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Even with all the biological problems associated with bisphenol-A (BPA), this chemical is still being widely
used, especially in thermal paper receipts. In this study, renewable mesoporous silica nanoparticles (MSN),
obtained from sugarcane ash, functionalized with hexadecyltrimethylammonium (CTAB) were applied as an
adsorbent in the removal of BPA from the aqueous solution. The versatility of this material and its BPA
adsorption capacity were tested at different pH values, being practically constant at pH between 4 and 9,
with a slight increase in pH 10 and a greater increase in pH 11. The removal time evaluation indicates
a very fast adsorption process, removing almost 90% of BPA in the first 20 min of contact. The kinetic
model indicates a monolayer formation of BPA molecules on the MSN-CTAB surface. The maximum
adsorption capacity (Qmax) Was 155.78 mg g%, one of the highest found in literature, and the highest for
material from a renewable source.

1. Introduction

Bisphenol-A (BPA) is an endocrine disruptive compound (EDC)
that may mimic or interfere with the endocrine or hormonal
system.' BPA was first synthesized in 1891 by Dianin® but its
synthesis was first reported only in 1905 by Zincke.®> BPA was
widely used in the manufacture of thermal paper,* food storage
containers, baby bottles, reusable drink containers, toys, dish
and laundry detergents, bar soaps, shampoo, shaving cream,
face cleansers, sunscreen lotions, etc.®> Some effects of BPA on
health are sexual dysfunction and fertility; metabolic disease,
such as, obesity; cancer (breast cancer, neuroblastoma);
neurological effects (disruption of the dopaminergic system);
cardiovascular diseases; thyroid disorders and asthma."® BPA
can also alter plasma sex hormones levels in fishes” and cause
adverse effects in the development and reproduction of the non-
mammalian aquatic vertebrates, including reduced male
hormones, testicular cell death, decreased sperm density and
motility, inhibition of spermatogenesis and egg production.?
Nowadays most plastic containers and personal care prod-
ucts are produced without BPA. However, aquatic bodies are
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still contaminated with bisphenol-A. The EDC can arrive in river
waters from discharging industrial waste, in groundwater by
leaching dump sites (mainly leaching from BPA-based plastics
or microplastics)® and in tap water because conventional
wastewater treatment processes are not completely efficient."***
However, the biggest concern is that even though the problems
caused by BPA it is still widely used, especially in thermal paper
receipts.**?

Many researchers have investigated the BPA removal by
adsorption using different adsorbents, such as -clays,">*
zeolites,'>' chitosan,”*® and agricultural wastes.**?*"

A decade ago, Dong et al. 2010 (ref. 21) prepared zeolite from
coal fly ash with low and high CaO content. In order to improve
the adsorption of organic pollutants, the researchers modified
the zeolites with the surfactant hexadecyltrimethylammonium
(CTAB). The sample with a high Ca content reached the highest
capacity for the removal of bisphenol-A. Later, Zhang et al. 2017
(ref. 22) synthesized SiO, from tetraethyl orthosilicate by a sol-
gel method, modified it with CTAB and applied to adsorb BPA.
The prepared adsorbent had a core/shell structure (core = CTAB
micelle) and (shell = SiO,). The results of this study indicated
that the CTAB-core of the adsorbent had a dominant role in
increasing the BPA removal capacity.

Considering these known properties of adsorbents modified
with CTAB, in 2018, we reported for the first time, the synthesis
of silica nanoparticles from sugarcane waste ash modified with
CTAB. In that publication, we did a complete characterization of
the material. The material's morphology was demonstrated by
electron and transmission microscopy, the surface area was
provided by BET method, pore size and shape were obtained by
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N, adsorption-desorption isotherm, pore distribution by BJH
method and the amount of CTAB on the silica particles was
given by thermogravimetric analyses.” In this article, we go
further with these renewable mesoporous silica nanoparticles,
applying them to the adsorption/removal of BPA in aqueous
solution. The effects of the various adsorption parameters, such
as solution pH, contact time, and initial concentration of the
BPA solution were studied and optimized.

2. Experimental

2.1. Materials

All aqueous solutions were prepared using deionized water
(resistivity > 18.2 MQ cm) obtained from a MilliQ deionizer (Elix
Millipore). Sodium hydroxide micropearls (>99%), hydrochloric
acid (35-37%), and n-butyl alcohol (>99%) were purchased from
Synth, Brazil. Sulfuric acid (95-97%) and CTAB (=98%) were
purchased from Merck, Germany. Bisphenol-A was purchased
from Sigma-Aldrich, United States of America. Sugarcane waste
ash was donated by COSAN S. A., Brazil.

2.2. Methods

2.2.1. Preparation of mesoporous silica nanoparticles
functionalized with hexadecyltrimethylammonium (MSN-
CTAB). The renewable adsorbent material, mesoporous silica
nanoparticles functionalized with hexadecyltrimethylammonium
(MSN-CTAB) was prepared according to Rovani et al. 2018.*

Briefly, in a round bottom flask, CTAB (2%, w:w) was dis-
solved in a mixture of water and butyl alcohol (1: 1, v/v) and
heated to 60 °C. To this biphasic system, the sodium silicate
solution (concentration 5.42%, w:w) obtained from sugarcane
waste ash (as previously reported*?*°) was added, under
constant agitation. Then, a solution of sulfuric acid
(0.5 mol L™ ") was added to this solution, drop by drop, until the
pH decreased to 4, and the resulting gel was aged at 60 °C for
8 h. The gel of silica nanoparticles aged was washed with
distilled water, filtered and oven dried at 120 °C.>?

2.2.2. Bisphenol-A (BPA) adsorption study. The adsorption
studies of bisphenol-A (BPA) onto MSN-CTAB were conducted at
different pH values and initial BPA concentration of 100 mg L.
The experiments were carried out agitating the BPA solution
with MSN-CTAB at 190 rpm using an adsorbent dosage of 1.0 g
L' at different contact times, varying from 0 to 180 min. All
experiments were performed in triplicate and at room temper-
ature. The concentration of BPA before and after adsorption was
detected by an UV-visible spectrophotometer (Varian, Cary 1E,
USA). To measure the absorbance of samples after BPA
adsorption, they were centrifuged at 1560g, the supernatant was
removed, and then, their absorbance was measured.?

The amount of BPA removal was expressed as the removal
percentage of contaminants and calculated by the eqn (1).

(G-G)
&

i

% removal = x 100 (1)

where C; and C; are the initial and final concentration of
contaminants, respectively. The amount of contaminants
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adsorption as a function of time and at equilibrium, ¢, and ¢,
(mg g™ "), respectively, were calculated using the following eqn

(2):
(Ci - Ce)

p x V (2)

g: OT ge =
where Cj, C¢ and C. (mg L") are concentrations of contami-
nants at initial, final and equilibrium, respectively, V (L) is the
volume of contaminants solution and m (g) is the mass of the
adsorbent.?*?”

The adsorption kinetics of BPA by MSN-CTAB, were tested
using pseudo-first order*®** and pseudo-second order****
models.**** The Langmuir,*® Freundlich®” and Liu models were
applied to fit the equilibrium data.’* See the equations in ESL.}

2.3. Characterization

UV-vis spectra of samples, before and after BPA adsorption,
were obtained using a Varian spectrophotometer, model Cary
1E (USA), utilizing quartz cuvettes with 10.0 mm path length,
and scanning samples from 200 to 400 nm.

Fourijer-transform infrared (FTIR) spectroscopy was per-
formed using a spectrometer from Bruker, model Alpha (Ger-
many), operating in attenuated total reflectance (ATR) mode.
The spectra of samples were obtained using 200 cumulative
scans, in the range of 375 to 4000 cm ™ '.>

Thermogravimetric analyses were recorded in a thermogra-
vimetric analyser TGA/SDTA from Mettler Toledo. Then,
~10.0 mg was weighed and analysed under an oxygen atmo-
sphere with a flow of 50.0 mL min~, using an alumina-port
sample heated to 900 °C with a heating rate of 10 °C min.>***
To obtain FTIR-ATR spectra and TG curves of MSN-CTAB after
an interaction with BPA, the MSN-CTAB were isolated by
centrifugation, dried for 5 h at 100 °C, and analysed.*

3. Results and discussion

The relative high solubility of this molecule or monomer, if
analysed its application in the production of polymers, in water
for an organic compound is a major concern (120-300 mg L™
(21.5 °C)), especially from the hormonal point of view, as
already mentioned.'>'**®* In aqueous media with higher alka-
linity, the solubility of BPA tends to increase, due to the disso-
ciation of hydroxyl groups in its structure (Fig. 1).

The elimination of BPA using adsorbents creates the need to
use an adsorbent capable of maintaining its properties at
different pH values, without losing its adsorptive capacity. Fig. 2
shows a study of the effect of pH on BPA adsorption by MSN-
CTAB.

As previously described,* the renewable adsorbent (MSN-
CTAB) used in this study is composed of nanoparticles with
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Fig.1 Aqueous dissociation scheme of BPA with pK, values.
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Fig. 2 Effect of the initial pH on the adsorption capacity of BPA.
Conditions: 25 °C, initial concentration 100 mg L™, contact time 2 h
and adsorbent mass 1.0 g L™ (see Fig. $2 and Table S17).

a size around 20 nm (Fig. S1t), specific surface area 131 m* g~ *
(measured by BET), pore diameter of 22 nm (mesoporous
materials) and CTAB composition estimated in 30%.> The
results in Fig. 2 shows that the MSN-CTAB adsorption capacity
for BPA adsorption was practically constant at pH values from 4
to 9 (75.74 to 78.54 mg g '), with a significant increase in
adsorption capacity (83.28 mg g ') at pH 10 and the highest
adsorption capacity (91.98 mg g~ ') at pH 11 (see Table S1t). On
the other hand, at pH values higher than 12, a decrease in the
adsorbent adsorption capacity was observed, this occurs
because the silica nanoparticles dissolve in alkaline media
where the pH is higher than 12.%°

Interestingly, the increase in the adsorption capacity of MSN-
CTAB coincided with the increase in BPA solubility, making its
use attractive regardless of the pH of the medium.

Therefore, when the pH value of the BPA solution is below its
PpKa. values the BPA adsorption on MSN-CTAB occurs basically by
hydrophobic interaction. And when the pH value of the BPA
solution is between 9.6 to 11.3 the BPA adsorption on MSN-
CTAB occurs also by electrostatic interaction, because MSN-
CTAB has a higher affinity for anions when compared to the
undissociated form of BPA.** At pH 11, BPA is mostly in the form
of a bivalent anion. In this condition, it's likely that two CTAB
molecules interact with one BPA molecule.

According to the literature, the interaction of the BPA anion
occurs with the CTAB surfactant positively charged “head” in
the inner layer, with the two BPA benzene rings pointing to the
interior of the CTAB bilayers. When interacting with each
surfactant layer, the two BPA benzene rings point into the CTAB
hydrophobic phase, as this orientation allows the hydrophobic
interaction between the BPA benzene ring and the CTAB 16-
carbon tail, thus enhancing and thus enhances BPA adsorp-
tion,”* as illustrated in Fig. 3.

Trying to exploit the maximum capacity of the adsorbent,
a more complete study of bisphenol-A adsorption by MSN-CTAB
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Fig. 3 Scheme illustrating the organization of BPA on the surface of
MSN-CTAB at different pH values.

was performed at pH 11. The BPA calibration curve at pH 11 is
shown in Fig. S3 (ESI).}

The adsorption kinetics study can provide multiple infor-
mation about the adsorption velocity, the mechanism involving
the adsorbent binding and the adsorption capacity of the
material.

The rate of adsorption generally depends on the physico-
chemical characteristics of the adsorbate, adsorbent and solu-
tion, in which case the surfactant (used to mediate synthesis
and modify silica nanoparticles) plays an important role. This
surfactant has a positive charge. Kinetic results of BPA
adsorption at 25 °C, at a contact time ranging from 0 to 180 min,
for an initial concentration of 80.9 mg L™" are shown in Fig. 4.

Analysing the experimental results, it is possible to notice
that the adsorption process occurs very quickly in the first 20
minutes (reaching 89% of BPA adsorption), almost reaching
saturation in 1 h (see Fig. S4b and Table S27).

Considering that the process was carried out in batch, it is
evident that BPA has a great affinity for this material (MSN-
CTAB), since the adsorbent-adsorbate contact is not induced
and occurs naturally.

This process could be improved by preparing membranes or
columns for solid-state separation with MSN-CTAB and

93.8%
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_ 20 min
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Fig. 4 Percentage of BPA removal at 25 °C, at a contact time ranging
from O to 180 min (initial concentration of 80.9 mg L™Y).
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allowing the solution to pass through this material. The kinetic
results were fit using pseudo first® and pseudo second*® order
models* (see the equations in ESIt). The solid samples ob-
tained after adsorption (MSN-CTAB + BPA), were analysed via
FTIR and TGA, as can be seen in Fig. 5.

Considering the tested kinetic models, it is possible to
observe a better fit for the pseudo-first-order model due to the
higher R,jq> value (0.9784), and lower chi-square (X°) value
(0.000519), Fig. 5a and Table S3.} Elovich and fractional power
models*® were also tested (Fig. S5 and Table S4t), however, the
pseudo-first-order model remains the model that best fits the
experimental data. The main reason that the fit of the curve,
even for pseudo-first-order, is not perfect is in the adsorption
kinetics, which seems to be very fast and the method used to
measure the adsorption speed (UV-vis spectroscopy) very
simple, which can generate some error. The calculated g. value
of the pseudo-first-order model was close to that found experi-
mentally (Table S37).

Kinetic models are important to describe the mechanism
associated with the adsorption process of the analyte in the
adsorbent, and are not associated with the system stoichiom-
etry. In this case, this process may be related to the process of
monolayer formation of BPA molecules on the MSN-CTAB
surface.

]

® C=8.9mgl’
Pseudo first-order model
Pseudo second-order model

T
0 30 60 90 120
Time (min)

T T
150 180

MSN-CTAB + BPA —————AM_ 122777350077
MSN-CTAB/\AK
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In order to investigate the chemical composition of the MSN-
CTAB, bisphenol-A and BPA adsorbed on the adsorbent,
measurements were performed by FTIR spectroscopy. ATR
mode infrared spectra of these samples are shown in Fig. 5b.
The MSN-CTAB adsorbent has six major bands. The presence of
CTAB in the silica structure is observed from the symmetrical
and asymmetrical CH, stretching bands at 2850 and 2922 cm ™,
respectively. The bands at 799, 446 cm ' are related to
symmetrical stretching of the siloxane group, the strong band at
1058 cm ™" is attributed to the asymmetrical stretching of
siloxane group and finally the band at 965 cm™" is related to
angular deformation -OH of silanol.**

The “blue” spectrum in Fig. 5b is from BPA adsorbed on the
MSN-CTAB adsorbent, the bands at 568 and 554 cm™' are
mainly due to C-O and C-C. The band at 834 cm ™' is attributed
to the =C-H out of plane deformation vibration, sets replace-
ment pattern. The band at 1512 cm ™" is the result of the H-C-H
interaction. Finally, the bands at 1592 and 1614 cm ' are
related to the absorption of aromatic compounds, C=C
aromatic stretch vibrations. Harmonic bands at 1592 and
1614 cm™ " define ring replacement pattern.** The changes in
the MSN-CTAB infrared spectra after the adsorption of BPA
(“blue” spectrum in Fig. 5b) are in agreement with previous
findings in the literature,* which suggested that the interaction
mechanism between BPA and CTAB involved the phenolic
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(a) Pseudo first and second-order models kinetics plot for the removal of BPA by MSN-CTAB. Conditions: 25 °C, initial concentration

80.9 mg Lt and adsorbent mass 1.0 g L™ (more details in Table S3%). (b) FTIR-ATR spectra of bisphenol-A, MSN-CTAB and MSN-CTAB +
bisphenol-A. And TG and DTG curves of (c) MSN-CTAB, (d) BPA and (e) MSN-CTAB + BPA. The measures were performed under an oxygen

atmosphere (more details in Fig. S6 and Table S51).
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Fig. 6 Adsorption Langmuir and Freundlich isotherms for BPA
adsorbed by silica nanoparticles. Conditions: 25 °C, contact time 1 h
and adsorbent mass 1.0 g L™ (see Fig. S7, Table $6 and S7+).

hydroxyl groups and the positively charged quaternary ammo-
nium (see Fig. 3). The adsorption of BPA over MSN-CTAB (in pH
11) was mainly due to electrostatic interactions between the BPA
negatively charged (-O~) and the cationic micelle of the
adsorbent.*

Fig. 5c-e shows only the TG curves of studied samples. The
TG curve of MSN-CTAB (Fig. 5¢) shows a first weight loss until
120 °C (2.05%) due to humidity loss, a second loss between 120
and 235 °C (7.85%) attributed to CTAB decomposition unbound
on the MSN-CTAB (hydrophobic-hydrophobic interactions of
interconnected CTAB). Still in Fig. 5¢ a third loss between 235
and 274 °C (14.22%) is related to the CTAB decomposition
bound on the MSN-CTAB by electrostatic interaction.>>*? Finally
the fourth loss between 274 and 550 °C (10.54%) is attributed to
complete decomposition of organic material on the surface of
MSN-CTAB, leaving 65.34% of residue, that is, silica.

The TG curve of BPA (Fig. 5d) shows mass loss of almost
100%, which is characteristic of organic material. While the TG
curves of the MSN-CTAB adsorbent (Fig. 5c¢) and of the BPA
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adsorbed on the adsorbent (Fig. 5e) present about 65% of
residue, characteristic of the presence of inorganic material
“silica”. On the other hand, a small difference (between 300 and
550 °C) was observed for these two TG curves (see Fig. S6T),
which is due to the loss of BPA adsorbed on the MSN-CTAB.>

TG curve of the BPA adsorbed on the MSN-CTAB (Fig. 5e)
shows a difference of weight loss (second and third loss
with displacement to higher temperatures) when compared to
Fig. 5c and d, this effect also is related to the loss of BPA bound
on the MSN-CTAB (see Table S57).

Adsorption isotherms, in turn, describe the relationship
between the amount of adsorbate adsorbed by the adsorbent
(ge) and the concentration of adsorbate remaining in the solu-
tion after the system reaches equilibrium (C.) at a constant
temperature. In this study, Langmuir,*® Freundlich®” and Liu
models were applied to fit the equilibrium data.** See the
equations in ESI.T The Langmuir, Freundlich and Liu isotherm
models are presented in Fig. 6.

Although the Langmuir model is an excellent model applied
to processes involving the formation of particle/film surface
monolayers of molecules at a finite and defined number of
adsorption sites, the Freundlich model has a better application
for non-homogeneous processes over heterogeneous surfaces,
and is not limited to monolayer or any uniform distribution.
Finally, the Liu model can be applied to a system that has
characteristics of both systems mentioned above.*

Based on the isotherm parameters of Table S7,f the Liu
model presented the best adjusted determination coefficient
value (Ryja.”). The Qmay found in Liu's model was 155.78 mg g™ *,
confirming that this is the best model for explaining the equi-
librium of BPA adsorption by MSN-CTAB. In the model
proposed by Liu, the active adsorbent sites do not have the same
energy, which makes the adsorbent a preferred site for
adsorption, leading to saturation.**

According to the literature, there are studies that report
adsorbents more and others less efficient than the adsorbent
studied here. Table 1 shows a comparison of the BPA adsorption
capacities of different adsorbents of the literature.

Table 1 Comparison of BPA adsorption capacities of various adsorbents®

Adsorbent abbreviation BET (m* g ) Soln pH Time (h) Omax (Mg g™") References

MSN-CTAB 131 11.0 1 155.78 This study

SMZFA F (zeolite) 91.5 10.4 24 114.9 Dong et al. 2010 (ref. 21)
SMZFA L (zeolite) 50.6 9.6 24 56.8 Dong et al. 2010 (ref. 21)
Y-type zeolite 504 7.0 <2 111.1 Tsai et al. 2006 (ref. 15)
Vinyl-SiO, nanospheres — — 2 136.97 Zhou et al. 2013 (ref. 43)
MCM-41 1030 6-7 6 9.0 Kim et al. 2011 (ref. 44)
MMIPs (polymer) = 6.0 0.5 106.38 Wang et al. 2016 (ref. 45)
CTAB-SiO, — — 6 198.8 Zhang et al. 2017 (ref. 22)
Ph-MS (mesoporous) 750 6-7 6 351.0 Kim et al. 2011 (ref. 44)
PAC (powder AC) 1780 6-7 6 337.0 Kim et al. 2011 (ref. 44)
Activated carbon 1350 — 24 56.5 Asada et al. 2004 (ref. 46)
Porous carbon 300 — 24 41.8 Asada et al. 2004 (ref. 46)

“ All adsorption experiments were carried out at room temperature.
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According to Table 1 the adsorbent (MSN-CTAB from
sugarcane waste ash) used in this study showed a higher
maximum adsorption capacity when compared to zeolites/
CTAB prepared with coal fly ash (SMZFA F and L),* in addi-
tion to shorter contact time in the adsorption process. MSN-
CTAB also showed a higher BPA adsorption capacity than the
adsorbents: hydrophobic Y-type zeolite;"® vinyl-SiO, nano-
spheres;* MCM-41;** MMIPs* and activated carbon.*®

We reached a Qpax value close to that found by Zhang et al.
2017,* for a similar adsorbent, with the difference that we used
a renewable source to produce silica while Zhang et al. 2017,
used tetraethyl orthosilicate. Our adsorbent (MSN-CTAB) even
with Quax value of 155.78 mg g, about 2 times smaller than
adsorbents Ph-MS and PAC.** When converted to mg of BPA
adsorbed per m”> of surface area of the adsorbent, the MSN-
CTAB (1.19 mg m?) has a higher value, when compared to
Ph-MS* (0.468 mg m~?) and PAC* (0.189 mg m ™), what shows
a higher affinity or better environment for adsorption of BPA.

4. Conclusions

In this study an adsorbent, MSN-CTAB, prepared from sugar-
cane waste ash, was used for BPA adsorption. Kinetic and
isotherm models were tested, a better fit for the kinetic model
was pseudo-first-order, in this case, this process may be related
to the process of monolayer formation of BPA molecules on the
MSN-CTAB surface. Liu isotherm model predicts the experi-
mental data with Qma = 155.78 mg g ' and the adsorption
equilibrium time was 60 min. The Liu model approached the
Langmuir model (monolayer adsorption). Adsorption capacity
of BPA by the adsorbent was practically constant at pH values
between 4 and 9, there was a slight increase at pH 10 and
a greater increase at pH 11. This was due to the fact that at pH
11 the BPA is mainly in the form of bivalent anion, and thus two
CTAB molecules can interact with one BPA molecule. The BPA
adsorption on MSN-CTAB occurred majority by hydrophobic
interaction in pH values between 4 and 9 and by hydrophobic
and electrostatic interaction at pH value above 10. According to
the results obtained, the MSN-CTAB presents potential to be
employed as adsorbent for remediation of water contaminated
with endocrine disrupting compounds, such as, bisphenol-A.
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