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transformation kinetics and the mechanism of ethylparaben using natural sphalerite (NS)
were investigated. The results show that around 63% of ethylparaben could be absorbed
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tion mechanism showed that hydrophobic partitioning into organic matter could largely
govern the adsorption process, rather than the ZnS that was the main component of NS.
Furthermore, the ethylparaben adsorbed on the surface of NS was stable, as only less than
2% was desorbed and photochemically degraded under irradiation of simulated sunlight for
5 days. This study revealed that NS might serve as a potential natural remediation agent for
some hydrophobic EOCs including parabens, and emphasized the significant role of natu-
rally abundant minerals on the remediation of EOCs-contaminated water bodies.
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(Gao et al., 2016; Mitch, 2017; Schwarzenbach et al., 2010).
As an important group of EOCs, parabens are often used
as additives to induce antimicrobial characteristics in cer-
tain streams of pharmaceuticals, cosmetics, and food-stuffs
(Brausch and Rand, 2011; Chen et al., 2017; Liao et al., 2013).
The annual consumption of parabens was estimated to be
about 8000 tons around the world (Ramaswamy et al., 2011).
Furthermore, several parabens could inevitably enter water
bodies due to incomplete elimination in wastewater treat-
ment plants (WWTPs). As a result, parabens have been fre-
quently detected in the effluents of WWTPs, surface wa-
ter bodies, as well as sediments, and the corresponding
concentrations have been reported to lie within the range
of 15-400 ng/L (Cheng et al.,, 2018; Gonzalez-Marino et al.,
2011; Kasprzyk-Hordern et al., 2008). Moreover, previous stud-
ies have found that parabens have potential adverse im-
pacts on aquatic organisms and human health (An et al,
2014; Gao et al., 2016). For instance, parabens could impose
endocrine-disrupting effects on human health, even at con-
centrations as low as ng/L (Haman et al., 2015), furthering
the cancer-causing potential of parabens (Darbre and Har-
vey, 2008). More importantly, recent studies observed the in-
creased aquatic toxicity and endocrine-disrupting character-
istics during their ultraviolet (UV) photochemical degradation
(Fang et al., 2013; Gao et al,, 2020). Therefore, understand-
ing the transformation mechanism and environmental fate
of parabens in natural water bodies and sediments are very
important for the risk assessment and protection of human
health.

In recent years, several research groups have mainly fo-
cused on the degradation of parabens using UV irradiation,
photocatalytic, electrochemical and ozone oxidation tech-
nologies (Dobrin et al., 2014; Fang et al., 2013; Frontistis et al.,
2017; Gao et al., 2020; Petala et al., 2015). Parabens could be de-
graded relatively easily, however is often accompanied by in-
complete mineralization and the consumption of extra energy
(Gonzalez-Marino et al., 2011). The migration and transforma-
tion of various parabens in the natural aquatic environment is
rarely studied, particularly with the remediation of parabens-
contaminated water using natural matrices, such as natural
minerals.

Natural minerals are an essential part of the environment.
More importantly, several natural minerals exhibit excellent
promise for participating in the transformation and/or purifi-
cation of pollutants in the environmental field (Zhao et al.,
2020), including the adsorption of lead using rock phosphate
and that of proteins using montmorillonite (Prasad et al., 2000;
Rytwo et al.,, 2010). Among natural minerals, certain special
attention has been paid to natural sphalerite (NS) because
of its adsorption capability and visible-light (VL) photocat-
alytic activity (Li et al., 2020). For instance, NS can inactivate
bacteria and harmful algae upon visible light (VL) irradiation
(Chen et al., 2011; Shen et al., 2020; Wang et al., 2017). More-
over, NS could perform as visible-light-driven (VLD) photocat-
alysts for reducing metal ions and degrading azo-dye and car-
bon tetrachloride (Li et al., 2009; Yan et al., 2006; Yang et al.,
2011). In short, NS is a naturally occurring adsorbent and pho-
tocatalytic material that has the potential to be used to resolve
traditional as well as metal-related environmental pollutions.
However, for the increasingly serious EOCs, their transforma-

tion and environmental fate over the interface of NS minerals
have not yet been studied.

In this study, ethylparaben was selected as a typical preser-
vative of EOCs to evaluate their environmental behavior
and final fate on NS minerals. Firstly, the adsorption pro-
cesses were analyzed based on adsorption kinetics, adsorp-
tion isotherms, and adsorption thermodynamics. Total or-
ganic carbon (TOC), analysis of the surface area and pore size,
fourier transform infrared (FT-IR) spectroscopy, and theoret-
ical calculations were performed to explore the adsorption
mechanism. Moreover, the potential secondary release and
the stability of adsorbed NS were also measured as a result
of the desorption of ethylparaben from the NS. Figuring out
the kinetics and mechanism of the remediation of parabens-
contaminated water using NS will help understand the en-
vironmental fate of parabens and further inspire more dra-
matic advancements in the field of natural remediation of pol-
lutants.

1. Materials and methods
1.1. Materials

Ethylparaben (> 99.0%) was purchased from Tokyo Chemical
Industry (Japan). NS was obtained from Huangshaping deposit
in Hunan, China. NS used in the study was firstly crushed
mechanically and milled at the mine. Then natural spha-
lerite powder (particle sizes < 40 um) was obtained by pass-
ing it through a 340-mesh sieve as used in earlier references
(Chenetal., 2011; Liet al., 2020; Yang et al., 2011). As a contrast
in the experiment, the nano-sized ZnS was obtained from
Sigma-Aldrich. All solutions including ethylparaben stock
solution were prepared using high-purity deionized water
(18.2 M2 cm; Millipore Corp., USA).

1.2. Adsorption and desorption experiments

Batch equilibrium tests were carried out for the adsorption of
ethylparaben onto NS. The experiments for the adsorption ki-
netics were performed by adding 300 mg of NS into 100 mL
Erlenmeyer flask, which contained 5 mg/L ethylparaben in a
50 mL solution. Samples were then shaken on an isothermal
gas bath shaker with the rotational speed of 150 r/min at am-
bient temperature (25 + 1 °C). These suspensions were har-
vested at preset time intervals. The suspensions were filtered
using a syringe with a membrane (pore size: 0.22 yum) prior to
analysis.

The concentrations of ethylparaben in the supernatant so-
lutions before and after the adsorption were determined us-
ing a high-performance liquid chromatography (HPLC, Agilent
1260 series) with a photodiode array detector. The amount of
ethylparaben adsorbed on NS at any time, q: (mg/g), is given
by Eq. (1).

(Co —Ct)v
g oGP M)

where Cy (mg/L) and C; (mg/L) are the concentrations of ethyl-
paraben in the solution at t = 0 and at any time t, respectively,
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v (L) denotes the volume of ethylparaben solution, and m (g)
represents the mass of NS added to the solution.

The experiments for adsorption isotherms were performed
at adsorption equilibrium time. The initial concentration of
ethylparaben solution lied within the range of 2-9 mg/L. The
temperature effect on the adsorption process was studied by
changing the process temperature through values of 298, 313,
and 323 K. The solution temperature was adjusted using a
controller on the gas bath shaker. The flasks in the shaker
(at 150 rpm) were shaken at three different temperatures for
25 hr.

The adsorption experiments were performed in a 100 mL
Erlenmeyer flask containing 50 mL of ethylparaben solution
and 300 mg of adsorbent. The initial concentration of ethyl-
paraben solution lied within the range of 2-9 mg/L. The flasks
were consecutively shaken at 150 rpm in a shaker at the tem-
peratures of 298, 313, and 323 K for 25 hr. Then, the suspen-
sions were filtered using a syringe with the membrane (pore
size: 0.22 pum) prior to analysis.

For desorption, the supernatant was removed and the
same volumes of the background solution were used for cor-
rection (the operating time was kept to less than 3 min to
minimize the potential loss due to volatilization during the re-
placement process). The flasks were sealed again and shaken.
After achieving the equilibrium, the ethylparaben concentra-
tion was determined and the desorption efficiency of ethyl-
paraben was evaluated.

1.3. Photochemical degradation experiments

Photochemical degradation kinetics of ethylparaben in NS
slurry was conducted using a multi-channel system of pho-
tochemical reaction with visible light source (A > 420 nm)
(PCX50A Discover, Beijing Perfectlight Co., Ltd., China). The vis-
ible light irradiation was measured using a photometer (FZ-A,
Perfect Light, China) and controlled to be 100 mW/cm?. Con-
sidering the light intensity in the natural environment, the so-
lar experiments were carried out under a 300-W Xenon lamp
with a cut-off filter to simulate the visible light conditions. The
visible light irradiation was measured to be 220 mW/cm?. Pho-
tochemical degradation experiments were conducted using a
50 mL quartz bottle. In these experiments, 1 mL sample was
periodically taken using a 0.22 pm syringe filter and used to
analyze the concentration using HPLC.

1.4. Measurement of the ethylparaben concentration

The concentration of ethylparaben was monitored us-
ing a HPLC, equipped with a photodiode array detec-
tor. Separation was performed on an Agilent C18 column
(4.6 x 250 mm, 5 um particle diameter). The mobile phase
(Vwater:Vacetonitrile = 50:50) was used to eluted at the flow rate
of 0.5 mL/min and the temperature of 25 °C. A 10 pL aliquot of
samples was injected, and the detection wavelength was set
to be 254 nm.

1.5.  Data analysis and theoretical calculations

In order to evaluate the kinetic sorption mechanism, the
adsorption kinetics of ethylparaben on NS was fitted us-

0.5
04}
e 03F
i
)
E
= 02F
0.1}
A Natural sphalerite (a)
0.0 L L L ) L
0 10 20 30 40 50
1.0 =
os '—\lﬂ\‘
U= 0.6
S
04} = 1gL V2
2 g/L
3g/L
02 —¥—4g/L
5 g/L
6oL (b)
0.0 1 1 1 1 1
0 8 16 24 32 40

Time (hr)

Fig. 1 - (a) The amount of ethylparaben adsorbed onto NS
with the dose of 6 g/L and (b) Adsorption kinetics of
ethylparaben on NS with the dose of 1-6 g/L.

ing the pseudo-first-order, pseudo-second-order, the Elovich,
and the Weber-Morris kinetic models. Furthermore, the
adsorption isotherm models were fitted using the Lang-
muir (Ghaffar et al., 2015), Freundlich (Freundlich, 1906),
Dubinin-Radushkevich (Dubinin, 1947), and Redlich-Peterson
isotherms (Redlich and Peterson, 1959). Finally, various ther-
modynamic parameters of the adsorption were calculated
thatincluded free energy (AG), enthalpy (AH), and entropy (AS)
(Tan et al., 2009). All the equations of the models used in the
current work are described in detail in Appendix A Text S1-S3.
The electronic structure of ethylparaben was optimized using
Gaussian 09 software (Frisch et al., 2009). The density func-
tional method (DFT) was employed at B3LYP/6-31G(d,p), and
the solvent effect was simulated using the recommended SMD
model.

2. Results and discussion
2.1. Adsorption kinetics of ethylparaben onto NS

Firstly, the adsorption kinetics of ethylparaben on NS with the
concentration of 6 g/L was investigated. As shown in Fig. 1a,
the apparent equilibrium was attained at approximately 50 hr.
Approximately 78% of the ethylparaben was adsorbed within
the initial 12 hr, and the adsorption amount was found to be
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Table 1 - Comparison of pseudo-first-order; pseudo-
second-order models and Elovich equation parameters,

calculated ge(cay), and experimental qe(eyp,) Values.

pseudo-first order

k1 (1/hr) Qe(cal) (mg/g) 9e(exp) (mg/g) R?
0.15 0.044 0.45 0.77
pseudo-second-order

kZ (g/mg hl’) Cie(cal) (mg/g) Qe(exp) (mg/g) R?
0.28 0.51 0.45 0.97
Elovich equation

1/b (mg/g) Qe(cal) (mg/g) Je(exp) (mg/g) R?
0.11 0.40 0.45 0.83

0.35mg/g. Then, the adsorption capacity increased slowly, and
97% adsorption was achieved within 38 hr. Finally, the equilib-
rium adsorption of 0.45 mg/g was achieved within 50 hr.

Furthermore, when the adsorbent dosage was increased
from 1.0 to 5.0 g/L, the adsorption efficiency of ethylparaben
increased from 17% to 63% within 38 hr (Fig. 1b). However, with
further increase in the dosage of adsorbent to 6.0 g/L, the ad-
sorption efficiency dropped to 59%. This is due to the reason
that the agglomeration of NS at a high dosage of adsorbent
could cause the coverage of adsorption sites, thereby reduc-
ing the capacity for the adsorption of ethylparaben. Therefore,
it seems that the surface reactions and/or diffusion could be
one of the significant factors to govern the adsorption of ethyl-
paraben on NS.

In order to better examine the interaction of ethylparaben
with NS, attempt was made to further elucidate the ad-
sorption kinetics using three different kinetic models (Ap-
pendix A Figs. S1-S2). For instance, the pseudo-first-order
model is often employed to describe the single layer of ad-
sorption. The pseudo-second-order equation is considered as
the chemisorption process (Eren and Acar, 2006; Tanis et al.,
2008). The Elovich model describes the adsorption on hetero-
geneous surfaces, which is one of the most useful models
for describing chemisorption (Aharoni and Tompkins, 1970).
The three models are described in detail in Appendix A Text
S1,S2, and their important parameters are listed in Table 1.
Among the three models, the pseudo-second-order model ex-
hibited the best fitting to the experimental data obtained
in the current work. The obtained correlation coefficient (R?
value) was 0.97, which was much higher than that of pseudo-
first-order (0.77) and Elovich (0.83) models (Table 1). As a re-
sult, the adsorption process was considered to be dominated
by chemisorption (Oleszczuk et al., 2009). In this case, the for-
mation of covalent bonds between ethylparaben and NS min-
erals was expected. The functional groups on the surface of
NS before and after the adsorption were determined using FT-
IR spectroscopy, and the results are shown in Figs. S3a-c. A
new peak around 3220 cm! was observed (Appendix A Fig.
S3c), and represented the phenolic -OH stretch of parabens
(Sustic, 1995). Additionally, the peaks in the vicinities of 1230
and 2350 cm™! existed both before and after the adsorption
(Appendix A Fig. S3a), indicating that they were the absorp-
tion peak of NS and/or organic matter. Based on a previous
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Fig. 2 - Plot of intraparticle diffusion Weber-Morris model
for the adsorption of ethylparaben on NS.

report (Bian et al., 2020). The peaks at 1230 cm™! represented
the C-N group of organic matter. Moreover, after the adsorp-
tion of ethylparaben (Appendix A Fig. S3b), the peaks slightly
shifted to 2364 and 2342 cm?, respectively. The changes in
these functional groups indicated that, when NS was exposed
to ethylparaben, hydrocarbons could be the major adsorption
sites (Kumar, 2015). Therefore, the hydrocarbons on the sur-
face of natural sphalerite may interact with ethylparaben, and
result in a weak red shift of the absorption peak.

In order to gain insight into the rate-controlling step for the
ethylparaben adsorption on NS, the Weber-Morris model was
used to examine the contribution of both surface and intra-
particle diffusion to the kinetics (Ho, 2003). According to the
model (Appendix A Text S2), intra-particle diffusion is the only
rate-controlling step, provided the plot of up-take (qe) against
the square root of time (t°?) is linear and passes through the
origin. However, the results showed that the fitted curve did
not pass through the origin (Fig. 2), implying that the intra-
particle diffusion was not the only factor governing the ad-
sorption rate. Based on the fitted data (Fig. 2), it was found that
the adsorption process consisted of three steps, which were as
follows: (1) Due to the concentration-based driving force, the
ethylparaben molecules transferred rapidly from the solution
to the surface of NS. (2) The ethylparaben adsorbed on the sur-
face of NS could pass through the pores, and then, diffused
into the interior of NS. This result was confirmed by the pore
size analysis and theoretical calculations, as presented in Ap-
pendix A Figs. S4,S5. The interior of NS is mainly composed of
mesoporous particles with the diameter of 2 — 50 nm, which
is larger than the diameter of ethylparaben (< 1.0 nm). The
adsorbed ethylparaben could readily pass through the pores,
thereby diffusing into the interior of NS minerals. (3) With the
increase in the number of ethylparaben molecules entering
the interior of NS, the free path of the ethylparaben molecules
became narrower, which might have hindered the diffusion
process. Additionally, the electrostatic repulsion among ethyl-
paraben molecules could also impede the diffusion process,
slowing down the adsorption process until the equilibrium
was reached. This mechanism further confirmed the above-
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Fig. 3 - Langmuir (a); Freundlich (b); Dubinin-Radushkevich (c) and Redlich-Peterson (d) isotherm models for fitting of
ethylparaben adsorption on NS at three different temperatures (298-313 K).

mentioned adsorption kinetics results. This means that the
adsorption mainly occurred in the first stage, and the bound-
ary layer diffusion was rapid on the external surface of
NS. The rate constant was obtained and had the value of
0.14 [mg/ (g hr®?)], which was much larger than the latter two
steps that had the rate constant values of kjy; = 0.035 and
kps = 0.014 [mg/ (g hr®3)]. In short, both the surface adsorption
and micropore filling could explain the adsorption of ethyl-
paraben on NS minerals.

2.2 Adsorption isotherms and thermodynamics

In order to explore the binding patters between ethyl-
paraben and the binding sites on NS, adsorption isotherm
was fitted using different models, including Langmuir, Fre-
undlich, Redlich-Peterson, and Dubinin-Radushkevich equa-
tions (Fig. 3). The four models are described in detail in Ap-
pendix A Text S3. The data presented in Table 2 shows the
constants and correlation coefficients (R?) obtained for the
four isotherm models. The R? values of Freundlich isotherms
were 0.89, 0.69, and 0.86 under the temperatures of 298, 313,
and 323 K, respectively, which were lower than those for
Langmuir (0.94, 0.86, and 0.98 for the temperatures of 298,
313, and 323 K, respectively) and Redlich-Peterson isotherms
(0.94, 0.87, and 0.95 for the temperatures of 298, 313, and
323 K, respectively). These data suggest that Langmuir and
Redlich-Peterson isotherms could fit better than the Fre-
undlich isotherms. Nevertheless, the results for the Lang-

muir and Redlich-Peterson isotherms were almost indistin-
guishable. Due to this reason, a three-parameter adsorption
isotherm, Redlich-Peterson correlation, was introduced. The
Redlich-Peterson correlation combines the advantages of the
two-parameter Langmuir and Freundlich isotherms. Gener-
ally, the exponent g in Redlich-Peterson isotherm has a value
lying within the range of 0-1. There are two limiting behav-
iors, including Henry’s law equation (8 = 0) and Langmuir
form (B = 1) (Redlich and Peterson, 1959). For the adsorption of
ethylparaben on NS (Table 2), the Redlich-Peterson exponent
B was calculated to have a value within the range of 0.93-0.95
within the temperature range of 298-323 K. The g value ap-
proaching unity suggests that Langmuir model was the most
suitable one to describe the adsorption isotherms (Chen et al,,
2020). Therefore, the results implied that the adsorption of
ethylparaben on the surface of NS occurred through mono-
layer adsorption.

It is well known that Dubinin-Radushkevich isotherm is
often employed to explore the adsorption mechanism with a
free energy (E) and to distinguish the physical adsorption from
chemical adsorption (Gunay et al., 2007). It is also accepted
that the Dubinin-Radushkevich model can be successfully fit
high activities of solutes (Ibrahim and Sani, 2014). In this study
(Table 2), the Dubinin-Radushkevich model can also satisfac-
torily fit the experimental data (R? = 0.96, 0.89, and 0.91), which
was consistent with the obtained kinetic results for the con-
tribution of NS’s micropores. Moreover, the calculated free en-
ergies of adsorption (E) values lied within the range of 0.95-



JOURNAL OF ENVIRONMENTAL SCIENCES 113 (2022) 72-80 77

Table 2 - Parameters and correlation coefficients for four isotherm models of ethylparaben adsorption on NS.

Isotherms Solution temperature (K) Constants R?
Am(cal) (mg/g) Am(exp) Ky
(mg/g) (L/mg)
Langmuir, g = mECe 298 0.99 0.68 0.41 0.94
e 313 1.06 0.81 1.06 0.86
323 1.20 1.03 1.20 0.98
Isotherms Solution temperature (K) Constants R?
K¢ (mg'™ L"/g) n
Freundlich, ge = kfcg/" 298 0.11 1.79 0.89
313 0.18 1.98 0.69
323 0.13 2.36 0.86
Isotherms Solution temperature (K) Constants R?
a (mol?/J?) E (kJ/mol)
Dubinin-Radushkevich, In ge = In gm — as? 298 2.77 x 1077 0.95 0.96
313 2.08 x 107 1.10 0.89
323 5.98 x 10~8 2.05 0.91
Isotherms Solution temperature (K) Constants R?
kre (L/g) o B
(L/mg)?
Redlich-Peterson, ge = 13‘% 298 0.41 0.40 0.95 0.94
e 313 1.90 2.53 0.93 0.87
323 2.27 2.07 0.94 0.95
press the favorable adsorption (Hall et al., 1966). A lower Ry
1.0} A value reflects that the adsorption is more favorable. In this
study, the calculated Ry, values were 0.33,0.16, and 0.14 for the
temperatures of 298, 313, and 323 K, respectively. All the Ry,
0.8} values were less than unity, indicating favorable adsorption of
= 74 ethylparaben on NS. Furthermore, the Ry, value declined with
o o the increase in temperature, indicating that the ongoing ad-
é 0.6 sorption process was more favorable at higher temperatures.
=~ Moreover, the calculated thermodynamic parameters of ethyl-
0.4 O paraben adsorption on NS are presented in Appendix A Table
: S1. Due to positive AG (2.21 kJ/mol), the non-spontaneous ad-
A m 298K sorption occurred at the temperature of 298 K. However, with
p p
02} A g;g E the increase in temperature, the AG values changed to —0.51
and —0.49 kJ/mol for the temperatures of 313 and 323 K, re-
1 1 1 L 1 . . . .
0 1 2 3 4 5 spectively, implying that the adsorption on NS could be spon-
taneous for temperatures higher than 313 K.
C, (mg/L)

Fig. 4 - Ethylparaben adsorption isotherms on NS at three
different temperatures (NS: 6 g/L, ethylparaben: 5 mg/L).

2.05 kJ/mol. Therefore, these data suggest that the adsorption
of ethylparaben on NS could be mainly controlled by physical
adsorption and non-covalent interactions.

Additionally, the rising temperature could enhance the ad-
sorption of ethylparaben on NS. The maximum adsorption ca-
pacity (qm) increased from 0.68 to 1.03 mg/g as the water tem-
perature increased from 298 to 323 K, as shown in Fig. 4. Fur-
thermore, a separation factor Ry in Langmuir isotherm can ex-

2.3. Adsorption mechanism

NS consists of mineral components and some organic mat-
ter, with ZnS nanoparticles as one of its major components
(Li et al., 2020). Unexpectedly, no adsorption of ethylparaben
was observed on pure ZnS nanoparticles (Appendix A Fig.
S6), even though its surface area of 14.52 m?/g is 10 times
higher than that of NS minerals (1.22 m?/g) (Appendix A Fig.
S7 and Table S2). Therefore, ZnS particles were not mainly
responsible for the adsorption of parabens on NS. However,
the opposite case was observed in our previous research on
the antibiotic-resistance genes (ARG) (Li et al., 2020), which
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showed that ZnS nanoparticles could promote the transfer of
ARG with the same efficiency as NS.

On the other hand, the content of organic matter of NS
minerals was measured to lie within the range of 0.20-
0.21% (Appendix A Table S3). According to a previous work
(Schwarzenbach and Westall, 1981), the value above 0.1%
suggests that the natural organic matter on NS could have
contributed to the adsorption of hydrophobic ethylparaben.
Therefore, hydrophobic partitioning into organic matter could
largely govern the adsorption of ethylparaben on NS. Addi-
tionally, the critical role of organic matter on the surface of
minerals is also experimentally demonstrated (Isaacson and
Frink, 1984; Piatt et al., 1996). For instance, the migration and
transformation processes of hydrophobic organic compounds
from water to soil through adsorption have been experimen-
tal demonstrated (Chiou et al., 1979; Zhu and Chen, 2000). Due
to this reason, in the current work, the adsorption of ethyl-
paraben on NS was dominated by the partition of solutes to
NS organic matter, which means that the hydrophobic organic
pollutants can be distributed to the organic matter through
dissolution, and the equilibrium can be achieved after a cer-
tain time period.

In order to evaluate the stability of ethylparaben adsorbed
on NS, the desorption kinetics and adsorption capacity of
ethylparaben on NS were further evaluated. The results show
that no ethylparaben was detected in the desorption experi-
ments, even with the extended desorption time of 5 days. This
means that the desorption of ethylparaben from NS could be
very difficult and was not released from NS once captured.
Furthermore, to check the stability of NS, the irradiation of
visible light was introduced due to the excellent visible-light
photocatalytic activity of NS (Chen et al,, 2011; Wang et al,,
2017; Xia et al., 2013). The photochemical degradation of ethyl-
paraben in the presence of NS was investigated under the ir-
radiation of both the visible light and the simulated sunlight.
Surprisingly, no significant change in ethylparaben concentra-
tion (< 2%) was observed upon irradiation of visible light (Ap-
pendix A Fig. S8). This data suggests that the ethylparaben ad-
sorbed on NS was very stable to visible light and simulated
sunlight. The adsorbed ethylparaben was difficult to be re-
leased to aquatic environments again and did not react with
NS even upon irradiation, revealing the stability of adsorbed
minerals. Based on our previous work (Chen et al., 2011), it
can be inferred that the conduction band electrons (e7), acting
as the main reactive species (RSs), play an important role in
the NS photocatalytic reaction upon irradiation of visible light.
However, parabens have the very low activity for the electron
transfer reaction, as demonstrated in our earlier experimental
and theoretical researches (Fang et al., 2013; Gao et al., 2014;
Gao et al., 2016). Therefore, it could explain that ethylparaben
was actually adsorbed on NS rather than degraded under the
irradiation of visible light and simulated sunlight.

3. Conclusions

This study shows that ethylparaben can be readily adsorbed
on NS minerals. In particular, the adsorption process was a
spontaneous process under the water temperature of more
than 313 K. The sorption mainly occurred through surface

adsorption along with micropore filling. Weber-Morris model
satisfactorily explained the three-step adsorption process,
whereas the main adsorption occurred in the initial stages of
adsorption on the external surface of NS. The adsorption of
ethylparaben on the surface of NS occurred through mono-
layer, physical and non-covalent interactions. Unexpectedly,
the organic matter of NS (rather than the ZnS present in it)
played a significant role in the adsorption of ethylparaben
on NS. Furthermore, ethylparaben adsorbed onto NS minerals
was stable, even though NS had excellent visible-light pho-
tocatalytic activity. The desorption and photochemical degra-
dation were almost negligible, and had values of less than 2%.
The findings of this research implied that the transformation
and fate of EOCs can be significantly affected by natural min-
erals, and the remediation of EOCs-contaminated water using
natural minerals should receive further research attention in
the future.
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