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Abstract: The extensive use of engineered nanoparticles (ENPs) such as zinc oxide nanoparticles
(ZnO NPs) in various commercial fields has spurred significant concern about its possible
toxicological effects of ZnO NPs on human health and eco-system. Therefore, it is substantial to
understand the aggregation phenomena which could attenuate this effect. This data article provides
information on aggregation of ZnO NPs under the influence of various parameters of water
chemistry. Moreover, Taguchi orthogonal array L27(3'%) design matrix was used to evaluate the effect
of multiple parameters in aqueous solution. The data were obtained from single beam UV-Vis
spectrophotometer (Optizen 2120 UV, Mecasys, Korea) using Optizenview 4.2.5 PC interference
software, Fourier transform infrared spectrometer (FT/IR-4700, spectroscopy, JASCO Analytical
Instruments, Easton, USA) and particle electrophoresis (NanoZS, Zetasizer, Malvern Instruments
Ltd, Worcestershire, UK). The dataset draws attention on dominant parameters influencing
aggregation of ZnO NPs in water. The analysis of variance (ANOVA) data revealed that electrolyte
concentration, type and natural organic matter (NOM) concentration were the most significant
parameters. Furthermore, FT-IR data presents a possible mechanism of ZnO NPs stabilization in the
presence of different NOM. This data will be helpful for the development of environmental risk
assessment strategies and prediction of fate and mobility of other ENPs in the aquatic environment.

Dataset: Available as the supplementary file.
Dataset License: CC-BY

Keywords: aggregation; Fourier transform infrared spectrometer; particle electrophoresis; risk
assessment; Taguchi orthogonal array; UV-Vis spectrophotometer; zinc oxide nanoparticles

1. Summary

With the development of nanotechnology, production and utilization of engineered
nanoparticles (ENPs) increase in consumer products and commercial applications. Among diverse
ENPs, zinc oxide nanoparticles (ZnO NPs) is third largest used metal-containing nanomaterials due
to its unique structural properties [1]. The estimated annual global production was between 570-
33,400 tons/year, which anticipated to be 58,000 tons/year by 2020 [2]. However, such broad
applications and production of ZnO NPs have generated concern to both scientific and public
community due to its environmental release, that may increase the bioavailability and NPs toxicity
in an aqueous environment [3]. The potential adverse effects of ZnO NPs on phytoplankton, plants,
mammals, and even human cell lines are well known [4]. However, the limited knowledge is
available on the nanoparticle-liquid interaction and aggregation among NPs. Thus, understanding
the aggregation phenomena of ZnO NPs under various parameters of water chemistry is important
to properly assess their risk.

© 2018 by the author(s). Distributed under a Creative Commons CC BY license.
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Several researchers have studied the ZnO NPs fate and mobility in an aqueous environment [5-
7]. The ZnO NPs aggregation phenomena are highly influenced by physicochemical properties and
solution chemistry [8]. The NPs properties such as size, shape and coating may cause substantial
variation in its aggregation kinetics [9]. Few studies [10,11] reported that large size particles tend to
aggregate, however, tiny size particles remain suspended in the solution and increase the risk to
aquatic species. The variation in solution pH and temperature affect the surface potential and
solubility of ZnO NPs which may also influence its agglomeration phenomena [7,12]. The fast
aggregation reported in high salt content solution due to compression of the electrical double layer
(EDL) [9,13]. The ubiquities natural organic matters (NOM) stabilizers kept ZnO NPs suspended in
water due to steric hindrance and potential charge reversal [14,15]. Furthermore, few studies
demonstrated that the presence of divalent cations i.e. Ca?, Mg? may form intermolecular bridging
between NOM and ZnO NPs, thus enhance the hetero-aggregation [16]. In the previous studies [17-
20], the influence of various environmental parameters on agglomeration phenomena of ZnO NPs
has generally studied by some individual factors and limited to pure water. Additionally, the
interaction of multiple parameters affecting this phenomenon has been rarely touched by
environmental scholars. Therefore, it is important to evaluate the aggregation phenomena of ZnO
NPs together with a combination of different parameters, consequently, that may affect the fate and
toxicity in the ecosystem.

A recent study has shown a significant influence of several environmental parameters on
sedimentation and aggregation of ZnO NPs [21]. Although, numerous dataset on such phenomena
of other ENPs i.e. copper oxide (CuO) and titanium dioxide (TiOz) have been reported [19,22].
However, to the knowledge of the authors, there are no datasets available on the effect of combined
multiple environmental parameters on ZnO NPs aggregation. In light of this, ZnO NPs aggregation
phenomena in single and multiple environmental parameters were investigated. The fractional
factorial method based on Taguchi orthogonal array (OA) L2z (3'%) design matrix was used to measure
the main and interactive effect of multiple factors. This study quantitatively presents the ZnO NPs
aggregation dataset obtained from UV-Vis spectrophotometer, Fourier transform infrared
spectrometer (FT-IR), and zeta potential analyzer and Optizen view 4.2.5 PC interference software.

The dataset obtained from UV/Vis spectrophotometer presents the absorbance data of ZnO NPs
at various environmental conditions such as pH, electrolyte type and concentration, and NOM type
and concentration. Earlier, the zeta potential and FT-IR spectra of ZnO-NOM complexes were
elucidated under different aqueous matrices [21]. This data may contribute to better understand the
agglomeration phenomena and fate of ZnO NPs in the complex heterogeneous environment.

2. Data Description

Here, we present the dataset of ZnO NPs aggregation efficiency and its kinetics in an Excel
(Microsoft Corp., Redmond, WA) spreadsheet file. Table S1-512 show the ZnO NPs data obtained
after bench scale aggregation experiment which are listed and described in Table 1-2 at 25°C+0.5.
Table S1-S2 show the absorbance data across various wavelength and concentrations. This data is
used to determine the concentration from quantitative standard linear curve based on Beers-Lambert
law. Table S3 shows turbidity data at various time and power levels of sonicator to obtain the
optimum sonication condition for further aggregation experiments. The data in Table 54-56 shows
the residual absorbance and corresponding zeta potential at various pH, electrolyte, NOM types and
concentrations after 6 hours. This can be used to predict the effect of interfering ions on the
aggregation phenomena of ZnO NPs in aqueous environment. Table S7 shows the time-resolved
optical absorbance measured at 370 nm across various solution matrices. The aggregation rate k can
be estimated from this data using Stokes sedimentation theory, it also indicates that aggregation
kinetics may vary substantially in the presence of high electrolyte and NOM concentrations. The
Table S8 shows the data derived from FT/IR spectra of pristine ZnO NPs before and after interaction
with high concentration of various NOM i.e. humic acid, salicylic acid and citric acid. It shows the
percent transmittance against the wave numbers (500-4000 cm-!). This data is helpful in providing the
information about modification in the surface of ZnO NPs after interaction with NOM.
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Furthermore, the Table S9-511 shows the data of residual absorbance and corresponding
aggregation efficiencies, variance and range analysis obtained from Taguchi OA L2z (3'%) matrix for
multi-parameters experiments. This data is important to determine the analysis of variance
(ANOVA) and consequently the dominant parameter influencing the ZnO NPs aggregation in a real
environment. In addition, the data in Table 512-513 shows the residual absorbance and aggregation
efficiencies obtained across various environmental tested waters. This data is helpful in providing
ZnO NPs aggregation phenomena in the real environmental conditions.

Table 1. Type of experiment and condition of single parameter experiments

Experiment Parameter Unit Condition
A pH - 3to12
B KCl, Na:50s mM 0.01 to 100
MgClL mM 0.01 to 25
C HA, SA, CA mgL-1 0.5 to 100
D Synthetic Environmental water samples

Where HA, SA and CA corresponds to humic acid, salicylic acid and citric acid respectively

Table 2. Parameter and their corresponding levels of the Taguchi (OA) experiment

Parameter Units Level
1 2 3
pH - 7.0 8.0 9.5
Electrolyte Concentration = mM 25 50 100
NOM Concentration mgL-1 5 10 25

Electrolyte type - KCl Naz2504 MgCl2

NOM type - HA SA CA
Temperature °’C 15 25 35

Where NOM corresponds to natural organic matter
3. Methods

3.1. Solution and synthetic waters preparation

The nanopowder of ZnO NPs assay 97%; humic acid (HA), salicylic acid (SA) and citric acid
(CA) were purchased from the Sigma-Aldrich (St. Louis, MO, USA) and used without further
purification. While inorganic salts i.e. potassium chloride (KCl), sodium sulfate (Na:504), magnesium
chloride (MgCl2.6H20), nitric acid (HNOs), hydrochloric acid (HCl), sodium hydroxide (NaOH) used
in this study were obtained from local suppliers. According to the vendor, NPs have particle size <50
nm with a specific surface area 15-25 m?/g and it contain 6% Al as dopant. The 100 mg/L of ZnO NPs
solution was prepared by adding 12.57 mg of ZnO nanopowder in 100 ml of nanopure water. The
solution was subjected to sonicate from 5-40 min and 100-600W power to obtain a homogenous NPs
dispersion. Moreover, the solution turbidity was also measured using Turbidimeter (Hach Benchtop
2100N, Loveland, CO, USA). The natural organic matter (NOM) stock solutions were prepared by
dissolving 1g powder of each NOM in 1L of deionized (DI) water. The pH of HA was adjusted to 10
using NaOH to ensure complete dissolution of HA. The solution was stirred at 600 rpm for overnight
to improve further stability [23]. All the stock solutions pH were adjusted to 7 prior to storage in dark
at 4°C. The stock solutions of inorganic salts with 1 M ionic strength were prepared by adding 7.45g
K(], 14.2g Na2SOs4 and 20.32g MgCl2.6H20 in 1L solution respectively. Four synthetic waters were
prepared in the laboratory, while tapwater and wastewater were collected from Sungkyunkwan
University, Suwon and metal processing industry located at Ulsan, Korea respectively. The detailed
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characteristics of all water samples are already presented in our previous study [21]. The IS (Ie) was
calculated from the electrical conductively (EC) according to the following equation.

le =0.01442 x EC100 (1)

3.2. Standard calibration curve analysis

Prior to aggregation experiments, the optical absorption analysis was conducted on the UV/Vis
spectrophotometer (Optizen 2120 UV, Mecasys, Korea) using a 100 mm path length quartz cuvette.
The device is equipped with high-quality Tungsten-Halogen lamp and a Deuterium lamp which
allows the analysis of ZnO NPs at relatively low concentrations (100 to 1000 ug/L). The absorption
spectra of the colloids were collected between 200-800 nm at 25 °C. The background was set up with
the proper solvent and then, each colloid sample was examined. Since UV-Vis spectra fit well to
Beers-Lamber law, thus a standard calibration curve was collected at 370 nm and used as a
quantitative criterion of ZnO NPs. The ZnO NPs concentration and aggregation efficiency was
estimated using fitted curve equation having R? of 0.9993 as shown in equation 2 and 3. In current
study, initial concentration of ZnO NPs in vial was maintained at 100 mg/L.

Y = 0.0086x — 0.0116 )

Where Y represents the concentration of ZnO NPs and x indicates residual absorbance.

Ci—Ct

Ci

A=

x 100 3)

Where A corresponds to aggregation efficiency, Ci and Ct are concentration of ZnO NPs before and
after aggregation experiments.

3.3. Control experiments

The experiments were conducted in standard sedimentation glass tube (Fisher Scientific Co.,
Fair Lawn, NJ) with the dimensions (height; 30cm, radius; 2cm) for 6 hours. The predetermined
concentration of inorganic salts and NOM were spiked into 100mg /L of ZnO NPs suspension. The
pH was adjusted using 0.1 M HCI and 0.1 M NaOH solution. The suspension was subjected to
ultrasonication to fully disperse the NPs in solution. After completion of aggregation experiments,
1ml aliquot were collected from each suspension tube at % height to measure the absorbance of
residual ZnO NPs. Prior to aliquot analysis, equipment was calibrated using a blank nanopure water
solution. Following this approach, single and multiple parameter experiments were performed as
shown in Table 1-2. In the case of kinetic experiments, the instrument was specifically tuned in
UV/Vis kinetic mode to optimize the wavelength at 370 nm and time setting in the selection window.
Afterward the sample was placed in a quartz cuvette and the absorbance was continuously measured
after every 3 min of the time interval. The settling rate and velocity of the NPs were calculated using
first-order kinetics and Stokes’s equation [24] respectively.

InCt =1InCi -kt 4)

Where ¢t represents the time; Ciand Ct are ZnO NPs concentrations at initial and t time points,
respectively; and k is the sedimentation rate in (h™).
_ gd*(pp—pm)
v, = £tetn) ©)
Where g represents acceleration of gravity (m/s?), d particle diameter (m), p, density of particle
(g/cm?d), p,, density of medium (g/cm?), p viscosity of medium (g/m.s) and Vt settling velocity of
particles respectively.

3.4. Sample preparation for FTIR measurement

The Fourier transform infrared spectra (FT/IR-4700, spectroscopy, JASCO Analytical
Instruments, Easton, USA) of ZnO NPs before and after interaction with various NOM were
recorded. The spectroscopy has been used as a useful tool for identification of structures and
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functional groups. The extracted aliquots of ZnO NOM complexes after aggregation experiment were
collected and NPs were separated by centrifugation (Hettich Centrifuger Universal 320R, Germany)
at 3000 RPM for 15 min. The resultant ZnO NPs pellets were subjected to vacuum drying for 24 hours
to remove any moisture content. The high sensitive Mercury—Cadmium-Telluride (MCT) focal-plane
array detector was cooled for 30 min with liquid nitrogen (LIN). The dried samples were inserted
into the sample platform to characterize the attachment of functional groups in the range of wave
number 500-4000 cm™. The Thermo Scientific OMNIC FTIR software was used to analyze the data
and exported in the text file format for further processing.

3.5. Zeta potential analysis

After the aggregation experiments, an aliquot was removed from the suspension and placed into
the zeta potential cell. The cell was filled up with the colloids avoiding the presence of bubbles. The
electrophoretic mobility of the particles was measured using a Zetasizer Nano-ZS (Malvern
Instrument). The temperature in the Zetasizer was set to 25 + 0.1 °C. Three electrophoretic mobility
measurements were made for each sample. The value of electrophoretic mobility was directly
converted by default function of equipment. The default Smoluchowski equation is given [25] below

{=4m (2)/e ©6)

Where ( represents zeta potential (mV), (g) electrophoretic mobility (microns /sec x volt/cm), 1

solvent viscosity (poise) and ¢ is dielectric constant.

3.4 Elemental analysis

The aliquot obtained from tap and industrial wastewater were filtered through 0.45 um glass
fiber filter; digested with 99% pure HNO3 prior to analysis [26]. The Inductively coupled plasma
mass spectrometry (ICP-MS, 7700x, Agilent Technologies, Palo Alto, CA, USA) was used to analyze
the concentration of common element. The industrial wastewater filtered samples were further
diluted in 1:10 ratio to measure concentration of common anions (NOs, Cl- and SOs?2) using ion
chromatography with metrosep A Supp5 column in (861 Advanced Compact IC, Metrohm, Herisau,
Switzerland).

3.5 Taguchi Orthogonal array experimental design

In recent years, Taguchi method developed by Dr. Genichi Taguchi has been used widely in
engineering fields to optimize and design experiments [27,28] . The Taguchi fractional factorial
design utilized the orthogonal array (OA) design matrix theory to study large number of variables
with small number of experimental trials. In present study, it was planned to investigate the ZnO
NPs aggregation phenomena under the control of six parametersi.e. A, B, C, D, E and F with three levels
and two potential interactions i.e. AXB and BxC. The standard linear graph was modified using the
line separation method as shown in Figure 1, to assign the parameters and interactions to various
columns of OA. The OA chosen was L27(3'%) which has 27 rows corresponds to number of experiments
with 13 columns at 3 levels as shown in Table S9. The plan of experiment was as follows. The pH (A)
was assigned in first column, electrolyte concentration (B) in second column, NOM concentration (C)
in fifth column, electrolyte type (D) in ninth column, NOM type (E) in tenth column and temperature
(F) in twelfth column. The possible two parameter interactions (AxB): and (AxB): were assigned to
third and fourth columns while eighth and eleventh were assigned to (BxC): and (BxC): interactions.
The remaining sixth, seventh and thirteenth columns were left empty in order to calibrate the
standard matrix. The experiments were conducted for each combination of parameters as per selected
OA in triplicate and average values were reported.
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ONONCHETN®

Three level-factors (A,B,C,D,E,F)

Significant interaction (AB, BC)

2 5
B (BxC) 8,11 <c>

Figure 1. Modified linear L2z (3%%) graph and column assignment

3.5. Statistical Analysis

The experimental data obtained by following the Taguchi OA matrix procedure were analyzed
by the general linear model (GLM) with Tukey’s post Hoc test using the software MINITAB18.0 (Six
Sigma Academy International). The MINITAB was also used for range analysis and analysis of
variance (ANOVA) and predicting the dominant parameters for ZnO NPs aggregation. Probability
p-value less than 0.05 were considered to be significant. The normality and homogeneity of data were
considered before conducting the ANOVA. Each experiment was performed in triplicate and average
values were reported.

3.6. Optizen view 4.2.5

A UV-Vis spectrophotometer was connected with a PC interference software “Optizen view
4.2.5” to obtain the absorbance and real-time kinetics data of ZnO NPs in solution. The method
adopted for obtaining sample survey scan and kinetic data is illustrated in Figure 2(a-d).
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Figure 2. An illustration of Optizen view with survey scan and kinetic study data.

4. User note

Our dataset provides quality information about the sedimentation and aggregation phenomena
of ZnO NPs that might be useful for researchers and scientific community. The approach described
here may help researchers who intend to increase the number of parameters and their interactions,
in the range of our dataset. In addition, it may add to toxicological studies about ENPs, given that
many parameters in our dataset are commonly found in natural water bodies. In the view of global
scale, one may use the dataset to incorporate more information of water chemistry parameters
present in the local environments to assess other parameters that were not covered in current matrix
data.

Supplementary Materials: The following are available online at www.mdpi.com/xxx/s1, Figure S1: title, Table
S1: title, Video S1: title.
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