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ABSTRACT

In this study, remediation of tetrabromobisphenol-A (TBBPA) from aqueous solution by
sorption using transition metals-modified inorganic—organic montmorillonite (IOMt) was
demonstrated. The adsorbents were prepared in two steps: (1) intercalation of surfactants
into Alyz-pillared montmorillonite for synthesizing two types of IOMt; (2) incorporation of
transition metals (Cu?*, Ni%*, or Co?*) onto those IOMts. Firstly, these materials were char-
acterized by XRD, FTIR, TGA, SEM-EDS, and BET analyses. Then, experiments were con-
ducted on the sorption isotherms, kinetics, and thermodynamics of TBBPA. In general,
sorption process with Cu- and Ni-modified IOMt achieved higher TBBPA removal efficiency
than sorption process with original IOMt. The modified IOMt displayed the sorption
capacity that varied depending on TBBPA initial concentration, pH, and metals loading.
However, the type of surfactants did not influence TBBPA sorption on metals-modified
IOMt. This probably indicated that complex interaction between TBBPA and metals rather
than hydrophobicity plays a key factor in TBBPA sorption process. Equilibrium data could
be well interpreted by the Freundlich model, and the rate of sorption was adjusted to a
pseudo-second-order kinetic model. The negative values of Gibbs energy change (AG) and
positive values of enthalpy change (AH) indicated the spontaneous and endothermic nature
of process.
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1. Introduction

Sorption plays an important role in removing
hazardous materials from liquid phases; therefore, it
has attracted considerable attention in scientific

*Corresponding author.

research in the past three decades. Activated carbon is
the most well-known used adsorbent. The porous nat-
ure of this adsorbent material and its high internal
surface area are favorable for sorption. However, high
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cost and recovering problem of activated carbon
particles from treated water are its disadvantage [1].
In recent years, inorganic-organic clays (IOCYs)
complexes have been considered as alternative low-
cost adsorbents because of their variety of application
and excellent properties [2-6]. The permanent negative
charge within the crystal structure of clay materials
make them suitable for surface modification by long-
chain or short-chain organic surfactants. Through ion
exchange, hydrophilic clays can be converted to
hydrophobic organic clays that showed a high affinity
to hydrophobic organic contaminants (HOCs). The pil-
lared clay with inorganic polyoxocation not only pos-
sesses unique microporous structural characteristics,
excellent thermal stability, and a large BET surface
area as an ideal catalyst supporting materials, but also
possesses a higher effective charge. Furthermore, by
introducing inorganic polyoxocation and surfactant
molecule into the interlamellar space, those materials
simultaneously remove HOCs and oxy-anionic
contaminants from water, which make them excellent
adsorbents of contaminants from aqueous solution
[7-12].

The transition metals could form stable complexes
with many compounds containing N-donor group,
O-donor group, and aromatic groups. Since the pro-
cesses are dominated by weak chemical interaction,
formation of such complexes onto the surface of an
adsorbent could provide the basis for the removal of
aromatics while still permitting regeneration via
accessible engineering. Recent studies indicated that
transition metals could enhance the sorption of
contaminants on IOCYs when the transition metals
were incorporated into the IOCYs [10-12]. They also
suggested that the incorporation of transition metals
into IOCYs could become a potential strategy for the
bottom-up design of adsorbents tailored for the highly
selective removal of aromatic pollutants [10,11].

Tetrabromobisphenol-A (TBBPA) is one of the aro-
matic pollutants and has been widely detected in the
environmental samples from around the world,
including Japan, Sweden, and the US [13-15]. Due to
the extensive use of TBBPA, bioconcentration potential
in aquatic organisms, and observed toxicity, it is
important to eliminate TBBPA from aqueous water
[16]. Although researchers have intensively studied
sorption mechanism of TBBPA onto different adsor-
bents, for example, graphene oxide [16], soil [17] and
multiwalled carbon nanotubes [18], sorption of TBBPA
on modified clays is still scant. In addition, since
TBBPA had benzene rings and O-donor groups, it was
probable that transition metals could form stable com-
plexes with TBBPA and enhance TBBPA uptake by
inorganic-organic montmorillonite (IOMt). Thus, sorp-
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tion of TBBPA from aqueous solution onto original
IOMt and transition metals-modified IOMt were per-
formed in this study. The main aim of this study was
to evaluate sorption mechanism and determine effects
of transition metals on sorption process. Furthermore,
IOMLt are prepared by incorporating cationic surfactant
trimethyl ammonium bromide (TMAB) or mixture of
anionic surfactant sodium stearate (SSTA) and TMAB
to Als-pillared montmorillonite. Transition metals
including copper(Il), cobalt(Il), and nickel(Il) are uti-
lized to synthesize transition metals-modified IOMt.
Sorption isotherms, kinetics, and thermodynamics of
TBBPA are also investigated in bath experiments. This
work could provide a potential strategy for the devel-
opment of modified clays for TBBPA removal.

2. Materials and methods
2.1. Materials

The TBBPA (97% purity, Mw 543.9 g/mol, CAS
number 79-94-7) was purchased from Sigma Chemical
Co., Ltd (USA). The selected physicochemical proper-
ties of TBBPA are given in Table 1. The K10 montmo-
rillonite (Mt) was obtained from Aladdin Chemistry
Co., Ltd (Shanghai, China). The cation-exchange capac-
ities (CECs) of montmorillonite were 44.3 meq/100 g.
Cation surfactant-cetyltrimethylammonium bromide
(TMAB) and anion surfactant sodium stearate (SSTA)
were obtained from Bio Science &Technology. Co., Ltd
(Shanghai, China). Methanol is of HPLC grade and
purchased from Fisher Co., Ltd (Shanghai, China). The
ultrapure water was obtained directly from a Nanop-
ure UV deionization system, Barnstead/Thermolyne
Co., Ltd (Dubuque, IA, USA). All other chemicals were
of analytical grade unless the stated otherwise.

2.2. Preparation of IOMt modified by transition metals

Aluminum (Al;3)-pillared montmorillonite (AMt)
was prepared using an aluminum chloride solution
and following methods reported elsewhere [19].
TMAB intercalated AMt were prepared by dispersing
the AMLt in solution of TMAB (0.04 M) for 6 h in water
bath at 60°C. The amount of AMt used during the dis-
persions was 20 g. Afterward, the suspension was fil-
tered by vacuum filtration and washed several times
with distilled water until the Br- was not detected by
Ag,S0O, solution. The obtained clays were dried at
65°C, activated for 1h at 105°C. For reference, the
materials that resulted from intercalation will be
known as TAMt. SSTA-modified TAMt were prepared
by dispersing the TAMt in solution of SSTA (0.02 M)
for 6 h in water bath at 60°C. The suspension was also
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Table 1
The selected physicochemical properties of TBBPA
Chemical
Abbreviation structure MW Sw pKa Density MV log Kow
TBBPA 543.9 8.5 7.5-8.5 2.100 259 4.50

"MW: molecule weight (g/mol); Sw: aqueous solubility (umol/L); Density (g/ cm®); MV: molar volume (cm®/mol); K,,: octanol-water

partition coefficient.

filtered by vacuum filtration and washed several times
with distilled water. The resulted sample was dried at
65°C. For reference, the material that resulted from
modification will be known as TASSMt. Finally, TAMt
and TASSMt were mechanically ground with a mortar
and pestle to less than 200 mesh.

The transition metals-modified TAMt and TASSMt
were prepared by mixing (2 g) of TAMt or TASSMt
with a 0.1 M aqueous solution of corresponding M>*
nitrate (M=Co, Ni, or Cu) solution for 72 h in water
bath at 60°C. The suspension was then filtered by vac-
uum filtration and washed several times with distilled
water and dried at 65°C. These materials will be
referred to as CoTAMt, NiTAMt, CuTAM:t,
CoTASSMt, NiTASSMt, and CuTASSMt, respectively.

2.3. Characterization methods

X-ray powder diffraction patterns were obtained
using a Rigaku D/MAX2200 diffractometer operated
at 30 kV and 30 mA with Cu K, radiation. The XRD
patterns were recorded from 4° to 60° of 20 with a
scan speed of 4°/min. Fourier transform infrared
(FTIR) spectra were recorded with a KBr pellet on a
Thermo Nicolet-IS10 FTIR spectrometer in the spectral
range of 4,000-400 cm™'. Scanning electron microscopy
(SEM) micrographs were obtained using a Gemini Leo
1550 instrument attached an X-ray energy dispersive
spectrometer, EDS. Before scanning process, all sam-
ples were dried and coated with gold to enhance the
electron conductivity. Nitrogen sorption-desorption
experiments were carried out at 77 K on Micromeritics
ASAP 2020 surface area and porosity analyzer (Quan-
tachrome, United states). The samples were outgassed
for 6 h at 200°C before the sorption measurements.
Specific surface area was calculated on the basis of the
multi-point BET equation. Thermogravimetry analysis
(TGA) is performed on a NETZSCH TG-DTA instru-
ment at a heat rate of 5°C/min from 25°C to a maxi-
mum temperature of 800°C under air atmosphere.

2.4. Batch experiments

TBBPA sorption were determined after mixing of
0.8 mg of IOMt and modified IOMt with 20 mL of

TBBPA solution (0.2-2.0 mg L") by shaking for cer-
tain time. Batch experiment was also conducted in
triplicate. The tubes were centrifuged to separate solid
and solution phase. Then, 2 mL of each solution was
collected in clean vials for TBBPA analysis as above.
Thermodynamic experiments were conducted at 288,
298, and 313 K.

The content of each sample was determined by
high-performance liquid chromatography (HPLC)
(Shimadzu LC-20AT, Kyoto, Japan) equipped with a
photodiode array detector (SPD-M20OAV) and a VP-
ODS column (150 x 4.6 mm, 5 um) under the following
condition: 80% methanol: 20% water with a wave-
length of 209 nm for analysis of TBBPA. The injection
volume was 20uL for all the solutions. The column
was operated at 35°C. All of the solution was injected
at a flow of 0.8 mL min .

The pH effect of TBBPA sorption on organic modi-
fied clays was investigated in a pH range from 3.0 to
11.0, using HCl or NaOH. The initial concentration of
TBBPA solution was 1.0 mg L™'. After shaking and
centrifugation, the pH value of supernatants was
detected by EL20 pH meter (Mettler Toledo Instru-
ments Co., Ltd (Shanghai, China)).

3. Results and discussion
3.1. XRD and FTIR analysis

The XRD patterns of original and modified mont-
morillonite are shown in Fig. 1. The basal spacing of
original montmorillonite was 1.52 nm. After pillared
treatment by Al;;, it was increased to 1.71 nm, which
was consistent with the values reported elsewhere
[10]. The changes observed in the basal spacing were
attributed to the expansion of montmorillonite inter-
layer by occupancy of Alys species. The basal spacing
of TMAB-Al;3-Montmorillonite (TAMt) was 1.72 nm,
indicating that TMAB did not increase the interlayer
distance of any further. For TMAB-SSTA-Al ;-mont-
morillonite (TASSMt), the basal space was 1.80 nm,
corresponding to a Dbigger spacing distance. It
suggested the added opposite charge surfactant
resulted in the expansion of the interlayer space.
When transition metals were incorporated onto the
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Fig. 1. FTIR for transition metals-modified organic-

inorganic montmorillonite. (a) TMAB-Al;3-montmorillonite
(TAMt) and transition metals-modified TMAB-Al;;s-
montmorillonite and (b) TMAB-SSTA-Al;3-montmorillonite
(TSSAMt) and transition metals-modified TMAB-SSTA-
Alz3-montmorillonite.

IOMt samples, XRD data for the resulting materials
showed no further changes in basal spacing. However,
the basal peak of IOMt became more symmetrical and
intense after Cu** treatment. Meanwhile, new peaks
appeared in XRD patterns of Cu®*-modified IOMt.
This phenomenon was attributed to a more order or
higher crystallinity for modified IOMt, probably
resulting from a change in the conformation and
arrangement of the surfactants. Fig. 1 also shows the
infrared spectra of IOMt in the absence and
presence of transition metals. As shown in Fig. 1, the
sorption bands at 3,619 cm ™' corresponded to the -OH
stretching vibration. All the samples had the
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characteristic sorption bands of symmetric and asym-
metric stretching vibration of the -CH, and —CHj; at
around 2,923-2847 cm™ ! [20]. The bands between 3,314
and 3,347 cm ' observed in Cu®**-modified IOMt was
possibly assigned to hydrogen bonding or cationic
hydration.

3.2. TGA analysis

Fig. 2 gave the thermogravimetric (TGA) profile of
IOMt in the absence and presence of transition metals.
The TGA profile of original montmorillonite and Al;;
pillared montmorillonite was also presented for com-
parison. As shown in Fig. 2, the mass loss of montmo-
rillonite from 25 to 175°C was 17%, corresponding to
the dehydration of physically adsorbed water and
water molecules around cation on exchangeable site
in montmorillonite. The second mass loss was
observed between 600 and 800°C, which could be
attributed to the dehydroxylation of montmorillonite
structure [20]. Compared to montmorillonite, Al;;-pil-
lared montmorillonite exhibited a less weight loss pro-
file in the whole thermal treatment process, indicating
adsorbed water in the surface was decreased with
increasing Aljz. The presence of pillared inorganic
materials could enhance thermal stability of
montmorillonite.

For TAMt and TASSMt, four distinct steps were
observed in Fig. 2. The first step was observed along
the temperature range of 25-150°C, associated with
the loss of physically adsorbed water. The second
steps were local at 150-70°C and correspond to loss of
-OH of Alj3, which resulted in converting Aljz to
AlLOs3. An obvious weight loss that occurred in the
range of 270-400°C could be attributed to the decom-
position/evaporation of surfactants. The weight loss
of original IOMt in the temperature range of 25-400°C
was much smaller than original montmorillonite,
reflecting that the surfactants change the surface
property of montmorillonite from hydrophilic to
hydrophobic, and these data were a strong evidence
of effective intercalation of surfactants in montmoril-
lonite. The final step in the range of 400-800°C was
related to the dehydroxylation of montmorillonite
structure. The weight loss in the temperature range of
270-400°C for TASSMt was larger than that of TAMt,
which implied that the anion surfactant SSTA was
successfully intercalated into the interlayer of mont-
morillonite. Besides, the TGA profiles of transition
metals-modified IOMt were similar to those of original
IOMt, suggesting surfactants loading remain constant
after modification of transition metals.
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Fig. 2. XRD for transition metals-modified organic-inorganic montmorillonite. (1)~(2) Cu**-modified organic-inorganic
montmorillonite; (3)—(4) Ni**-modified organic-inorganic montmorillonite; (5)-(6) Co?*-modified organic—inorganic
montmorillonite; (7) TMAB-SSTA-Al 3-montmorillonite; (8) TMAB-Al 3-montmorillonite; (9) Al;s-pillared montmorillonite;

(10) montmorillonite.

3.3. SEM-EDS analysis

Scan electron microscopy for IOMt modified with
transition metals is shown in Fig. 3. As reported in
previous research, the aggregates of raw montmoril-
lonite contained different particles with rough surface
and outlines, resulting in an increase in specific sur-
face area, especially for the external specific surface
area [21]. After organic treatment, the surface rough-
ness of organic-montmorillonite was decreased due to
that the comb-like texture on the edge of particles of
montmorillonite was replaced by surfactants with
smooth boundary [22]. When the transition metals
were introduced into the materials, the surface of
IOMt did not undergo morphologic changes, indicat-
ing that strong interaction between montmorillonite
and surfactants preserved the structure of layered
clays. Compared with TASSMt, TAMt exhibited a
more porous surface, suggesting that anion surfactants
that were adsorbed on the surface of materials change,
leading to a decrease in porosity. Meanwhile, it was
noteworthy that some agglomeration of small particles
(some white strip) was spread along at the edges of
the clay layers and near the voids, especially for Cu**-
modified materials. It seemed that the transition
metals were more likely to be placed on the surface of
IOMt and barely intercalated into the interlayer of
adsorbents. Valentina Belova et al. [23] reported

similar phenomenon about the Au particles adsorbed
onto the edges of IOMt layers. They revealed that
increasing the concentration of Au particles resulted
in the more aggregation of Au particles on the surface
of clays. In general, modification process did not affect
the integrity of TMAB-Alj3-montmorillonite and
TMAB-SSTA-Al; 3-montmorillonite supports.

The results of chemical analysis of IOMt modified
with transition metals were obtained using EDS data.
The transition metals content normalized by silica pre-
sent in sample (fmetals/Wsiticas Molar ratio) was 0.017,
0.026, and 0.242 for Co-, Ni-, and Cu-TAMt samples,
respectively. Meanwhile, the transition metals content
normalized by silica present in sample was 0.002,
0.016, and 0.182 for Co-, Ni-, and Cu-TASSMt samples,
respectively. For both TAMt and TASSMt, the transi-
tion metals loading followed the order: Co < Ni < Cu.
Difference in loadings could be attributed to ion
exchange equilibrium limitations and transition metals
hydrolysis phenomena. In addition, the transition
metal content of TAMt was larger than that of
TASSMt, suggesting that the presence of SSTA
depressed the metal loading process.

3.4. Sorption and desorption isotherms of nitrogen

Fig. 4 showed the nitrogen sorption-desorption iso-
therms of TAMt and CuTAMt. As shown in Fig. 4,
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Fig. 3. TGA curves of raw and modified montmorillonite.
(a) Raw montmorillonite and transition metals-modified
TMAB-Al;3-montmorillonite (TAMt) and (b) raw montmo-
rillonite and transition metals-modified TMAB-SSTA-Al,5-
montmorillonite (TSSAMLt).

TAMt and CuTAMt displayed type IV isotherms in
the IUPAC classification [24]. The loops of TAMt and
CuTAMt were conspicuous, sloping upward and par-
allel over a wide range of P/Py, indicating that the
hysteresis loops were likely to correspond to the type
Hj [21] The type Hj loop should be considered as the
type of montmorillonite, corresponding to aggregates
of plate-like particles giving rise to slit-shaped pores
[25]. The desorption branch of isotherms showed an
inflection point “Knee” at about 0.45-0.50 P/P,, which
had been observed for many different types of layered
materials when using nitrogen as the adsorptive. The
result was attributed to complexity of capillary con-
densation in pore networks with pore blocking effects,
namely “tensile strength artifact” [21].

The structural parameters of TAMt and CuTAMt,
including Burne-Emmet-Teller (BET) surface area,
micropore volume (Vmjcropore), and fractal dimension
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(D) values are summarized in Table 2. The specific sur-
face area of TAMt and CuTAMt was 7.651 and
4.838 m?/g, which was very small in comparison with
SSA of untreated montmorillonite as reported else-
where [10]. It was attributed to that the whole volume
of interlayer space of montmorillonite was taken up by
the alkyl chains and N, molecular could not enter.
Despite the lower SSA, TAMt indeed contained small
amounts of effective micropores arising from the surfac-
tants addition [21]. In this work, Viicropore Of CuTAMt
was smaller than that of TAMt. TGA profile had sug-
gested that the existence of transition metals did not
change the amounts of surfactants intercalated in the
montmorillonite. The decreased SSA and V icropore [26]
were possibly due to structural change of surfactants-
modified montmorillonite resulted from the existence
of Cu**. The fractal dimension (D) for modified mont-
morillonite was always related to the external surface
characterization. Two methods including Frenkel-Hal-
sey-Hill method and Neimark-Kiselev method were
chosen to calculate the D values [27]. The fractal dimen-
sion (D) assumed value between 2 (smooth surface) and
3 (for rough surface). As shown in Table 2, Dy and Dg
of TAMt were a little bigger than that of CuTAMt,
which suggested that the Cu** might have a weak effect
on the surface morphology of organic-montmorillonite.

3.5. TBBPA sorption isotherms

Equilibrium data were important for the design of
sorption system. In this work, Langmuir, Freundlich,
and Redlich-Peterson models were applied to describe
the sorption equilibrium.

The Langmuir model assumed monolayer sorption
onto a surface which consisted of finite number of
active sites having a uniform energy, so the saturated
monolayer isotherm can be represented as:

quLCe

e =T K. M
where C. (mg/L) is the equilibrium concentration, g,
(mg/g) is the amount of TBBPA adsorbed onto per
unit mass of adsorbent at equilibrium, g, (mg/g) is
the maximum sorption capacity which was correlated
with monolayer coverage, and Ky (L/mg) is the
Langmuir constant which was correlated with the
affinity of the binding sites and sorption energy.

The Freundlich model can be expressed as:

e = KfCZ (2)
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Fig. 4. Scanning electron microscopy micrographs for (a) ACMt, (b) ACSSMt, (c) CoACMt, (d) CoACSSMt, (e) NiACMt,

(f) NiACSSMt, (g) CuACMLt, and (h) CuACSSMt.

where K (L/g) was the Freundlich constant which was
correlated with the capacity of sorption; n was an
indicator of sorption intensity. The Freundlich model
was employed to describe a heterogeneous system and

reversible sorption and was not confined to the mono-
layer. The higher value of K¢ indicated a higher affinity
for sorption onto adsorbent and value of n (0.1 <n < 1),
indicating that the sorption process is favorable.
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Table 2
Specific surface area, micropore volume, and fractal dimension values of ACMt and CuACMt

Vmicroporeb Fractal

(ml g_l) dimensions®
Sample SSA (m*g™") Sexe® (m? g ™) Sine m> g ™) DR BJH NK FHH
AICMt 7.615 7.615 0.000 0.033 0.105 2.92 2.54
CuAICMt 4.838 4.838 0.000 0.011 0.085 2.83 2.46

“Specific external surface areas (Sext) obtained from the f-method.

bMicropore volume calculated from the t curve with the method of De Boer et al. [26].
“Fractal dimension value calculated from Frenkel-Halsey—Hill (FHH) and Neimark-kiselev (NK) method [27].

The Redlich-Peterson model
equation as follows:

was given by

AC.
R 3
1B ®
where A (L/g), B (L/mg?, and g are the

Redlich-Peterson parameters, g is between 0 and 1.
Redlich-Peterson equation was the compromise
between Langmuir and Freundlich. For ¢ =1, Eq. (3)
converts to the form of Langmuir model. The relevant
parameters were obtained on the basis of the three
parameter model at different temperatures. This
isotherm combines both the characteristics of the
Langmuir and Freundlich into a single equation.

The coefficient of determination (R®) was calculated
as follows:

n . N2
R =1V @)
diyi—y)

The relative parameters for isotherm and kinetic
equation were calculated employing the variation y*
between the experimental data and calculated data
using nonlinear regression analysis. The expression for
%* can be given as:

2
2= ZM 5)

qucalc

where (e cac Was the calculated sorption capacity of
TBBPA adsorbed onto adsorbent which was correlated
with the various sorption models; geexp Was correlated
with the experimental data of sorption capacity.

Fig. 5 shows the sorption isotherms of TBBPA on
IOMt and transition metals-modified IOMt. As shown
in Fig. 5, sorption capacity was increased with increas-
ing equilibrium concentration of TBBPA. None of the

isotherms data showcased an apparent adsorbent satu-
ration. For TMAB-modified materials, CuTAMt exhib-
ited the best interaction with TBBPA. NiTAMt also
had better affinity for TBBPA than that of original
TAMt. However, the existence of CoCl, did not signif-
icantly influence sorption of TBBPA on TAMt. Gener-
ally, equilibrium isotherm data for TMAB-modified
materials presented that the affinity increased as
follows: original ~ Co < Ni < Cu. This trend was con-
sistent with the order of the metal loading as shown
in SEM-EDS data, suggesting that transition metal
loading was a key factor for sorption of TBBPA on
transition metals-modified IOMt. Similar result was
also observed for TBBPA sorption on TMAB-SSTA-
modified materials. Moreover, the increased sorption
capacity brought by the transition metals suggested
that TBBPA was plausibly forming complexes, these
between the aromatic rings of TBBPA and transition
metal centers, and based on an electron donation and
back-donation process. Additionally, it was observed
from the Fig. 5 that at low initial concentration of
TBBPA, incorporation of transition metal did not tend
to significantly increase the TBBPA sorption capacity
of IOMt. However, at the other concentration end, the
sorption isotherms indicated better affinity between
the adsorbate and adsorbent modified with copper
and nickel (seen Fig. 5). This was probably due to that
the dominant mechanism at low concentration was
only based on the hydrophobicity, while at high con-
centration, it was assigned to a combination of
hydrophobicity and interaction with transition metals.
This result indicated that high concentration was
favorable for the formation of complexation between
TBBPA and transition metals.

The TBBPA isotherms as shown in Fig. 5 were
fitted curves by the Langmuir, Freundlich, and
Redlich-Peterson models. The parameters of the three
models calculated on the basis of Egs. (1), (2), and (3)
are listed in the Table 3. On the basis of R? »? and
the experimental results depicted in Table 3,
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Freundlich model and Redlich-Peterson model fitted
the experimental data well. However, most of the con-
stant (g) of Redlich-Peterson isotherm was bigger than
1 or smaller than 0, which means that the isotherms
were not suitable for Redlich-Peterson model. Thus,
Freundlich model was chosen as the most suitable to
describe the equilibrium experimental data. The n val-
ues of Freundlich model estimated from original IOMt
were smaller than one, suggesting that the sorption
was favorable and heterogeneous. The heterogeneity
factors were expected since the IOMt contain both
inorganic and organic moieties that could play indi-
vidual or simultaneous roles as the sorption sties [11].
After incorporation of transition metals, the n value
was increased to 1 or exceeded to 1, suggesting the
homogeneous sorption sites were increased. This indi-
cated that the transition metals were likely to influ-
ence the arrangement of sorption sites. The sorption
affinity coefficient (K¢) of TAMt was lower than that of
TASSMt due to higher hydrophobicity resulted from
the addition of SSTA. However, after the transition
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metals loading, CuTAMt showcased a better sorption
capacity for TBBPA than CuTASSMt as evident by
isotherms in Fig. 5 and fitting data in Table 3, which
possibly resulted from a higher metal loading for
CuTAMLt. This result suggested that the main sorption
mechanism was complex interaction between TBBPA
and Cu** rather than hydrophobicity.

3.6. Sorption kinetics

Three kinetic models including pseudo-first-order
model, pseudo-second-order model, and intraparticle
diffusion model were used to examine the controlling
mechanism of the sorption process and also to test
the experimental data. The equations are given as
follows [28]:

In(q, —q,) =Ing, — kit 6

t 1 1
R . @)
0 (kq?) = q.

q; = kitO‘S + c (8)

where g, and g, are the amounts of TBBPA adsorbed
(mg/g) at equilibrium and time t (min), respectively;
ki and k, are the rate constant of first-order and sec-
ond-order sorption (min~'); the parameters could be
determined from the linear plots of In(q, —gq,) vs. ¢
and t/q, vs. t, respectively (Fig. 6(b)—(c)); k; is the rate
constant of intraparticle diffusion (mg/g min®°) and is
determined from the linear plots of g, vs. %°
(Fig. 6(d)). The value of c related to the thickness of
the boundary layer.

Kinetic data obtained from above models are listed
in Table 4, which shows that coefficient of determina-
tion (R?) values for the pseudo-second-order kinetic
model were over 099 for both CuTAMt and
CuTASSMt. The experimental g,values agree well with
the calculated values obtained from the pseudo-sec-
ond-order. The > obtained from pseudo-second-order
model was smaller than that of pseudo-first-order
model. The results indicated that pseudo-second-order
model appeared to the better model for sorption of
TBBPA onto Cu®’-modified IOMt. Based on this
model, a chemisorption reaction could be predominant
in the rate-controlling step [29]. The second-order rate
constants were used to calculate the initial sorption
rate given by H = k> shown in Table 4. It was found
that the initial sorption rate of CuTASSMt was larger
than that of CuTAMLt. This effect was attributed to
more available hydrophobic phase which was created
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by SSTA. It also demonstrated that the sorption
process firstly occurred on the surface of organic sur-
factants, and then followed by the interaction between
TBBPA and transition metals. On the whole, this pro-
cess of sorption of TBBPA on Cu®*-modified IOMt
was very quick in the beginning and equilibrium time
was very short.

The intraparticle diffusion model was also investi-
gated to figure out the sorption mechanism. Fig. 6(d)
shows that the plots of g, against > consist of two
separate linear regions. Such multiple linear plots indi-
cated two sorption steps occurred. The first step could
be attributed to the instantaneous sorption or external
surface sorption, the second to intraparticle diffusion
[30,31]. As seen from Table 4, the c value was larger
than zero, which indicated that the intraparticle
diffusion was not the only rate-limiting mechanism in
the sorption process. Some other mechanism such as
complexation along with intraparticle diffusion was
also involved.

3.7. Thermodynamics

The thermodynamic parameters, such as free
energy (AG), enthalpy change (AH), and entropy
change (AS), were calculated at temperature of 288,
298, and 313 K to find the feasibility and exothermic
based on the methods according to Fasfous Ismail L
et al. [18].

The constant Ky can be defined as:

_%_ e _ 9 ©)

O_OCC_”/Ce C.

where o4 is the activity of adsorbed TBBPA, and o is
the activity of TBBPA in solution at equilibrium, and
79, and yC, are the activity coefficient. Since the con-
centration of TBBPA in solution approaches zero, the
activity coefficient approached unity. The value of K,
was confirmed through plotting the In Ky vs. g., and
exploring the g. to zero. The straight line obtained was
fitted using linear least squares analysis methods. The
intercept of vertical axis was regarded as In Ko.

The free energy (AG), enthalpy change (AH), and
entropy change (AS) were calculated by the equation
as follows:

AG = —RT In Ky (10)
AH AS
ano__ﬁ—i_ﬁ (11)
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where R is universal gas constant (8.314 J/muol K),
and T is the sorption temperature in Kelvin. The
value of AH is confirmed by the slope of Eq. (11).
All of the results are presented in Table 5. The nega-
tive values of AG and positive values of AH corre-
sponded to that the sorptions of TBBPA onto
CuTAMt and CuTASSMt were spontaneous and
endothermic. The values of AG decreased with the
increase in temperature, indicating the endothermic
sorption of TBBPA onto CuTAMt and CuTASSMt
was enhanced by an increase in temperature. The
values of AH were high enough to ensure strong
interaction between TBBPA and Cu®*-modified IOMt.
The positive value of AS corresponds to an increase
in degree of freedom of the adsorbed species. It was
likely that TBBPA molecules on those adsorbents
were more chaotically arranged compared to the situ-
ation in aqueous solution. The increased sorption
capacity of CuTAMt and CuTASSMt at higher tem-
perature was caused by the complexation between
TBBPA and transition metals.

3.8. Effects of pH

TBBPA is an ionizable organic pollutant, so the
sorption capacity may vary with pH. Fig. 7 shows the
sorption capacity of TBBPA adsorbed by CuTAMt and
CuTASSMt at different pH condition. The results
showed that removal efficiencies of phenol were kept
unchanged in the pH range of 3-6, but strongly
decreased by about 86-91% when pH changed from 6
to 8. The apparent decrease at the higher pH is likely
due to partial ionization of TBBPA. As shown in
Table 1, the pK, of TBBPA was 7.5 and 8.5. TBBPA
mainly existed in anion forms (TBBPA™ and TBBPA®")
when the pH was above 8.5. The effect of repellency
between the ionized TBBPA and the negative particles
was enhanced at high pH region. Meanwhile, at alka-
line pH condition, transition metals probably moved
to the negatively charged silanol group, resulting in
sites inaccessible to the TBBPA [10]. When the solution
reached alkaline condition, little or no sorption of
TBBPA indicated a potential adsorbent regeneration
schemes.

3.9. Sorption mechanism

There were several possible mechanisms for the
sorption of TBBPA, mainly including hydrophobic
interaction, electrostatic interaction, complex forma-
tion, and hydrogen bonding. The sorption of TBBPA
on original IOMt was mainly dominated by the
hydrophobic interaction. The loaded surfactants
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Fig. 6. Adsorption isotherms of TBBPA on TMAB-Al;3-montmorillonite (TAMt) and transition metals-modified TAMt,

using a nonlinear regressive method (Adsorbents: 40 mg L% contact time: 48 h; 298 K); — Freundlich fitted curves;
Langmuir fitted curves; —.—. Redlich-Peterson fitted curves;  TAMt, © CoCl, + TAMt, A NiCl, + TAMt, % CuCl, +

TAMLt.
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Table 4
Kinetic models parameters obtained from TBBPA adsorption on CuACMt and CuACSSMt”
Models CuAICMt CuAICSSMt
Pseudo-first-order model Je,exp 22.08 + 2.45 21.35+1.87
ky (107%) 701 +1.16 11.34 + 1.42
e cal 6.65 + 1.08 10.74 £ 2.19
R? 0.80 0.84
ba 1.448 3.872
Pseudo-second-order model ky (107%) 3.67 +2.10 4.80 +3.24
e cal 22.23 +0.53 22.72 + 0.61
H 247 +1.89 248 +1.74
R? 0.99 0.99
Ve 0.395 2.441
Intraparticle diffusion model k; 0.42 +0.05 0.81 £ 0.10
c 15.4 + 0.57 8.98 + 1.03
R? 0.86 0.85
7 0.423 2.545

9. (mg/g), k; (min™), k, (g/(mg min)), H (mg/(g min)) k; (mg/g min*®), C (mg/g).

created the organic solvent-like hydrophobic phase
and resulted in a strong attraction of TBBPA molecule
with the IOMt through van der Waals interaction.
Clays modified with alkylammonium ions absorbed
hydrocarbons through partitioning to give linear sorp-
tion isotherms, whereas sorption of organic molecules
having polar groups exemplified by phenolic
compounds provided nonlinear isotherms due to the
contribution of specific sorption [32]. The nonlinear
Freundlich isotherms for TBBPA adsorbed by IOMt
suggested that specific sorption rather than partition
contributed to the main sorption mechanism. In
addition, electrostatic interaction might be another
explanation for TBBPA sorption. Yuri Park and
coworkers [33] investigated the BPA sorption on
organo-montmorillonite and identified that the loaded
organic surfactants tended to develop more positive
charge on the clay surfaces by shielding the negative
charge, which led to greater attraction of the anionic

Table 5

forms of BPA. The dissociated BPA anions tended to
associate with the positively charged head of surfac-
tants on both inner and outer layers of the clays via
electrostatic interaction [33]. Since TBBPA had a simi-
lar chemical structure to BPA and partly existed as
anion molecule in neutral condition, it was probable
that similar electrostatic interaction between IOMt and
TBBPA on both inner and outer layers of clays was
formed.

For both cationic and anionic-cationic surfactant-
modified IOMt, the limited sorption of TBBPA was
greatly enhanced by the incorporation of transition
metals. A possible explanation suggested in this
sorption system was the interaction brought by the
presence of metals and TBBPA. As shown in Table 1,
TBBPA has two aromatic rings and O-H groups which
could form m-complexes with transition metals. The
groups of TBBPA provided n-electrons for donation.
The positive charge of transition metal was an electron

The thermodynamics parameters for the sorption of TBBPA on Cu?*-modified materials

Absorbent Temperature (K) AG (KJ/mol) AH (k] /mol) AS (kJ/K mol)
CuAICMt 288 —~7.65 31.17 0.134

298 —8.54

313 -11.02
CuAICSSMt 288 —-5.21 27.39 0.113

298 —6.56

313 —8.04
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acceptor. In addition, it had been also reported that the
copper-based variant could form water-bridging-type
complexation with polar compounds in clays [34]. The
water-bridging-type complexation between copper and
TBBPA was possibly assigned to another complexation
mechanism. Hydrogen bonding between the phenols
groups and Si-O on montmorillonite should not be the
dominant mechanism due to less sorption occurred in
the untreated montmorillonite [32]. In general, TBBPA
sorption on transition metals-modified IOMt was
mainly  attributed to hydrophobic interaction,
electrostatic interaction, and complexation.

3.10. Comparison of the results with those obtained by
other methods

It was evident from the results that Cu**-modified
IOMt gave the best sorption capacity for TBBPA
uptake. Although the obtained results cannot be
directly compared with those obtained by the use of
other adsorbents such as graphene oxide, MWCNTs,

and fly ash, it appeared that the sorption by transition
metals-modified IOMt was an effective method for the
removal of TBBPA from aqueous solution. Yun Zhang
[35] in the previous study compared the sorption capac-
ity of different adsorbents for removing TBBPA from
aqueous solution and concluded that the graphene
oxide offered sorption capacity of 115.77 mg/g, which
was the maximum sorption values obtained from the
Langmuir model among six different adsorbents. In this
work, the maximum sorption capacity obtained from
the Langmuir model was 765.33 mg/g for CuTAMt and
1,414.16 mg/g for CuTASSMt. However, the Langmuir
was not the best fitting model for TBBPA sorption in
this study. Therefore, the sorption coefficient (K
obtained from Freundlich model at 298 K was chosen
as another parameter for comparison. The values were
417.64 L/g for CuTAMt and 120.75 L/g for CuTASSMt,
compared with 123.94 L/g by graphene oxide reported
in the previous study [16]. It revealed that the Cu®'-
modified IOMt showed similar sorption capacity as
graphene oxide. Given the relatively low cost of pro-
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duction of transition metals-modified IOMt, they may
offer significant advantages in the removal of industrial
pollutants from the environment.

4. Conclusions

Transition metals (Cu?*, Co?*, and Ni*")-modified
different type of IOMts were synthesized and charac-
terized by XRD, FTIR, TGA, SEM-EDS, and N, sorp-
tion-desorption isotherms analysis. Combination of
XRD and FTIR showed that the existence of Cu®* pos-
sibly influenced the structural characteristics of IOMt
in spite of the type of surfactants components. The
result of TGA indicated that transition metals did not
influence the amounts of surfactants intercalated in
the interlayer of montmorillonite. SEM exhibited that
when the transition metals were introduced into the
materials, non-obvious change of structure for those
materials was observed in spite of organic component.
Transition metals were probably aggregated on the
edges of IOMt layers. Transition metals loading fol-
lowed the order of Cu > Ni > Co. The specific surface
area and micropore volume of CuTAMt obtained from
Dubinin-Radushkevich (DR) and Barrett-Joyner—
Halenda (BJH) model were smaller than that of TAMLt.
Freundlich model gave the best fit for sorption iso-
therms of TBBPA, and the acidic condition was favor-
able for TBBPA sorption. The removal efficiencies of
TBBPA were kept unchanged in the pH range of 3-6,
but strongly decreased by about 86-91% when pH

changed from 6 to 8. Additionally, the Cu**-modified
IOMt showed a same sorption capacity order as gra-
phene oxide and much more low cost of production.
Several mechanism involving hydrophobic interaction,
electrostatic interaction, and donor-acceptor complexa-
tion with transition metals was provided to explain
the sorption phenomenon.
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