<@ sustainability

Article

Bisphenol A and 17x-Ethinylestradiol Removal from Water by
Hydrophobic Modified Acicular Mullite

Qiuhong Zhou 1'2:3*, Xi Luo "4, Jing He -5, Jinsong Guo 3, Chengjian Xu 14, Yanlei Wan !, Guangcheng Xiong 14

and Qi Xul

check for
updates

Citation: Zhou, Q.; Luo, X;; He, J.;
Guo, J.; Xu, C.; Wan, Y,; Xiong, G.; Xu,
Q. Bisphenol A and

17 x-Ethinylestradiol Removal from
Water by Hydrophobic Modified
Acicular Mullite. Sustainability 2022,
14, 14248. https:/ /doi.org/
10.3390/5u142114248

Academic Editor: Alessio Siciliano

Received: 15 September 2022
Accepted: 26 October 2022
Published: 1 November 2022

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

Changjiang Institute of Survey, Planning, Design and Research Co., Ltd., Wuhan 430010, China

Hubei Provincial Engineering Research Center for Comprehensive Water Environment Treatment in the
Yangtze River Basin, Wuhan 430010, China

Key Laboratory of the Three Gorges Reservoir Region’s Eco-Environments of Ministry of Education,
Chongqing University, Chongqing 400045, China

Key Laboratory of Changjiang Regulation and Protection of Ministry of Water Resources,

Wuhan 430010, China

Low-Cost Wastewater Treatment Technology International Sci-Tech Cooperation Base of Sichuan Province,
School of Environment and Resource, Southwest University of Science and Technology,

Mianyang 621010, China

*  Correspondence: zhouqiuhong123@gmail.com (Q.Z.); hejing@swust.edu.cn (J.H.)

Abstract: The hydrophilicity and hydrophobicity of adsorbents have an important influence on
organic pollutants adsorption. To effectively remove bisphenol A (BPA) and 17-acetylene estradiol
(EE2) from water, acicular mullite was modified by cetyl trimethyl ammonium bromide (CTMAB)
to increase the hydrophobicity of the mullite. The adsorption process and mechanism of BPA and
EE2 by modified acicular mullite were studied in detail. Results indicated that the concentration of
CTMAB solution was related to the contact angle of CTMAB-modified mullite (CTMAB-M). The
optimal concentration of CTMAB was 4 mmol/L. The CTMAB-M could adsorb more hydrophobic
organic pollutants than virgin acicular mullite. Due to the electrostatic attraction and hydrophobic
partitioning, the adsorption amount of BPA and EE2 on CTMAB-M increased with increasing pH.
The adsorption amounts of BPA and EE2 on CTMAB-M increase with increasing ionic strength. The
adsorption kinetics of BPA and EE2 adsorption on CTMAB-M could be best described by the pseudo
second-order kinetics model. Thermodynamic analysis showed that the low temperature favored
the adsorption of BPA and EE2 on CTMAB-M, and the adsorption was driven by entropy increase.
Site energy studies indicated that BPA and EE2 firstly occupy high-energy adsorption sites and then
switch to low-energy sites during the adsorption process. The average adsorption site energy w(E*) of
EE2 on CTMAB-M is smaller than BPA. CTMAB modification can significantly improve the removal
efficiency of ceramsite on EDCs.
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1. Introduction

Endocrine disrupting chemicals (EDCs) have the capacity to cause reproductive dis-
orders and damage to the nervous system and other metabolic systems of both humans
and animals, especially during pregnancy and adolescence. More and more attention is
being paid to EDCs by researchers from all over the world [1]. BPA and EE2 are two typical
endocrine disruptors that have been widely detected in surface water [2], sediment [3],
sewage plant effluent [4], and even waterworks effluent in recent years [5]. Water sources
are contaminated by BPA and EE2 through both untreated industrial wastewater and
aquaculture wastewater [6]. The traditional water treatment process cannot effectively
remove BPA and EE2 from water [6]. The emerging water treatment technologies, such as
chemical precipitation, electrodialysis, ion exchange, membrane and advanced oxidation
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processes [7-9] have the disadvantages of high cost and application infeasibility in indus-
trial processes. Therefore, it is necessary to improve the removal efficiency of BPA and EE2
by modifying traditional water treatment technology. For example, by modifying the filter
material, the removal effect of the filter tank on EDCs can be improved.

Due to the low cost, easy operation (at room temperature and under normal pressure)
and reusability [10], adsorption technology is considered one of the most competitive
and promising technologies in this field. In recent years, various adsorbents have been
developed and tested to remove BPA and EE2 from water [11]. Previous studies have
shown that the hydrophilic/hydrophobic balance of adsorbents had an important impact
on the adsorption capacity of organic pollutants [12]. According to the similarity intermis-
cibility theory, the hydrophobic character favors the adsorption of the hydrophobic organic
molecules. However, it is also important for adsorbents to have certain hydrophilicity,
which could help them to break the interface barrier of adsorbents in the aqueous solution
during the adsorption process. The octanol-water distribution coefficient (log Kow) is often
used to characterize the hydrophobicity of substances. Usually, at log Kow < 1, the sub-
stance is considered relatively hydrophilic and more water-soluble, while the compound
is very hydrophobic at log Koy > 4. The log Kow of EE2 and BPA are 3.90 and 3.64, which
indicated that they are both hydrophobic [13]. Therefore, the hydrophobic modification of
the adsorbent can promote the adsorption removal of BPA and EE2 from water.

Cetaletyl trimethylated ammonium bromide (CTMAB) is a cationic surfactant of
which the head is a positively charged quaternary ammonium group and the tail is a
hydrophobic alkyl chain. Due to the unique structure and physicochemical properties,
CTMAB is often used for adsorbent modification to increase the removal performance
of adsorbents [14]. Wang et al. modified graphite with CTMAB to remove BPA from
water [15]. The equilibrium adsorption capacity of BPA by CTMAB-modified graphite was
125.01 mg/g. The adsorption mechanism could be explained with electrostatic interaction
and hydrophobic interaction [15]. Evans Dovi et al. synthesized CTMAB-modified walnut
to enhance the uptake for BPA and Congo red. The adsorption equilibrium results showed
that CTMAB-modified walnut exhibited a huge potential for use in the treatment of waste
water, and its maximum adsorption quantity of BPA was 38.5 mg/g [16].

Mullite is a porous ceramsite with a needle-like structure, a highly developed open
hole structure, a large specific surface area, and a high mechanical strength, which makes it
an ideal material for adsorbent support material and filter material for water treatment [17].
Herein, CTMAB was used to modify acicular mullite to increase the hydrophobicity of
mullite in order to improve the removal efficiency of BPA and EE2 by the filter unit in
the traditional water treatment process. Various characterization technologies and the site
energy distribution model were used to analyze the surface properties of CTMAB-modified
acicular mullite and reveal the adsorption mechanism of EDCs.

2. Materials and Methods
2.1. Materials and Reagents

Acicular mullite (M) ceramsite with a diameter of 0.8~1.2 mm was laboratory synthe-
sized, and the synthetic method was listed in the Supporting Information. Unless otherwise
specified, all chemical reagents were analytical and purchased from Sinopharm Group
Chemical Reagents Co., LTD. The standard substances of BPA (99%) and EE2 (99%) were
purchased from Dr. Ehrenstorfer GmbH (Dr. E, Germany).

2.2. BPA and EE2 Analysis Methods

BPA and EE2 in water samples were firstly enriched by solid phase extraction (SPE,
Oasis HLB, 3cc/60 mg, Water, USA), with the following steps: 10 mL of CH30H and
10 mL of HCI solution (pH = 3.0 & 0.5) flowed through the SPE column to activate the
columns. Then, 80 mL water sample with a drop of the HCl solution (the volume ratio of
HCI: HO = 1:3) was passed through the SPE column. The extraction rate was 1~2 mL/min.
After extraction, 10 mL HCI solution (pH = 3.0 £ 0.5) was passed through the SPE column
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to remove the impurities. Finally, 10 mL of CH3OH was used to be eluted by the BPA or
EE2 molecules. The samples were gently dried by purging Ny. The samples were dissolved
with 1 mL of CH30H and filtered with a 0.22 um membrane. The concentrations of BPA
and EE2 in the samples were detected by high performance liquid chromatography (HPLC,
1260 Infinity HPLC System, Agilent, Santa Clara, CA, USA). The operating conditions were
detailed as follows: the injection volume was 10 pL, 100% CH3OH was used as the mobile
phase with the flow rate of 1 mL/min at the column temperature of 30 °C, the UV detector
wavelength was 230 nm, and each sample was measured twice. The standard samples
and blanks were used for quality control. The recovery for BPA was 92.56~100.06% and
the recovery for EE2 was 93.50~107.37%. EE2 and BPA were quantified according to a
calibration curve (the coefficient of determination greater than 0.999), which was performed
within the range of experimental concentrations in this study. Please refer to the previous
literature for more details [18,19].

2.3. Material Synthesis and Characterization
2.3.1. CTMAB-Modified Acicular Mullite

A series of CTMAB solution 100 mL with different concentrations (0, 1, 4, 10, 20, 40, 60
and 100 mmol/L) was prepared, and 3 g acicular mullite was added to the solution and
stirred for 24 h with a rotation rate of 120 r/min at 25 °C. Then, all samples were washed
with pure water until no foam was visible. Finally, the samples were dried at 80 °C in an
oven and were labeled as CTMAB-M.

2.3.2. Characterizations

The Zeta potential was measured under different pH conditions by using a Zeta poten-
tial analyzer (Malvin, Worcestershire, England). Thermal weight analysis was performed
on a TGA /DSC1 (Mettler, Giefien, Germany) in a range of 25 to 700 °C under air and a
heating rate of 10 °C /min. The hydrophobicity was evaluated by a dynamic contact angle
meter DSA100 (KR1SS, Hamburg, Germany) in pure water at 25 °C and measured at least
ten points per sample.

2.4. Batch Adsorption Experiment
2.4.1. Optimization of CTMAB Modification Methods

A series of 100 mL (1 mg/L) of BPA and EE2 solutions (pH = 6.5 £ 0.2) was prepared
in 250 mL conical flasks. Then, 1 g CTMAB-M was added and the conical flasks were
shaken for 24 h at 120 r/min, after which the samples were filtered through a 0.45 um
membrane and 80 mL filtrate was concentrated to 1 mL by solid phase extraction. The
concentrations of BPA and EE2 were measured by HPLC.

2.4.2. Adsorption Equilibrium

A series of 100 mL BPA and EE2 aqueous solution (pH = 6.5 £+ 0.2) at different
concentrations (0~8 mg/L) were prepared. After adding 1 g CTMAB-M, the samples
were stirred at 120 r/min for 24 h at 288, 298 and 308 K. After filtering through 0.45 um
membrane, 80 mL filtrate was collected to determine the concentrations of BPA and EE2 in
the samples.

2.4.3. Kinetic Study

Then, 1 g CTMAB-M was added into 100 mL BPA or EE2 aqueous solution (pH = 6.5 £ 0.2)
with a concentration of 1 mg/L. The concentration of BPA and EE2 of the samples were mea-
sured at a series of time points (5 to 1500 min).

2.4.4. Effect of Solution Environment

The effect of ionic strength on the adsorption of BPA and EE2 over the CTMAB-M was
evaluated by adding different concentrations of NaCl (0.01, 0.1, 0.3 and 0.5 mol/L) during
the adsorption experiment. The effect of solution pH value on the adsorption of BPA and
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EE2 by CTMAB-M was explored by preparing 100 mL of BPA and EE2 aqueous solution
(1 mg/L) with a series pH value (3.0~11.0), where 0.1 M HCl and 0.1 M NaOH were used
to adjust the pH value.

2.5. Data Analysis

Adsorption isotherms were conducted to study the adsorption behavior of BPA and
EE2 on CTMAB-M. The experimental equilibrium data were fitted by Freundlich (Equa-
tion (1)), Langmuir (Equation (2)), and Langmuir-Freundlich model (Equation (3)).
The Freundlich model:
9 = KrCl/ ()

where g is the equilibrium adsorption capacity (mg/g), Ce is the concentration in solution
at equilibrium moment (mg/L), Kr is the Freundlich constant related to the sorption affinity,
1/nis the Freundlich exponential coefficient.
The Langmuir model:
9 KLCe
Qe = 1+ KpCe
where qp, is the maximum adsorption capacity (mg/g), Ky, is the Langmuir constant refer

to the adsorption affinity (L/mg).
The Langmuir-Freundlich model:

@

_ Qu(KirCe)”

T K ¥

where Qg is the maximum adsorption capacity (mg/g), Kir is the Langmuir-Freundlich
constant related to the adsorption affinity, n is the relating to the heterogeneity of adsor-
bent surface.

Adsorption kinetics

Kinetic models (pseudo-first-order model (Equation (4)), pseudo-second-order (Equa-
tion (5)) and intraparticle diffusion model (Equation (6)) were applied to describe the
different steps involved in the adsorption process.

ln(qe — qt) =Inq, — kit 4)
t 1 t
— =+ )
SA ST N
q = kpit'/? + ¢ 6)

where ge and q; are the adsorption capacity (mg/g) at equilibrium moment and time t (min),
ki and kj are the rate constant of the pseudo-first-order (1/min) and pseudo-second-order
model (g/(mg min)) [20]. kp; (mg/(g min?/2) is the rate constant of intraparticle diffusion,
and c is associated with the thickness of the boundary layer at each adsorption stage.

Adsorption thermodynamic

The thermodynamic parameters such as free energy change (AGY), enthalpy change
(AHY) and entropy change (AS) for the adsorption reaction are estimated using the follow-
ing equations:

AG® = —RTInKc 7)

AGY = AH? — TAS? (8)

K. = My % 55.5 x 1000 x K|, )
(-4
Kg x p /10° n

K. = — 10

€~ 1000 ( p ) (19

100\"
Ke = Kip <p> (11)
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where R is the gas constant = 8.314 J/(mol-K); T is the absolute temperature (K); K. is the
equilibrium constant, the Equations (9)~(11) is the unit conversion formula of K.; My is
the molecule weight of BPA or EE2 (g), 55.5 is the moles of per liter of pure water (1000 g/L
divided by 18 g/mol), p is the density of water (g/cm?), K, K and K{ . are the parameters
of isothermal adsorption models.

The site energy distribution model is shown in the Supporting Information.

3. Results and Discussion
3.1. CTMAB-M Feature Analysis
3.1.1. Adsorbent Optimization

The CTMAB loading could affect its morphology on the adsorbent. Previous studies
have shown that the assembling structures of surfactants on the adsorbent were in vari-
ous forms, such as hemispheres, hemicylinders, saturated monolayer, bilayer, adsorption
micelles [15]. Surfactant micelle is formed in the solution when the concentration of sur-
factant exceeds the critical micelle concentration, and the adsorption hemimicelle can be
formed when the surfactant concentration is slightly less than the critical micelle concentra-
tion. Therefore, the CTMAB loading is related to the hydrophobicity of CTMAB-modified
ceramsite, which may affect its adsorption of target pollutants.

Considering that the CTMAB loading may be related to the concentration of CTMAB
in the precursor solution, the contact angles of the CTMAB-M modified by various concen-
trations of CTMAB solution and their removal efficiency for BPA and EE2 were studied.
The contact angle of adsorbent is related to its hydrophilic hydrophobicity. Usually, the
larger the contact angle, the stronger the hydrophobicity [21]. As shown in Figure 1, the
concentration of the CTMAB precursor solution increased from 0 mmol/L to 100 mmol/L,
the contact angle of the CTMAB-M increased from 16.3° to 130.22°, and the acicular mullite
also changed from hydrophilic to hydrophobic. Acicular mullite was negatively charged in
neutral aqueous solution and preferred to bind to the head of the CTMAB molecules, while
the hydrophobic tail of CTMAB covered the surface of the acicular mullite and resulted in
the contact angle increasing rapidly. When the concentration of CTMAB solution increased
due to the hydrophobic interaction, the hydrophobic tail of CTMAB would bind to the tail
of the CTMARB in solution to form a bilayer, which tended to decrease the contact angle. The
adsorption capacity of BPA and EE2 by CTMAB-M increased initially and then dropped.
BPA and EE2 are hydrophobic organic materials, and the hydrophobicity of the adsorbent
has a significant effect on the adsorption amount. The adsorption capacities of virgin
acicular mullite for BPA and EE2 were 0.004 mg/g and 0.0035 mg/g, respectively. After
modification with 4 mmol/L CTMAB solution, the adsorption capacities of CTMAB-M for
BPA and EE2 reached 0.061 mg/g and 0.071 mg/g, which were increased by about 15- and
20-fold, respectively.

In addition, it can be seen that the adsorption of BPA by virgin acicular mullite was
greater than that of EE2, and the adsorption of EE2 was greater than that of BPA by CTMAB-
M, which may be because the octanol-water partition coefficient (log Kow) of EE2 is 3.9,
while the value for BPA is 3.64, indicating that EE2 is more hydrophobic. The CTMAB-
modified acicular mullite exhibited hydrophobicity, which could favor the adsorption of
EE2. When the concentration of CTMAB solution was 4 mmol/L, the contact angle of
modified mullite was the largest, and the adsorption capacity of BPA and EE2 was also
the greatest. Therefore, the optimal concentration of CTMAB solution was determined as
4 mmol/L.

3.1.2. Thermogravimetric Analysis

Studies [22] have shown that CTMAB generally begins to decompose at 220 °C, and
a strong decomposition peak appears at 248 °C. The decomposition of CTMAB in the
interlayer always occurs at 300 °C. Due to the existence of intermolecular bonds of the
surfactant, the decomposition temperature could be further increased to 350°C. Another
study showed that CTMAB molecules were entirely removed by calcination at 550 °C
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for 5 h [23]. To estimate the loading of CTMAB, the TGA curves of acicular mullite and
CTMAB-M were analyzed, and the results were shown in Figure 2. It can be seen that the
weight loss of CTMAB-M was faster during 150~550 °C, which was presumed to be caused
by the decomposition of CTMAB. During this period, the weight loss of CTMAB-M was
0.74%, and the weight loss of virgin acicular mullite was 0.23%. The difference between
them was 0.59%, which was the amount of CTMAB loaded on mullite.
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Figure 1. The contact angles of acicular mullite modified by different concentrations of CTMAB and
the adsorption amount of BPA and EE2 on CTMAB-M.
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Figure 2. Thermogravimetric analysis of acicular mullite and CTMAB-M.

3.1.3. The Surface Charge Analysis

The surface charge of the adsorbent is one of the most important factors affecting the
adsorption of charged pollutants in water. The point of zero charge (pHyp,c) is defined as
the pH value at which the net charge on the adsorbent surface is zero [24]. pHpc is related
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to the charge type and charge density on the adsorbent surface [25]. When the solution pH
is less than the pHp,, the adsorbent surface is positively charged; otherwise, the adsorbent
is negatively charged. As shown in Figure 3, the pHy, of acicular mullite was 6, while it
rose to 7.82 after CTMAB modification. The enhancement of positive charge after CTMAB
modification was mainly due to the formation of CTMAB bilayers on the surface of acicular
mullite, as shown in Figure 3b.

5 (a) m CTMAB-M
: o M

N
(=]
1

o

-20

Zeta Potential (mV)

-40 -

-60

-80 -

Figure 3. (a) The Zeta potential of acicular mullite and CTMAB-M, (b) Schema diagram of CTMAB-
loaded acicular mullite.

3.2. Adsorption Kinetics

The removal efficiency of BPA and EE2 by CTMAB-M as a function of time is depicted
in Figure 4. The adsorption amount of BPA and EE2 by CTMAB-M rapidly increased
within 120 min, followed by a slow increase process, until it reached equilibrium at 500 min.
The adsorption equilibration time in this study was longer than that reported in the
literature [26]. The particle size of acicular mullite ceramsite used in this study was
0.8~1.2 mm. Unlike fine particles that could directly contact the aqueous solution, acicular
mullite has a well-developed pore structure inside. The aqueous solution and the BPA and
EE2 it carried could be adsorbed only when they reached the inner pores of acicular mullite,
and only a small amount could be adsorbed on the outer surface of acicular mullite.

The adsorption kinetic data of BPA and EE2 on CTMAB-M were fitted with pseudo-
first-order model, pseudo-second-order model and intraparticle diffusion model, and the
fitting parameters were shown in Table 1. It can be seen that the correlation coefficient
(R?) of the pseudo-second-order model of CTMAB-M for BPA and EE2 was the greatest.
The equilibrium adsorption capacity (qe,exp) is more similar to the data calculated by the
pseudo-second-order model (qe calculated)- Thus, the adsorption of BPA and EE2 by CTMAB-
M conforms to a pseudo-second kinetic process, indicating that the adsorption of BPA
and EE2 on CTMAB-M was mainly chemical adsorption. A recent study [15] proved that
the positively charged quaternary ammonium group on the head of CTMAB could form
mi-electron interactions with the benzene ring in the BPA molecule. There is likely the same
interaction between an EE2 molecule and CTMAB, which also contains a benzene ring.
An intraparticle diffusion model was utilized on the data of adsorption of BPA and EE2
by CTMAB-M. As shown in Figure 4c,d, the adsorption process was staged, with a rapid
increase at the beginning, probably because the adsorption firstly occurred on the surface of
CTMAB-M and the BPA and EE2 molecules prior to occupying the high-energy adsorption
sites, and then they slowly diffused into the particle interior. Since gi-t'/? did not pass
through the zero point, which indicated that intraparticle diffusion was not the only factor
controlling the adsorption, the adsorption was caused by the combination of intraparticle
diffusion and other adsorption forces.
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Figure 4. (a) Kinetic study of BPA and EE2 adsorption on CTMAB-M; (b) the relationship between g
and t!/2 of intraparticle diffusion model.
Table 1. Kinetic model parameters for the adsorption of BPA and EE2 on CTMAB-M.
Pseudo-First-Order Model Pseudo-Second-Order Model Intraparticle Diffusion Model
e, exp
Adsorbates mg/g Ky Qe R2 K,/ de R2 Kpi c R2
min—1 mg/g g/(mg-min)2  mg/g mg/(g-min'?)
BPA 0.052 0.030 0.047 0.91 0.869 0.050 0.97 0.91 23.76 0.68
EE2 0.055 0.021 0.047 0.84 0.581 0.051 0.94 1.06 20.13 0.77

3.3. Adsorption Isotherms

Figure 5 showed the adsorption isotherms of BPA and EE2 on virgin acicular mullite
and CTMAB-M, and it can be seen that the unmodified acicular mullite had little adsorption
of both BPA and EE2. After being modified by CTMAB, the adsorption amount of BPA
and EE2 significantly increased. The adsorption amounts of BPA and EE2 on CTMAB-M
increased with their concentrations in solution, which may be caused by high concentrations
of BPA and EE2 in solution accelerating the molecular diffusion of BPA and EE2 [27]. The
Langmuir model and Freundlich model are the most commonly used isothermal adsorption
models to study the adsorption at the solid-liquid interface. The Langmuir model assumes
that adsorption occurs on the solid adsorbent surface, and the adsorption is monolayer
adsorption. The Freundlich model is an empirical model that usually describes multilayer
adsorption, and the adsorbent surface is inhomogeneous. The Langmuir-Freundlich model
combines the Langmuir model and Freundlich model and has three fitting coefficients that
can be applied to both homogeneous adsorbent and heterogeneous adsorbent surfaces [28].
In this study, the Langmuir model, the Freundlich model and the Langmuir—Freundlich
model were used to fit the isothermal adsorption data, and the fitting parameters were
shown in Table 2.

Comparing the R?, the three isothermal adsorption models all fitted well with the
isothermal adsorption data. The Langmuir-Freundlich model has the highest correlation
coefficients (R? 99.5 > 0) (Figure 5) and the Langmuir model was second, which indicated
that CTMAB could uniformly load on the acicular mullite, and the adsorption of BPA and
EE2 by CTMAB-M tended toward monolayer adsorption. The Langmuir-Freundlich model
was used to analyze the site energy distribution on the surface of CTMAB-M.
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Figure 5. Isothermal adsorption curves of BPA and EE2 on M and CTMAB-M.

Table 2. Equilibrium parameters for the BPA and EE2 adsorption on CTMAB-M.

Langmuir Freundlich Langmuir-Freundlich
Adsorbate Temperature K K
(K) L qm R2 1/n F RZ Q g KLF RZ
(L/mg) (mg/g) (L/g) (mg/g) (L/mg)

288 0.276 0.592 0.998  0.712 0.124 0.997 0.887 0.128 0.870  0.999
BPA 298 0.255 0.483 0.997  0.736 0.096 0.998 0.399 0.039 0.802  0.998

308 0.608 0.235 0.995 0.611 0.081 0.977 0.194 0.909 1221 0.997

288 0.169 1.818 0.994  0.835 0.248 0.989 0.862 0.592 1489  0.999
EE2 298 0.212 1.428 0.984  0.808 0.232 0.972 0.649 0.790 1.930  0.998

308 0.801 0.339 0.998  0.552 0.129 0.972 0.301 1.062 1.168  0.999

The maximum adsorption capacities (qm) at 298 K of the BPA and EE2 on the CTMAB-
M were 0.483 mg/g and 1.428 mg/g, respectively (Table 2). The removal efficiency of BPA
and EE2 was better than that of virgin acicular mullite. The qm, of BPA and EE2 was lower
than the values reported in the literature [29]. The main reason is because the diameter of
the ceramsite used in this study is 0.8~1.2 mm, while the adsorbent is usually found in fine
particles in the literature [30]. As the temperature increases, the adsorption amount of BPA
and EE2 on CTMAB-M decreases, indicating that the temperature increase is not conducive
to the adsorption of BPA and EE2.

3.4. Effect of Solution pH

Solution pH significantly affects the adsorption of BPA and EE2 [31]. The pH not only
affects the charge distribution on the surface of adsorbent but also affects the morphology
of the adsorbate in the solution. The adsorption amount of BPA and EE2 on CTMAB-M at
different pH values is shown in Figure 6. It is obvious that pH values affect the BPA and
EE2 adsorption significantly. The adsorption amount of BPA was less than 0.02 mg/g at
pH < 4, then increased with the increasing pH value in the range from 4 to 12. Similarly,
the adsorption amount of EE2 was also very low at pH < 4, less than 30 mg/g, and then
increased with pH value in the range of 4 to 10, while the EE2 adsorption amount decreased
with pH value when pH > 10. Similar results were reported by Ribeiro-Santos et al. [32].
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Figure 6. Effects of solution pH value on BPA and EE2 adsorption by CTMAB-M.

The CTMAB (Si-C-C-C-[N*-(CH3)3]) contains quaternary ammonium groups, which
can not only provide a large number of adsorption sites and potential electrostatic interac-
tion but can also increase the hydrophobicity of the adsorbent surface, which is favorable
for the adsorption of hydrophobic organic pollutants. BPA and EE2 mainly exist in molec-
ular form at pH < 4, while the surface of CTMAB-M was protonated at pH < 4, and H*
could compete with BPA or EE2 for adsorption sites of CTMAB-M, resulting in quite a low
adsorption capacity of BPA and EE2. The molecular structure of BPA remained unchanged
at4 < pH < 9.6, and the adsorption amount of BPA on CTMAB-M slowly increased with pH
value, probably due to the hydrophobic interaction between BPA and the alkyl chains of
CTMAB. At pH > 9.6 (the pKj, value of BPA is 9.6~10.2) [33], the increase in the adsorption
of BPA by CTMAB-M was mainly due to the combined effects of electrostatic attraction
and hydrophobic partition between BPA!~, BPA?2~ and CTMAB.

When pH > 10.47 (the pK, value of EE2 is 10.47), the adsorption capacity of EE2
decreases. Previous studies [32] have shown that the adsorption of EE2 mainly occurred
in the hydrophobic cavity formed by the agglomeration of the CTMAB tail. On the one
hand, EE2 is ionized and its hydrophobicity is weakened at pH > 10.47 [15]. On the other
hand, when EE2 ionized an H" ion and became negative charged, it competed with the
negatively charged OH™ in the water for the positively charged adsorption site on the head
of CTMARB. Since the concentration of OH™ is higher at pH > 10.47, it is easier for OH™ to
occupy the adsorption site on CTMAB than EE2 molecules.

3.5. Effect of Ionic Strength

NaCl was used as the model ion to study the effect of ionic strength on the adsorption
of BPA and EE2 by CTMAB-M. As shown in Figure 7, with the increase of NaCl concentra-
tion, the adsorption amount of both BPA and EE2 on CTMAB-M increased gradually, which
was mainly due to the salting-out effect caused by high ionic strength. On the other hand,
the charge shielding effect formed by high ion concentration enhanced the intermolecular
London dispersion force [34], which promoted the occurrence of adsorption. With the
increase of ionic strength, the amount of BPA adsorbed by CTMAB-M gradually exceeded
that of EE2. The solubility of BPA in water was 230 mg/L, and for EE2 the solubility was
9.2 mg/L. Therefore, the effect of increased ionic strength on BPA is greater than EE2 due
to the salting-out effect.
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3.6. Thermodynamic Study

The adsorption isothermals of EE2 and BPA at 288, 298 and 308 K were shown in
Figure 8, and it can be seen that the adsorption amount of EE2 and BPA on CTMAB-M
showed a strong correlation with temperature. The adsorption amount of EE2 and BPA
both decreased with increasing temperature, indicating that the low temperature favors
the adsorption of EE2 and BPA, which was consistent with the results reported in the
literature [33].
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Figure 8. The adsorption isotherms of BPA (a) and EE2 (b) by CTMAB-M at different temperature.

Table 3 shows that the Langmuir-Freundlich model fitted the isothermal adsorption
data for BPA and EE2 on CTMAB-M well; thus, this model was further used for thermody-
namic analysis. The standard Gibbs free energy variation (AG?), standard enthalpy change
(AHY) and the standard entropy variation (ASY) were calculated in this study during the
adsorption process of BPA and EE2 by CTMAB-M.
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Table 3. Thermodynamics parameters of EE2 and BPA adsorbed on CTMAB-M.

Temperature AGO AHC AS®
Adsorbent Adsorbates K KJ/mol KJ/mol J/(mol K)
288 —34.245 70.376 357.379
BPA 298 —32.495
308 —41.636
CTMAB-M 288 38532 21546 208.565
EE2 298 —40.585
308 —42.705

The thermodynamic parameters of the adsorption of EE2 and BPA by CTMAB-M
were listed in Table 3. The AG? < 0 indicated that the adsorption reaction could proceed
spontaneously. The AH? > 0 indicated that the adsorption was an endothermic reaction,
and the AS? > 0 suggested that the system disorder increased during the adsorption process.
When the value of AS” was large enough, the reaction could proceed spontaneously. In this
study, the ASY values of CTMAB-M for BPA and EE2 adsorption were 315.949 J/(mol-K)
and 206.638 J/(mol-K), respectively, indicating that the process of CTMAB-M adsorption
of two organic pollutants was mainly driven by the increase of entropy. The increase of
entropy may be due to the existence of multi-level energy adsorption sites on CTMAB-M.
However, the adsorption amount decreased as the temperature increased, which did not
conform to the law of endothermic reaction. It is necessary to further analyze the adsorption
mechanism to clarify this phenomenon.

3.7. Sites Energy Distribution

Previous studies [35] have shown that the adsorbent’s performance was related to
the site energy distribution on the adsorbent surface. Carter et al. [36] have shown that
the affinity between the adsorbent and the adsorbate was associated with the average site
energy on the adsorbent surface. The heterogeneity of the adsorbent surface could be
evaluated by the width of the site energy distribution. The site energy distribution curve
could provide information on the energy distribution of the high-energy and low-energy
sites adsorbed by a specific adsorbate on the adsorbent surface. Therefore, site energy
analysis can provide important information for studying the adsorption mechanisms.

In this study, based on the Langmuir-Freundlich model, the site energy distribution of
CTMAB-M for adsorption of BPA and EE2 were calculated [37]. The calculation processes
were given in the Supporting Information and the results are summarized in Table 4 and
Figure 9. It can be seen from Figure 9b,d that with the increased of adsorption amount, E*
gradually decreased, indicating that BPA and EE2 first occupy high-energy adsorption sites
during the adsorption process and then turn to low-energy adsorption sites. It can also be
seen that the adsorption mainly occurred at high-energy sites at 308 K. When the adsorption
energy was less than 12 kJ/mol, BPA was not adsorbed, and when the adsorption energy
was less than 3.3 k] /mol, EE2 was no longer adsorbed. At 298 K and 288 K, the adsorption
mainly occurred at low-energy adsorption sites.

Table 4. Site energy distribution parameters for BPA and EE2 adsorbed on CTMAB-M.

Temperature E, F (E;,) Ww(E") e
Adsorbate K KJ/mol mg-mol/ (kgk])  K/mol KJ/mol
288 6.55 80.55 6.12 2.86
BPA 298 5.45 113.18 434 3.16
308 14.36 23.07 14.41 2.52
288 2.50 134.03 3.16 0.98
EE2 298 491 126.35 5.22 1.92

308 6.74 34.35 6.82 4.00
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Figure 9. Site energy distribution of BPA and EE2 on CTMAB-M, (a) site energy distribution of
BPA; (b) dependence of site energy E* on qe of BPA adsorption; (c) site energy distribution of EE2;
(d) dependence of site energy E* on qe of EE2 adsorption.

Figure 9a,c showed the site energy distribution curves of BPA and EE2 on CTMAB-M
calculated based on the Langmuir-Freundlich model. The width of the curve indicated
the heterogeneity of the adsorbent surface, and the area under the curve indicated the
maximum possible adsorption capacity [19]. Compared with the adsorption of BPA on
CTMAB-M at different temperatures, there were more adsorption sites at a low temperature,
but the site energy was lower. The site energy was higher at higher temperature, but there
are fewer adsorption sites. Figure 9c,d showed that EE2 adsorption on the CTMAB-M had
a similar pattern. These results could explain why the BPA and EE2 adsorption amounts
decreased with increasing temperature, although the adsorption process was endothermic.

Previous studies [38] have shown that the higher the average site energy on the ad-
sorbent surface (u(E")), the greater the adsorption affinity between the adsorbent and the
adsorbate. The standard deviation (o}) of the site energy distribution indicated the het-
erogeneity of the adsorbent surface, and the specific parameters were shown in Table 4.
With the increasing temperature, the adsorption affinity of CTMAB-M for BPA and EE2
increased, and the distribution amount of the adsorption sites tended to decrease. Accord-
ing to the previous analysis, CTMAB was the only adsorption active site on CTMAB-M.
The main driving forces on BPA and EE2 include hydrophobic interactions, electrostatic
attraction, and interaction between the positive charge on the quaternary ammonium group
of CTMAB molecules and the 7 electrons of the benzene ring of BPA or EE2 molecules.
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The hydrophobic interactions tended to increase with the increase of temperature, the
electrostatic attraction was less affected by the temperature, and the temperature had little
effect on the interaction between the quaternary ammonium group and the 7t electrons
of the benzene ring. It was speculated that when the temperature was higher, there may
be a loss of modifier, so the use of CTMAB-M was limited by temperature, which was
more suitable when used at low temperature. The acicular mullite had open-pore structure
extending in all directions, with a multi-level distribution of super-large pores, macro-
pores, meso-pores, and micro-pores [17,39]. CTMAB may form different semi-micelles or
adsorption hemimicelles on its surface and in the micro-pores. Therefore, the surface of
CTMAB-M was heterogeneous.

4. Conclusions

To enhance the removal efficiency of BPA and EE2, the acicular mullite ceramsite was
modified with CTMAB. When the concentration of the CTMAB precursor solution was
4 mmol/L, the largest CTMAB-M contact angle was observed, and it also had the highest
adsorption amount of BPA and EE2. Before the modification, the adsorption of BPA by
nano-acicular mullite was greater than EE2, and the adsorption of BPA by CTMAB-M was
less than that of EE2, indicating that the CTMAB modification has a better adsorption
effect on highly hydrophobic organic pollutants. The adsorption dynamics showed that the
adsorption of BPA and EE2 by CTMAB-M reached equilibrium at 500 min. CTMAB-M for
BPA and EE2 fits well with the pseudo-second model. The maximum adsorption amounts of
BPA and EE2 by CTMAB-M are 0.483 mg/g and 1.482 mg/g, respectively. Thermodynamic
analysis showed that the adsorption amounts of BPA and EE2 on CTMAB-M decreased
with increasing temperature, and the low temperature favored the adsorption reaction. The
site energy distribution showed that BPA and EE2 first occupy the high-energy adsorption
site during initial adsorption process, and after high-energy adsorption site saturation they
turn to the low-energy adsorption sites. At 308 K, adsorption occurred mainly at high-
energy sites, and at 298 K and 288 K, adsorption occurred mainly at low-energy adsorption
sites. The average site energy of BPA and EE2 adsorption on CTMAB-M increases with the
rising temperature, while the adsorption sites are greatly reduced, suggesting a possible
loss of modifying agents. The average adsorption site energy of EE2 on CTMAB-M (E") is
less than that of BPA, but the number of active adsorption sites is more than BPA, leading
to an adsorption amount that was greater than BPA. Under the combination of electrostatic
interaction and hydrophobic distribution, the amount of BPA adsorption on CTMAB-M
increased with the pH value. The amount of EE2 adsorption on CTMAB-M increases with
pH at pH < 10 and decreases with pH at pH > 10, mainly due to electrostatic interactions.
The adsorption amount of both BPA and EE2 by CTMAB-M increased with increasing
ionic strength.
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