H-bonding. The low DOC concertation enhanced the
aggregation kinetics of ZnO NPs due to charge neutralization, while high concentrations impeded NP
aggregation, likely due to steric effect induced by the adsorbed organic molecules. The results showed
that FC coagulation could effectively remove ZnO NPs, Zn2+ and ligand composite pollutants. At the
ECR zone, the removal efficiencies of ZnO NPs and Zn2+ were more than 95%, irrespective of water
type. However, after the ECR zone, the removal rate of NPs declined to 60% due to the restabilization
of precipitated NPs. A higher ZnO NP removal rate was obtained at lower FC dosage in hydrophilic
waters, as compared to hydrophobic waters; this indicated that the organic ligand type played a
predominant role in determining ECR during coagulation. The highest reduction <93% in DOC
and UV254nm were obtained in the hydrophobic water in comparison to <23% in hydrophilic waters.
The FT-IR analysis of flocs revealed that mechanisms such as charge neutralization, complexation,
entrapment in precipitates and bridging effect might be involved in the removal of ZnO NP composite
contaminants by FC coagulation. These findings provide some insight that the type of organic ligand
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may influence the fate, transport, and coagulation performance of released ENPs in drinking water
treatment processes.
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