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An ultra-high surface area porous activated carbon derived from low cost asphalt (AS) was synthesized
and investigated for removal of bisphenol A (BPA), a common endocrine disrupting chemical (EDC) in
wastewater and natural waters. Adsorption isotherms, kinetics and thermodynamics of BPA adsorption
were determined and benchmarked against commercially purchased Darco G-60 activated carbon (AC).
The surface area of AS was 3851 m?/g, which is 4.7-fold larger than that of AC (i.e., 813 m?/g). This
correlates well with the 4-fold higher maximum BPA adsorption capacity on AS (1113 + 52 mg/g), and is
consistent with the similar surface functionality of AS and AC (determined by Fourier-transform infrared
spectroscopy). The maximum BPA adsorption capacity of AS is highest among reported carbon materials.
BPA adsorption kinetics by both materials was limited by slow intraparticle diffusion into the small
mesopores and micropores, which resulted in slightly slower adsorption rate for AS that had a greater
proportion of micropores than AC. Thermodynamic analysis corroborated that BPA adsorption was
favorable and occurred predominantly through m-7 interaction as indicated by Raman spectroscopy.
Overall, AS is a highly efficient adsorbent for removal of EDCs for water purification and could be
considered for drinking water treatment and wastewater polishing.

© 2018 Elsevier Ltd. All rights reserved.

1. Introduction (0.317 ug/L) [10]. The reported concentrations at which BPA induces

endocrine effects vary widely, with reported values ranging from 1

Endocrine disrupting chemicals (EDCs) have gained consider-
able attention as contaminants of emerging concern. EDCs can
affect the normal function of hormones leading to various health
implications such as interference with the reproductive systems of
aquatic animals [1,2]. Bisphenol A (BPA) is a commonly encoun-
tered EDC that has been widely used in the production of poly-
carbonates, epoxy resins and other plastics [3—6]. BPA can
adversely affect aquatic life due to its endocrine disruption activity
and oxidative and mutagenic potential [3,7]. BPA has been detected
in varying concentrations in hazardous waste landfill leachate
(17.2 mg[L) [8], stream water (12 pg/L) [9], and drinking water
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to 1000 ug/L [11]. Removal of BPA during water and wastewater
treatment is, therefore, important to ensure human health and
protect aquatic life.

Activated carbon is widely used in water treatment to remove
taste and odor compounds, synthetic organic contaminants and
some heavy metals [12—15]. The octanol/water partition coefficient
(Kow) of an organic contaminant is a good indicator of how effec-
tively it can be removed by activated carbon. Generally, contami-
nants with log Kow >2 are effectively removed by adsorption onto
activated carbon [16]. BPA with its log K, value of 3.32 is, there-
fore, well-suited for removal by activated carbon-based materials
[17].

A number of characteristics including pore structure, ash con-
tent, functional groups and surface area can contribute to the
adsorption efficiency of activated carbons [18]. Pore structure and
surface area are very important parameters as high surface area and
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easily accessible pores can significantly increase adsorption ca-
pacity. Ultra-high surface area asphalt-derived activated carbon
(AS) has been previously synthesized, with surface areas achievable
up to 4200 m?/g [19]. This material was considered for competitive
adsorption of CO; in carbon capture efforts. AS, with its ultra-high
surface area, offers high adsorption capacity for water purification.
In this paper, we investigate its application for BPA adsorption in an
aqueous environment. We report adsorption isotherms, kinetics
and thermodynamics of BPA adsorption and benchmark the results
against commercially purchased activated carbon.

2. Materials and methods
2.1. Materials

Untreated Gilsonite was provided by Prince Energy. Potassium
hydroxide (KOH) (>85% purity), acetone (ACS reagent, >99.5%
purity), acetonitrile (HPLC Plus, >99.9% purity) and bisphenol A
(>99% purity) were purchased from Sigma Aldrich. Darco G-60
activated carbon (AC) was purchased from Fisher Chemical. Poly-
tetrafluoroethylene (PTFE) syringe filters with 0.2 um pore size
were purchased from VWR International. Deionized (DI) water
(>18.2 MQ) used for washings and solution preparations was pre-
pared by Millipore (Milli-Q Academic) water purification system.

2.2. Synthesis of AS

AS was synthesized using the KOH activation method [19],
which yields higher surface area activated carbon than steam
activation and has also been previously used to prepare ultra-high
surface area 3D graphene-based bulk materials [20—22]. Untreated
Gilsonite was chosen as the carbon source as it gives a much higher
surface area activated carbon compared to other carbon sources
that we have previously tested (Table S1). Briefly, Gilsonite (1.50 g)
was heated on a ceramic boat under Ar in a tube furnace at 400 °C
for 3 h to remove the oils and obtain a stable ensuing pore struc-
ture; this material was then allowed to cool to room temperature to
form 0.50g of pretreated Gilsonite. 0.25g of the pretreated
Gilsonite was then ground well with 1g of KOH in a mortar. The
mixture was transferred to a quartz boat and heated in the tube
furnace at 900 °C for 20 min under Ar flow. This generates CO and
COy, which opens the pore structure. After the mixture had cooled
to room temperature, it was washed with acetone and water until
the filtrate had attained pH 7. This yielded AS (0.10—0.15 g) which
was then dried in an oven at 100 °C until constant weight before
further use.

2.3. BPA adsorption experiments

Adsorption isotherms were obtained by adding 10 mg of
adsorbent (100 mg/L) to a beaker containing 100 mL of BPA solution
at different concentrations (50—200 mg/L for AS, 10—100 mg/L for
AC). A low adsorbent concentration (100 mg/L) was needed to
obtain data on residual (non-adsorbed) BPA for adsorption iso-
therms and thermodynamic analysis. The solutions were stirred
continuously for 4 h to achieve adsorption equilibrium, after which
1 mL sample aliquot was withdrawn and filtered through 0.2 um
PTEE filter for analysis. For adsorption kinetics experiments, 10 mg
of adsorbent (100 mg/L) were added to a beaker containing 100 mL
of 50 mg/L BPA solution. The solutions were continuously stirred.
1 mL sample aliquots were withdrawn at 5, 10, 15, 20, 25, 30, 60,
120, 180, 240 min intervals and filtered for further analysis. Tem-
perature controlled experiments to investigate thermodynamics of
adsorption on AS were carried out by adding 10 mg of AS to a
beaker containing 100 mL of 150 mg/L BPA solution. The beaker was

sealed with parafilm and the solutions were stirred continuously.
The temperature of the solutions was controlled using a thermo-
couple probe equipped hot plate. The experiments were conducted
at 23, 45 and 65°C. Samples for analysis were taken after 4 h
equilibration time.

2.4. Adsorption isotherm, kinetics and thermodynamics models

Two common adsorption isotherm models were considered to
fit the data. The Langmuir isotherm [23,24] is given by Equation (1):

K;*Ce
_ *
q = Qmax T K*C, (1)

Where q is the amount of solute adsorbed onto adsorbent (mg/g),
Ce is the equilibrium concentration of solute remaining in solution
(mg/L), Ky is the Langmuir constant (L/mg) and Qmax is the
maximum adsorption capacity (mg/g).

The Freundlich isotherm [23,25] is given by Equation (2):

q =K' 2)

Where Kf and 1/n are system-specific constants. K¢ indicates
adsorption capacity ((mg/g)-(L/mg)"/™) and 1/n indicates intensity
of adsorption where a higher 1/n value indicates more favorable
adsorption.

Two adsorption kinetics models were also considered. The
pseudo 1st order model [26] is given by Equation (3):

d
ki@ - a0 3)

Which is integrated as (Equation (4)):
In(ge — qr) = Inqe — kqt (4)

Where g is the amount of solute adsorbed at equilibrium (mg/g), q¢
is the amount of solute adsorbed at time t (mg/g), and kq is the
pseudo first order rate constant (1/min).

The pseudo 2nd order kinetic model [26] is given by Equation

(5):

d
= ko(qe — q0)? (5)

Which is integrated as (Equation 6)

t 1 t

= + —
q kg2  qe

(6)

Where k; is the pseudo second order rate constant (g/(mg-min)).

An intraparticle diffusion model [27] was also used to assess
whether the rate of intraparticle diffusion was limiting overall
adsorption kinetics (Equation (7)).

Qe = kpt? (7)

Where k;, is the intraparticle diffusion rate constant (mg/(g-h'/?)).

Thermodynamic parameters of adsorption were calculated by
determining the solute (linear) distribution coefficient (Kq) at
different equilibrium temperatures [28] as follows:

CAe

(8)
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AG = —RTInK; (9)
AS AH

Where Cp is amount of solute adsorbed at equilibrium (mg/L) and
Ce is the equilibrium concentration of solute in solution (mg/L). R
and T are gas constant (8.314]/(mol-K)) and temperature (K)
respectively. AG, AH and AS are standard free energy (J/mol),
standard enthalpy (J/mol) and standard entropy (J/mol),
respectively.

2.5. Characterization methods

Scanning electron microscope (SEM) images were obtained on
Quanta 400 ESEM equipped with field emission gun (FEI, now
Thermo Fisher Scientific). High resolution transmission electron
microscope (HRTEM) images were obtained in a JEOL 2100 field
emission gun TEM (JEOL Ltd.). X-ray diffraction (XRD) was
measured using Rigaku D/Max Ultima Il Powder X-ray diffractom-
eter (Rigaku Corporation) equipped with a Cu Ko radiation source
(A=1.5418 A). Raman spectrum were measured on a Renishaw
Raman microscope (Renishaw) using a 514 nm Ar ion laser with a
power of 5 mW. Surface area (Brunauer-Emmett-Teller (BET)) and
pore size distributions (Horvath-Kawazo (HK) and Barrett-Joyner-
Halenda (BJH)) were measured using Autosorb-3B (Quantach-
rome Instruments). Fourier-transform infrared spectroscopy (FTIR)
was performed on Nicolet FTIR Infrared Microscope (Thermo Fisher
Scientific). X-ray photoelectron spectroscopy of the samples was
performed on PHI Quantera SXM Scanning Photoelectron Spec-
trometer Microprobe (Physical Electronics, Inc.).

2.6. Analytical methods

BPA was analyzed using a high performance liquid chromatog-
raphy (LC20AT, Shimadzu, Japan) equipped with a C-18 column
(Atlantis dC18 Column, 100 A, 3 pm, 3.9 mm x 150 mm) and an
UV-Vis photodiode array detector (SPD-M20A, Shimadzu, Japan).
60% acetonitrile and 40% water were used as the mobile phase. The
flow rate and injection volume were 1.0 mL/min and 40 pL,
respectively. The zeta potential of AS and AC were determined with
a Zen 3600 Zetasizer Nano (Malvern Instruments, UK) by phase
analysis light scattering.

3. Results and discussion
3.1. Adsorbents characterization

SEM and HRTEM images of AC and AS are given in Fig. 1Ta—d.
Both carbon materials had different morphology with internal
macroporous channels visible for AC (Fig. 1a). HRTEM images show
that both materials were primarily amorphous. However, small
crystalline regions with lattice spacing of 3.4 A were observed at
the edges of AS (Fig. 1d). The presence of small crystalline regions in
both carbons was also later confirmed by XRD and Raman spec-
troscopy. AS and AC exhibited different N, adsorption-desorption
profiles (Fig. 2). AS followed type Ib adsorption isotherm while
AC followed type IIb adsorption isotherm of the IUPAC 1985 clas-
sification of physisorption isotherms [29]. Type Ib indicates
monolayer adsorption or a relatively small amount of multilayer
adsorption, and is typical for microporous materials exhibiting co-
operative filling of wider micropores at a range of higher P/Py than
Type Ia materials [29,30]. Type IIb isotherm is associated with
multilayer adsorption and indicates adsorption into larger

mesopores. AC adsorption-desorption isotherm also exhibited a
type Hy hysteresis loop which is characteristic of materials with
slit-shaped pores [30,31]. The surface area of AS synthesized for this
study was 4.7 times higher than that of AC (Table 1). The total pore
volume of AS was 2.9 times higher than AC. AS exhibited a smaller
average pore diameter of 2.5 nm compared to average pore diam-
eter of 4nm for AC. The pore volume distributions were also
different for both materials. AS had a higher proportion of micro-
pores than AC (Table 1). Microspores constituted 70% of the total
pore volume for AS, whereas, they constituted only 45% of the total
pore volume for AC. The different average pore diameter and pore
volume distributions may partially explain the observed difference
in N3 adsorption-desorption profiles. AC with its higher mesopore
to micropore volume ratio would provide more unrestricted access
that facilitates multilayer adsorption, while AS with its higher
micropore population provides more confined cavities favoring
monolayer adsorption. The central linear part in the AC N;
adsorption-desorption isotherm corresponds to monolayer
adsorption which may likely correspond to monolayer adsorption
in its micropores (Fig. 2b).

XRD analysis of AC and AS indicates that both materials are
primarily amorphous, and no sharp peaks are observed in the XRD
pattern (Fig. 3a). The 002 and 010 peaks are clearly visible for AC
while a small 010 peak can be identified for AS. The 002 and 010
peaks correspond to crystalline regions of diffraction from layering
of graphitic carbons and formation of small 2D lattices, respectively
[19]. XRD analysis reveals that both materials exhibit small regions
of crystallinity arising from sp2-hybridized graphitic system, with
AC displaying more graphitic character than AS. The surface func-
tionality of both carbon materials was probed using FTIR (Fig. 3b).
Both materials give identical FTIR spectra, indicating the presence
of identical surface functional groups. The 880 cm~' peak corre-
sponds to C—H out-of-plane bending in benzene derivatives while
the 1070 cm™! corresponds to C—O stretches of primary alcohol
groups. The 1170cm~! and 1270 cm~! peaks may correspond to
C—O stretches of aliphatic ether and alkyl aryl ethers, respectively.
The 1400 cm ™! and 1680 cm ™! absorbances correspond to aromatic
and alkene C=C stretches, respectively. The 2850cm~! and
2920 cm™! peaks both correspond to C—H bending. A weak broad
band from 3100 cm™~! to 3400 cm™! is also visible in FTIR spectrum
of both materials corresponding to O—H stretches. Both FTIR
spectrums had a peak at 2370 cm~! which corresponds to the C=0
stretches of ambient CO, molecules. The presence of similar func-
tional groups on both materials was corroborated by XPS analysis
(Figure S1, Table S2). Both materials were negatively charged under
the tested conditions (Table S3).

3.2. BPA adsorption isotherms

Langmuir and Freundlich adsorption isotherms were fitted to
BPA adsorption on AS and AC (Fig. 4 and Table 2). The maximum
adsorption capacity of AS was 1113 + 52 mg/g, which was 4 times
higher than the maximum adsorption capacity of 271 + 14 mg/g for
AC, as determined from Langmuir isotherm. Similarly, K¢ deter-
mined from Freundlich isotherm was also 4 times higher for AS
compared to AC, indicating 4 times higher adsorption capacity. The
adsorption data relates well with the surface areas of both mate-
rials as AS had 4.7 times higher surface area than AC. This pro-
portionality was expected as surface functionality of both was
determined to be quite similar based on FTIR and XPS analysis. This
is also corroborated by similar 1/n values for both AS and AC which
indicate that BPA adsorption was equally favorable on both mate-
rials. Overall, AS provides the largest surface area and highest
adsorption capacities reported to date for BPA adsorption by
carbon-based materials (Table 3).
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Fig.1. (a) and (c) are SEM images of AC and AS, respectively. Internal macroporous channels are visible for AC. (c) And (d) are HRTEM images of AC and AS, respectively. Both carbons
are largely amorphous; however, small crystalline regions are observed at the edges of AS with average lattice spacing of 3.4 A.
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Fig. 2. N, adsorption-desorption isotherms for a) AS and b) AC. AS followed type Ib (monolayer) adsorption isotherm while AC followed type IIb (multilayer) adsorption isotherm.

Table 1

Surface area and pore volume characterizations of AS and AC.

BET surface area

Total pore volume

Average pore diameter D,

Mesopore volume

Micropore volume

m?/g cc/g nm cc/g cc/g
AS 3851+494 2.366 +0.324 2.46 +0.02 0.616+0.112 1.538 +0.192
AC 813+5 0.822 +0.009 4.04 +0.07 0.484 +0.023 0.390 + 0.004
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Fig. 3. a) XRD of AS and AC. 010 and 002 peaks are clearly visible for AC while a weak 010 peak is observed for AS. These peaks indicate presence of small crystallinity in both
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Fig. 4. a) Langmuir and b) Freundlich adsorption isotherms for BPA adsorption on AS and AC. AS exhibits a four-fold higher adsorption capacity than AC in both isotherms.

ZZZ?rStion parameters calculated from Langmuir and Freundlich isotherms.
Langmuir Freundlich
Qm Ky R? K¢ 1/n R?
(mg/g) (L/mg) (mg/g)-(L/mg)' "
AS 1113+52 092+034 0.895 577+33 0.18+0.02 0.976
AC 271+14 236+124 0.874 145+10 0.18+0.02 0.972

3.3. Kinetics of BPA adsorption

Pseudo 1st order and pseudo 2nd order models were fit to the
kinetic data of BPA adsorption on AS and AC (Fig. 5 and Table 4). The
kinetics of BPA adsorption on both materials was slightly better
described by pseudo 2nd order model (AS, R?: 0.999; AC, R?: 0.998)
than pseudo 1st order model (AS, R%: 0.991; AC, R?: 0.982). Both

materials exhibited fast kinetics for BPA adsorption. The pseudo
2nd order rate constant for AC (0.00263 + 0.00024 g/(mg-min))
was higher than the rate constant for AS (0.00166 +0.00001 g/
(mg-min)), indicating slightly faster adsorption kinetics for AC. To
further gain insights into the kinetics of BPA adsorption on the two
carbonaceous materials, an intraparticle diffusion model was fit to
the kinetics data (Fig. 6). The graph of q; vs t'/2 shows multi-
linearity, indicating multi-stage adsorption of BPA on both AC and
AS. The multi-stage adsorption behavior of contaminants on acti-
vated carbons has been previously reported [32,33]. A number of
parameters can limit the adsorption kinetics of adsorbate on
adsorbent including diffusion coefficient of the adsorbate in the
bulk phase, concentration of adsorbate and degree of mixing,
among others. However, under well-mixed and high-adsorbate
concentration conditions used in our experiments, intraparticle
diffusion is often the rate limiting step [32,34,35]. In Fig. 6, three
stages with different adsorption rates are observable for AS and AC.
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Table 3
Comparison of BPA adsorption on different types of carbon materials.
Material Surface Area (m?/g) Langmuir Freundlich Reference
Qm (mg/g) Ky (L/mg) Kr (mg/g)-(L/mg)'" 1jn
AS 3851 1113.2 0.9 576.9 0.181 This Study
AC 813 270.7 24 145.2 0.182
AC-Olive Mill waste 1641 589.0 0.1 NA NA [5]
AC-Commercial 1225 164.4 0.1 NA NA [5]
AC from Potato Peel 905 445.9 0.1 64.9 0.366 [36]
AC-Commercial 1326 3194 0.3 82.8 0473 [43]
AC-Commercial 824 NA NA 123.0 0.213 [44]
AC-Commercial 957 NA NA 54.7 0.330
Nitrogen-modified mesoporous carbon 580 240.4 0.3 88.5 0.269 [45]
Goethite/AC composite 522 NA NA 187.2 2.089 [46]
Mesoporous carbon 920 296.0 0.1 55.1 0.450 [47]
AC-Commercial 1060 3283 5.0 253.8 0.140 [4]
AC-Commercial 1158 303.0 0.1 NA NA [38]
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Fig. 5. Kinetics of BPA adsorption on AS and AC fitted by a) Pseudo 1st order model and b) Pseudo 2nd order model. BPA was adsorbed onto 10 mg of adsorbent from 100 mL of
50 mg/L BPA stock solution. The 2nd order model provided a slightly better data fit. AS and AC exhibited very similar adsorption kinetics with AC giving slightly faster adsorption
rate. The high adsorption capacity of AS is observable, as within 4 h, AS removed 99% BPA compared to 53% for AC.

Table 4

Kinetic parameters calculated from pseudo 1st order and pseudo 2nd order kinetics models.

Pseudo 1st order

Pseudo 2nd order

ki (1/min) qe (mg/g) R? k; (g/(mg-min)) qe (mg/g) R?
AS 0.336 +0.030 481.1+46 0.991 0.00166 + 0.00001 498.1+02 0.999
AC 0.316 +0.042 250.6 +3.8 0.982 0.00263 + 0.00024 2614+18 0.998

The first stage represents fast external surface adsorption or
boundary layer diffusion. The second and third stage represent
slower adsorption rates limited by intraparticle diffusion. The sec-
ond stage corresponds to the diffusion of BPA into the macropores
and wider mesopores of the AS and AC. The third portion repre-
sents the slowest adsorption rate, limited by intraparticle diffusion
of BPA into the small mesopores and micropores of AS and AC [33].
The intraparticle diffusion model demonstrates that for both AS
and AC, BPA diffusion into the small mesopores and micropores was
the rate limiting step. This provides some insight into why the
adsorption rate for AC was slightly faster than AS. AS with higher
proportion micropores (70% of the total pore volume) compared to
AC (45% of the total pore volume) is likely to be more affected by the
rate limited adsorption of BPA into the small micropores than AC,
thereby exhibiting a slightly lower net adsorption rate.

3.4. Thermodynamics and mechanism of adsorption

The thermodynamic parameters for BPA adsorption on AS were
computed from the plot of Kq and 1/T (Figure S2) and are sum-
marized in Table 5. Negative values were obtained for AG indicating
spontaneous and favorable adsorption over the tested tempera-
tures. BPA adsorption onto AS was an exothermic reaction as
indicated by the negative AH. Furthermore, decrease in AG was
observed with increase in temperature. This is expected due to the
exothermic nature of BPA adsorption on AS which makes higher
temperatures less favorable for adsorption. AS was negative due to
the restriction in movement of BPA molecules after adsorption onto
AS surface [36]. Moreover, AG was within the range of 0 to —20 k]/
mol which indicated that BPA adsorption on AS occurred primarily
through a physical adsorption process rather than a chemical
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Fig. 6. Intraparticle diffusion model fitting of the BPA adsorption kinetics for AS and
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Table 5

Thermodynamic parameters for BPA adsorption on AS.
Temp (C) AG (KJ/mol) AH (K]J/mol) AS (J/mol)
23 —2.51+0.05 -9.8+0.2 —-24.7+0.5
45 —1.95+0.04
65 —1.48 +£0.04
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Fig. 7. Raman spectrum of AC and AS with and without BPA adsorption. Small shifts in
D and G bands were observed for both AS and AC after BPA adsorption, indicative of -
T interactions between BPA and sp2-hybridized network of both materials.

Table 6
Shifts in D and G peaks in the Raman spectrum of AS and AC after BPA
adsorption.

Peak positions (cm™!)

process [37]. This aligns well with the widely accepted mechanism
of BPA adsorption on carbon-based materials which is expected to
proceed through w-7 interaction between the aromatic rings of
activated carbon and BPA [38]. To further probe the mechanism of
adsorption of BPA on AS, Raman spectroscopy was used. Several
researchers have used Raman spectroscopy to investigate adsorp-
tion of target molecules onto graphene based materials through -
T interaction [39—41]. The adsorbed molecules can act as electron
donors/acceptors through m-m interaction and modify the elec-
tronic structure of graphene, leading to shifts in G and D band
positions [39]. As AS and AC both had aromatization and exhibited
sp2-hybridized graphitic character, Raman spectroscopy was used
to investigate the mechanism of adsorption. The Raman spectrum
of both materials gave distinct G and D bands (Fig. 7). The G band
corresponds to the Epg in-plane vibration mode of sp2-hybridized
carbon while the D band arises from disorder in the sp2-
hybridized system [42]. A subtle shift to higher frequency was
observed for both G and D bands in case of AS and AC after BPA
adsorption which indicates that adsorption of BPA on AC and AS
proceeded primarily through m-7 interaction (Table 6). For AS, the
D band and G band shifted from 1360cm~! and 1583 cm™! to
1366 cm ™! and 1584 cm ™! respectively after BPA adsorption. While
for AC, the D band and G band shifted from 1337 cm™~! and
1578 cm~! to 1339cm~! and 1580 cm~), respectively, after BPA
adsorption.

4. Conclusion

AS was highly efficient for adsorption of BPA and should also be
tested for removal of other organic contaminants of emerging

D G
AS 1360 1583
AS/BPA 1366 1584
AC 1337 1578
AC/BPA 1339 1580

concern from water. Its high surface area correlated well with its
four-fold higher BPA adsorption capacity than that of commercial
AC. In fact, with 1113 + 52 mg/g, AS has the highest BPA adsorption
capacity of all reported carbon materials. The adsorption of BPA on
AS was thermodynamically favorable and proceeded through -7
interaction. For both AC and AS, diffusion of BPA into the small
mesopores and micropores was determined as the rate limiting
step. Further improvements such as enhancing the selectivity of AS
towards BPA by modifying surface functionality and controlling
pore structure may result in more efficient utilization of adsorption
capacity and enhance the feasibility of AS for targeted removal of
micropollutants from wastewater effluents.
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