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KEYWORDS Abstract Activated carbon (AC) derived from gasified Glyricidia sepium woodchip (GGSWAC)
Adsorption; was prepared using KOH and CO, activation via microwave radiation technique to remove atenolol
Activated carbon; (ATN) from aqueous solution. The surface area (Sggr) and total pore volume (TPV) of GGSWAC
Atenolol; were 483.07 mz/g and 0.255 cm®, respectively. The n-BET model fits well with the isothermal data
Multilayer adsorption; indicating a multilayer adsorption with the saturation capacity of 121, 143 and 163 mg/g at 30, 45
Glyricidia sepium and 60 °C, respectively. The kinetic study showed that ATN adsorption followed Avrami model

equation (R? = 0.99). Based on the thermodynamic parameters, the adsorption of ATN onto

GGSWAC was endothermic (AHg = 234.17 kJ/mol) in the first layer of adsorption and exothermic

in the subsequent layer (AH; = —165.62 kJ/mol). The ATN adsorption was controlled by both dif-

fusion and chemisorption. In continuous operation, the Thomas (R*> = 0.9822) and Yoon—Nelson

(R? = 0.9817) models successfully predicted the ATN adsorption.

© 2020 The Authors. Published by Elsevier B.V. on behalf of King Saud University. This is an open access
article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Atenolol (ATN) has been broadly used to treat hypertension,
chest pain, cardiovascular diseases, as well as heart rhythm
problem (arrhythmias) (Dehdashti et al., 2019). Approxi-
mately 50% of the administered dose is excreted through
urine, with 90% still in the form of active compound (Haro
i et al., 2017). The widespread consumption of ATN and its
ELSEVIER Production and hosting by Elsevier limited metabolic function in the human body resulted in a
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large presence of this drug in the wastewater and surface
waters. The existence of these drugs in the aquatic environ-
ment can affect heart rate, reproduction and growth of some
aquatic species (Massarsky et al., 2011). To reduce the poten-
tial risk caused by ATN to aquatic environment, its removal
is significantly important. Compared to other processes,
adsorption has several advantages including high removal
performance, simple operation, low operation cost, and no
intermediates and by-products generation which makes it
more attractive means of wastewater treatment (Jang and
Kan, 2018). Few reported studies on ATN adsorption include
the application of corncob (Fu et al., 2020), clay (Chang
et al., 2019), nanoparticles (Hayasi and Saadatjoo, 2018),
palm kernel shell (To et al., 2017), graphene oxide (Kyzas
et al., 2015), kaolinite (Hu et al., 2014), apple tree branches
(Marques et al., 2018) and commercial AC (Sotelo et al.,
2012).

To date, there have been no reported studies on ATN
removal using carbon residues from biomass gasification
plants (GC). The growth of gasification industry, which was
anticipated to increase up to US $126 Billion by 2023 will
create a substantial increase in solid waste management prob-
lem. Hence, it is beneficial to develop the GC as a precursor
for activated carbon (AC). The research on GC application
in adsorption is very rare, despite its high potential as an
adsorbent in water and wastewater treatment applications
(Jung et al., 2019). Several reported literatures regarding its
application in adsorption includes phosphate and nitrate
removal (Kilpimaa et al., 2014, 2015), nickel, iron and copper
removal (Runtti et al, 2014), rhodamine B removal
(Maneerung et al., 2016); congo red and crystal violet
removal (Jung et al., 2019), toluene removal (Bhandari
et al., 2014), malachite green removal (Ahmad et al., 2020),
and acetaminophen and caffeine removal (Galhetas et al.,
2014a, 2014Db).

This study aimed to synthesize AC using the less explored
material (GC residue from biomass gasification plant) and
examine its characteristic and ATN removal efficiency. The
study was conducted both in batch and continuous operation
to investigate the equilibrium and kinetic behaviour of ATN
adsorption. Due to several limitations of Langmuir and Fre-
undlich models (i.e: Langmuir model only valid for homoge-
neous system and ignore the adsorbate-adsorbate
interactions, while Freundlich model is only empirical without
a theoretical basis and fails at high pressure), other model such
as n-BET equation, which was rarely applied will be used to
predict the adsorption performance of ATN.

2. Materials and methods
2.1. Materials

2.1.1. Precursor preparation and physicochemical activation

Gasification waste from Glyricidia sepium woodchips (GGSW)
were obtained from a commercial gasification plant in Sri
Lanka. All chemicals used in this study were of analytical
grade supplied by Sigma Aldrich. Details on ATN are given
in Table 1.

The sample of GGSW was washed, dried at 105 °C for
24 h and treated with potassium hydroxide (KOH) (impreg-
nation ratios = 1.55). Deionized water was then added to

dissolve all the KOH pellets. The sample was dried in the
oven overnight at 105 °C for 24 h. A modified 2.45 GHz
microwave oven (Electrolux EMM2001W) was used for acti-
vation at 445 W for 1 min with CO, gas flow rate of 150 cm®/
min. This was the optimum condition for ATN adsorption
based on the preliminary study using response surface
methodology (Karami, 2017; Salari et al., 2019). Fig. 1 illus-
trates the schematic diagram of the microwave activation
unit. The microwave heating technique (Cheng, 2018) was
opted in this work rather than conventional heating to ensure
a uniform heating, short activation time and excellent poros-
ity distribution. The activated product was then cooled to
room temperature under nitrogen flow. The sample was then
rinsed with deionised water and HCI1 (0.1 M) to reach pH 7
and finally dried at 110 °C for 24 h.

2.2. Characterization methods

Nitrogen adsorption—desorption measurements (Model:
Micromeritics ASAP 2020, USA) were performed to deter-
mine the Brunauer—Emmett-Teller (BET) surface area,
Barrett-Joyner-Halenda (BJH) pore size distribution, total
pore volume (TPV), and average pore diameter (APD) of
the sample. Prior to the analysis, the sample was degassed
for 2 h under vacuum at 300 °C. The surface morphology
of the samples was examined via scanning electron micro-
scopy (Model: LEO SUPRA 55VP, Germany). The proxi-
mate analysis was analyzed using TGA equipment (Model:
Perkin Elmer STA 6000, USA), while elemental analysis
was conducted using a CHONS analyzer (Model: Perkin
Elmer Series II 2400, USA). Fourier-transform infrared
(Model: Shimadzu Prestige 21, Japan) spectroscopy was used
to evaluate the chemical structural properties. Before analy-
sis, the sample was crushed into powder form and dried at
150 °C for 24 h. The fine sample with 0.1 wt% potassium
bromide (KBr) were pressed to form a disc. The spectra were
recorded from 4000 to 400 cm ™', 40 scans were taken at a

resolution of 4 cm™".

2.3. Equilibrium study

The adsorption of ATN was conducted at natural pH (around
7.4) by varying the initial ATN concentrations (50-300 mg/L)
and temperatures (30, 45 and 60 °C) using a water bath shaker
for 24 h. In each test, GGSWAC with a mass of 0.05 g was
mixed with 50 mL ATN solution. The experimental points
were examined using the non-linear form of Langmuir, Fre-
undlich, Dubinin-Radushkevish, Temkin, Sips and n-layer
BET isotherm models (Ahmad et al., 2020). These equations
were solved using a curve fitting tool provided in MATLAB
R2019b.

2.4. Kinetic study

Similar steps in equilibrium study were applied for the contact
time ranging from 15 to 1440 min. The non-linear form of
pseudo-first order, pseudo-second order, Elovich and Avrami
kinetic models (Ahmad et al., 2020) were used to evaluate
the effect of contact time on ATN adsorption. A curve fitting
tool provided in MATLAB R2019b was used to solve the non-
linear equations.
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Table 1 ATN basic information.

Molecular formula Molecular weight (g/mol)

Molecular dimension (nm)

Chemical Structure

C14H22N203 266.34

(0) CH
1.19 x 1.03 x 0.44 (L x W x D) w \)\/ Y 3
HaN CH;

OH

iz

Gas flowmeter

D& DG

Valve Pressure regulator

Power control
knob
m. ?
Scrubber Microwave \
Char Tinle control CO, gas
knob
Fig. 1 Microwave Activation Unit.

2.5. Thermodynamic study

Thermodynamic parameters of ATN adsorption were studied
by applying the van’t Hoff equation (Saha and Chowdhury,
2011):

- " RT (1)
where K, is the equilibrium constant (dimensionless),
AG' (kJ mol ™) is the Gibbs energy change, AH' (kJmol ') is
the enthalpy change, AS (kJ mol™' K™') is the entropy
change and R(8.314 J mol™' K™') is the universal gas

constant.
The standard free energy change was calculated as:

AG = AH —TAS 2)

o

AG" = —RTIn(K,) 3)

The thermodynamic equilibrium constant was approxi-
mated by the equilibrium constant of monolayer (Kg) and mul-
tilayer (K ) (provided in the BET equation) (Ebadi et al., 2009;
Qu et al., 2018).

The calculation of the thermodynamic equilibrium constant
was based on following equation:

1000 mg/gx Ky, x molecular weight of adsorbate x [adsorbale]c
s
=2k (4)

K.

where [adsorbate]® is the standard concentration of the adsor-
bate, whose concentration by definition is 1 mol/L at standard

conditions and 7y is the coefficient of activity of the adsorbate
(dimensionless) (Lima et al., 2019).

It is assumed that the solution is sufficiently diluted to con-
sider that the activity coefficient (which is a function of the
ionic strength of the solute at adsorption equilibrium and the
charge carried by solute) is unitary (Kasperiski, 2018).

2.6. Continuous adsorption study

The continuous adsorption of ATN was assessed using a
14 mm inner diameter glass tube with a length of 160 mm.
ATN solution (100 mg/L) was pumped upward through the
column at a desired flow rate (0.5, 1 and 2 mL/min) by a peri-
staltic pump without any pH modification (natural pH). Sam-
ples were collected at the column exit, and the operation was
stopped when C,/C, reached unity. The ATN concentration
in the effluent was determined using a double-beam UV-Visi-
ble spectrophotometer (Model: Agilent Cary 60, USA) at
285 nm. Thomas Eq. (5) (Jain and Gogate, 2018) Yoon—Nel-
son Eq. (6) (Lonappan et al., 2019) and Bohart-Adam Eq.
(7) (Jang and Lee, 2019) models were employed for the analysis
of column breakthrough curves.

[
Co 1 +exp (kTHq()% - kmcol)

C, 1

i 6
(Co) 1 + explkyy(t — 1)] (6)
C kpsNoH

(a;) =exp (kBA Cot — %) (7)

where k7y(mL/mg hr) is the Thomas kinetic constant,
go(mg/g) is the maximum capacity of the sorbent, Q(mL /hr)
is the volumetric flow rate, m(g) is the mass of the adsorbent
used, Cy(mg/mL) is the initial adsorbate concentration,
kyy(hr™') is the Yoon-Nelson constant, t(hr) is the contact
time required for 50% breakthrough of the adsorbate,
kp4(mL/mg hr) is the Bohart-Adams constant, No(mg/L) is
the saturation concentration, H(cm) is the bed height, and
v(cm/min) is the linear flow rate.

3. Results & discussion
3.1. Characteristic of GGSWAC

3.1.1. N, Adsorption isotherms and physical properties

The N, adsorption—desorption isotherm for GGSWAC is indi-
cated in Fig. 2(a). GGSWAUC illustrated a combination of
Type I and II sorption isotherms (Du, 2016; Yang and
Hong, 2018) indicating the presence of micropores and meso-
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pores. The pore size distribution in Fig. 2(b) shows that the
pore size of GGSWAC was concentrated in the range of
1.63-1.81 nm. Similar trends were reported by Pallarés et al.
(2018), Jang and Kan (2018), and Haryati et al. (2018), where
each studied the characterization of AC and biochar. Accord-
ing to Song et al. (2013), ATN has a molecular size of 1.19 n
m x 1.03 nm x 0.44 nm (L x W x D), which indicated that
ATN molecules can agglomerate on the surface of GGSWAC
with an APD of 2.11 nm. Table 2 shows the porous structure
parameters of GGSWAC.

3.1.2. Sample morphology

The surface morphology of GGSWAC which is illustrated in
Fig. 3 indicates that GGSWAC possessed a porous structure
in cylindrical shape which is ideal for excellent adsorption of
ATN. Similar structures were reported by Mondal and
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Fig. 2 (a) N, adsorption-desorption isotherms of GGSWAC (b)
PSD of GGSWAC.

Majumder (2019), who characterized AC derived from natural
resources.

3.1.3. Proximate and elemental analysis

Table 3 summarizes the proximate and ultimate composition
of GGSWAC. In general, the synthesized GGSWAC closely
follows the AC standard in SNI-06-3730-1995 (Pandia et al.,
2018). The lower H/C molar ratio of 0.4 shows the high aro-
matic structure of GGWAC which contributed to n- © interac-
tions for ATN adsorption.

3.1.4. Sample functional groups

The surface chemistry of GGSWAC in Fig. 4 illustrates peak
at 3435 cm~! which associated to the existence of hydroxyl
O—H group (Gao et al., 2018). The peak at 1548 cm™" indi-
cates the C=C stretching vibrations in the aromatic ring
(Koyuncu et al., 2018). The small peaks at 1396 and 1238 cor-
respond to C—O stretching vibrations in alcohols, phenols and
ethers (Korus et al., 2018). These functional groups are respon-
sible for ATN adsorption by interaction via hydrogen bond
and m-m interaction. Similar findings were reported by Wang
et al. (2018) and Yang (2014).

3.2. Adsorption performance

3.2.1. Effect of initial concentration

Fig. 5 shows that as the initial ATN concentration increased
from 50 to 300 mg/L, the adsorption uptakes of ATN mole-
cules increased from 25.65 to 120.94 mg/g. This was due to lar-
ger mass transfer driving force at higher initial concentration
to overcome the mass transfer resistance of ATN between
the liquid and solid phase. At higher initial concentrations,
the number of ions competing for the available sites on the sur-
face of adsorbent is high, thus causing higher ATN adsorption
capacity (Azari et al., 2020). The trend was consistent with
adsorption study reported by To et al. (2017) and Fu et al.
(2020).

3.2.2. Effect of temperature

The influence of temperature on ATN adsorption is given in
Fig. 6. An increasing trend in ATN adsorption capacity was
observed as the solution temperature increased from 30 to
60 °C indicating the endothermic nature of the ATN adsorp-
tion reaction. The adsorption capacity increased from 120.94
to 164.47 mg/g when the temperature was raised from 30 to
60 °C. This was due to more ATN molecules gained adequate
energy to interact with the active sites of AC at higher temper-
ature. Increasing the temperature also resulted in an increase
of rate of ATN diffusion across the liquid film and in the inte-
rior pores of the GGSWAC due to the reduction in the solu-
tion viscosity (Ahmad et al., 2015). Similar finding was
reported by Dehdashti et al. (2019) who studied the effect of
temperature on ATN adsorption at temperature between 20
and 50 °C using carbon nanotubes.

3.2.3. Effect of pH

The influence of solution pH on adsorption capacity is illus-
trated in Fig. 7. The adsorption of ATN depends on the
pKa of the amines (which is 9.6) and the pH of the solution.
The ATN solution is mainly in positively charged manner
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Table 2 Porous structure parameters of GGSWAC.

Sper (m*/g) TPV (cm’/g) Vimiero (cm’*/g) APD (nm) % Vimicro Smicro/SBET
483.07 0.255 0.147 2.11 57.56 60.84
(
GGSWAC

Fig. 3 SEM images of GGSWAC.

below its pKa (Kyzas et al., 2015). The pHpzc for GGSWAC
was found at pH 4.8. At pH < pHpyzc, the GGSWAC surface
was positively charged while at pH > pHpyc, the surface
became negatively charged. Therefore, when the pH is above
pH,,. the GGSWAC surface possessed the net negative charge
and promoted the electrostatic attraction with positively
charged ATN solution. Hence the adsorption uptake increased
from 67.65 to 74.71 mg/g at pH 4 and pH 8. However, at pH
above the pKa value, ATN molecules were deprotonated and
became neutral, thus causing a declining trend in ATN uptake
at pH 10 to 12. The best pH for ATN adsorption was found at
8, similar to the study conducted by Haro et al. (2017), Fu
et al. (2020), and Chang et al. (2019).

3.2.4. Adsorption isotherm

Fig. 8 illustrates the plots of Langmuir, Freundlich, Dubinin-
Radushkevich, Sips, Temkin, and n-BET isotherm models and
Table 4 indicates the values of each model parameter. It was
observed that the four-parameter n-BET model shows good
agreement to the experimental data, with the highest values
of R? and the lowest values of 2 at all studied temperatures.
The n-BET isotherm assumes that there are a maximum n lay-
ers that can be adsorbed onto the internal surface of AC.
Based on npgr values of higher than 2, it was concluded that
the ATN adsorption onto GGSWAC took place in a multi-

Table 3 Proximate and elemental composition of GGSWAC.
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Fig. 4 FTIR Spectra of GGSWAC.
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Fig. 5  Effect of initial concentration.

layer adsorption manner with maximum number of layers
equal to 2.5, 2.1 and 2.7 at 30, 45 and 60 °C. This was further
proven by the values of ng predicted by Sips which were far
from unity, suggesting heterogenous distribution of adsorption
sites. The saturation capacity predicted by n-BET model (from
the plot) was 121, 143 and 163 mg/g at 30, 45 and 60 °C,
respectively. Sips model combines the Freundlich and Lang-
muir isotherms, which provide a finite limit in the number of
adsorbed molecules at high concentration. The maximum
capacity predicted by Sips was 124, 151 and 239 mg/g at 30,

Proximate Analysis (%)

Elemental Analysis (%)

Volatile matter Fixed Carbon Moisture Ash

C H N (0] S

17.10 66.84 15.23 0.83

72.99 2.46 0.14 24.33 0.08
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The Dubinin-Radushkevich model was used to evaluate the
pore characteristic and the energy of adsorption. The energy of
adsorption, E, given by Dubinin-Radushkevich was applied to
evaluate the type of adsorption; when 1 < E < 8 kJ/mol, the
adsorption is categorized as physical process, when
8 < E < 16 kJ/mol, the adsorption involves ion exchange,
and when E > 16 kJ/mol, the chemical adsorption is involved.

0
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Fig. 6  Effect of temperature.

60

In this study, the adsorption energy, E was greater than 16 kJ/-
mol indicating the chemical adsorption may play an important
role in the first layer of adsorption. However, the Temkin con-
stant, bt which correspond to the heat of adsorption was lower
than 20 kJ/mol, manifesting the physisorption process. Thus,
the adsorption thermodynamics data were used to validate

ApH = pHe-pH;
100 - pH = pHi-p

(final pH — initial pH)

the results.
Langmuir assumes a monolayer adsorption, homogeneous
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surface and uniform adsorption energy. At higher temperature
(T = 60 °C), this model showed greater correlation with the
isotherm data (R? = 0.9979) owing to higher monolayer affin-
ity towards GGSWAC and ATN interaction in the first layer
compared to ATN-ATN interaction in the subsequent layer.
The maximum monolayer adsorption capacity predicted by
Langmuir model was 187.4, 223.1 and 223.8 mg/g at 30, 45
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Table 4 Values of isotherm parameters for the adsorption of ATN onto GGSWAC at different temperatures.

Model Parameter 30 °C 45 °C 60 °C
LM Qm 187.40 223.10 223.80
K 0.0124 0.0137 0.0196
2 0.9180 0.9430 0.9979
: 9.9438 9.0470 0.2877
FR Kp 9.30 11.11 15.44
np 1.946 1.905 2.049
2 0.8479 0.8843 0.9818
2 16.3163 15.5106 2.5339
TK br 0.0521 0.0475 0.0567
K 0.0862 0.1025 0.1993
2 0.9385 0.9610 0.9919
; 6.1295 5.2994 1.4012
DR Qbr 123.70 142.20 154.70
E 18.35 14.38 12.16
2 0.9950 0.9761 0.8242
2 0.8794 2.4413 1337.6569
Sips Qs 124.00 151.40 239.30
Ksips 0.0003 0.0008 0.0223
ng 2.1950 1.9670 0.9310
R? 0.9930 0.9870 0.9983
e 1.0738 2.3662 0.1718
n-BET Qwm.BET 48.98 72.03 78.00
Ky 3.8350 0.6442 0.0128
Kg 1.15 x 107 0.0009 0.0670
T 2.52 2.09 2.71
2 0.9987 0.9871 0.9983
2 0.1650 2.2053 0.1564

*LM = Langmuir, FR = Freundlich, TK = Temkin, DR = Dubinin-Radushkevich.
*unit: Q,, = mg/g, Ki = L/mg, Kg = mg/g (L/mg)"/™, by = J/mol, Kt = L/mg, Qpr = mg/g, E = kJ/mol, Qs = mg/g), Kgips = (L/mg)™,
Qm.er = mg/g, Ky ger = L/mg, Kg = L/mg.

Table 5 Values of kinetic model parameters for the adsorption of ATN onto GGSWAC at different initial concentrations.

Model Parameter Initial Concentration (mg/L)
50 100 150 200 250 300
PFO ki x 107" (1/min) 0.323 0.742 1.393 1.109 1.067 1.060
qe (mg/g) 23.73 57.67 85.93 105.50 111.50 115.40
R? 0.767 0.662 0.566 0.558 0.478 0.590
Aq (%) 12.652 7.033 3.122 4.860 5.970 4.886
PSO k, x 1072 (g/mg min) 0.198 0.221 0.460 0.230 0.193 0.195
qe (mg/g) 25.34 60.12 87.51 108.50 115.00 118.80
R? 0.946 0.936 0.864 0.904 0.850 0.906
Aq (%) 6.711 3.183 1.739 2.312 3.249 2.355
o x 10* (mg/g min) 0.003 4 245 424 336 397
Elovich B (g/mg) 0.364 0.263 0.219 0.183 0.170 0.166
R? 0.931 0.899 0.328 0.836 0.919 0.907
Aq (%) 5.954 3.702 3.907 2.711 2.164 2.194
qe (mg/g) 25.94 61.51 91.20 110.90 120.00 122.60
nav 0.430 0.325 0.157 0.253 0.223 0.236
Avrami kav (1/min) 0.026 0.105 3.451 0.408 0.358 0.383
R? 0.991 0.995 0.986 0.988 0.981 0.998
Aq (%) 2.704 0.817 0.595 0.815 1.185 0.362

*PFO = Pseudo-first order, PSO = Pseudo-second order.
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adsorbent surface becomes more heterogeneous as this value
approaches zero. The values of 1/ng in this study were in the
range of 0.49-0.52 indicating a favourable adsorption.

The following show the ranking of the isotherm models in
descending order (best to poorest fitting), with respect to the
R? andy* wvaluess n-BET > Sips > Dubinin-
Radushkevich > Temkin > Langmuir > Freundlich. The
results demonstrated the suitability of n-BET model to
describe the multilayer adsorption of ATN.

3.2.5. Adsorption kinetic

Table 5 summarizes the kinetic parameter values of the PFO,
PSO, Elovich and Avrami models. It was found that the
adsorption of ATN onto GGSWAC followed the Avrami
model, which recorded the highest values of R?. Besides, the
Qeexp Values agreed satisfactorily with the qeca values which
resulted in low values of Aq (0.362 to 2.704%). The qe.ca val-
ues were 25.94, 61.51, 91.20, 110.90, 120.00 and 122.60 mg/g
while the qccq, values were 25.65, 60.94, 89.18, 109.76,
117.41 and 120.94 mg/g. The PSO model also reasonably fitted

0 - R?=0.9984
< 50mg/L
O 100 mg/L
0.15 O 150 mg/L
= X 200 mg/L
ED X 250 mg/L
£ A 300 mg/L R%=0.9997
< 0.1 4
<
m\d: R? = 1.0000
0.05 - 25 R?=0.9999
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Fig. 12 Diffusion-chemisorption plot.
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the ATN adsorption with most of the R? values were greater
than 0.900. In addition, some of the kinetic data correlated
well with Elovich model, suggesting the possibility of
chemisorption involved. In contrast, the experimental data
poorly fitted the PFO model equation. Similar findings have
been reported by Chang et al. (2019) and To et al. (2017)
who also studied the adsorption of ATN onto AC. Fig. 9 illus-
trates the fitting of these models using the experimental data at
various initial ATN concentrations.

3.2.6. Rate limiting step of adsorption

Fig. 10 shows the Weber Moris intraparticle diffusion plot for
ATN adsorption onto GGSWAC at various initial concentra-
tions. According to this model, the adsorption is solely intra-
particle diffusion (IPD) controlled if the plot of g, versus t*>
gives a straight line and crosses the origin. However, if the plot
exhibit multi-linearity, more than one steps are involved in the
process (Choudhary et al., 2020). The results demonstrated a
multilinearity and do not pass through the origin, hence IPD
was not the only step in controlling the adsorption process.
In order to confirm whether film diffusion or IPD was the
rate-limiting step, the kinetic result was further analyzed using
the Boyd model. The rate of mass transfer was controlled by
IPD if the plots of B, versus ¢ at different ATN concentrations
linearly pass via the origin. In contrast, if the plots are linear or
nonlinear but do not pass through the origin, the adsorption
process may be limited either by film diffusion or chemical
reaction (Sartape et al., 2017). From Fig. 11, the adsorption
rate was not limited by IPD as the plot does not passed
through the origin and therefore film diffusion or chemical
interaction limits the rate of ATN adsorption.

To confirm whether both diffusion and chemisorption con-
trol the ATN adsorption process, the data were fitted to
diffusion-chemisorption model (Pholosi et al., 2019; Tavlieva
et al., 2013). Fig. 12 indicates the plot of diffusion-
chemisorption model for ATN adsorption. It was observed
that the data were excellently fitted with sufficiently high cor-
relation coefficient R2, thus confirming that the overall mech-

H3CJ>HN'\(\0 °©

ATN-GGSWAC interaction.
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Table 6 Thermodynamic parameters of ATN adsorption by GGSWAC.
Temperature (K) Monolayer Multilayer
AGs (kJ/mol) AHg (kJ/mol) ASs (J/K mol) AGy. (kJ/mol) AH; (kJ/mol) ASp (J/K mol)
303.15 —-2.82 234.17 781.69 —34.87
318.15 —14.48 —31.88 —165.62 —427.78
333.15 —26.28 —22.53
bond donor in ATN and the hydroxyl group (H-bond accep-
20 5 I tor) of the GGSWAC, H-bonding between the hydroxyl group
monaaver of GGSWAC and the amide group (H-bond acceptor) in
O multilayer . . . .
ATN; and =n- 7 interaction between the aromatic groups in
GGSWAC surface and the ATN molecules.
<10 R?=0.9364 Fig. 13b shows the ATN-ATN interactions in the subse-
- quent layer of ATN adsorption. The possible interactions
include m-m interactions between the ATN-ATN aromatic
, rings; H-bonding between the H-bond donor and the H-
0 R”=1.0000 bond acceptor in amide group of ATN-ATN molecules; and
0.0029 0.003 0.0031 0.0032 00033 0.0034 London dispersion forces between the alkyl chains in ATN
T (1/K) molecules.

Fig. 14 Van’t Hoff plot.

anism of ATN adsorption were ruled by both film diffusion
and chemisorption.

3.2.7. Adsorption mechanism

Fig. 13a shows the proposed GGSWAC-ATN interaction on
the first layer of ATN adsorption. The possible interactions
include electrostatic interactions between the negatively
charged hydroxyl group (when pH > pHpzc) and the proto-
nated ATN (when pH < pKa); H-bonding between the H-

3.2.8. Adsorption thermodynamic

The thermodynamic parameters, which were determined sepa-
rately for both monolayer and multilayer steps (Scheufele,
2016) are summarized in Table 6. AG values were all negatives,
indicating that the adsorption of ATN by GGSWAC was ther-
modynamically spontaneous. The multilayer AGy were greater
than monolayer AGg at 30 and 45 °C indicating a greater mul-
tilayer affinity towards ATN-ATN interaction rather than
ATN-AC interaction. The absolute values of AGs increased
as the temperature of the adsorption increased, indicating that
the adsorption process was thermodynamically favorable at
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higher temperature on the first layer. In contrast, the magni-
tude of AGL declined with temperature, indicating that the
adsorption process was thermodynamically favorable at lower
temperature on the subsequent layer of GGSWAC surface.
The negative value of multilayer AHy revealed the exothermic
process, while the monolayer adsorption has shown a positive
value of AHg indicating an endothermic process. The mono-
layer adsorption enthalpy value AHg was greater than 80 kJ/-
mol indicating a chemisorption process (Bello et al., 2015).
This result shows a good agreement with the values of heat
of adsorption provided by Dubinin-Radushkevich, Epg,
which were in the range of chemisorption (8-16 kJ/mol). The
high adsorption energy might be due to polar interactions of
aromatic n-donor and m-acceptor compounds with estimated
adsorption energy in the range of 4-167 kJ/mol (Delgado
et al., 2015) and H-bonding with estimated adsorption energy
in the range of 2—40 kJ/mol (Afonin et al., 2018; Ghaly et al.,
2016). The positive value of the monolayer adsorption entropy
ASg indicates an increase in randomness at the adsorbent-
solution interface (Zaidi et al., 2019) and poor reversibility
of adsorption (Bello and Ahmad, 2011). On contrary, the neg-
ative value of AS; at the multilayer adsorption step indicates a
decrease in disorder of system’s interface (Scheufele, 2016).
The van’t Hoff plot is depicted in Fig. 14 with high values of
R? indicating a reliable estimation of thermodynamic
parameters.

3.3. Fixed-bed column study

3.3.1. Effect of fixed-bed column parameters

Table 7 indicates the effect of fixed bed column parameters for
ATN adsorption by GGSWAC at 30 °C. The exhaustion time
(to) was found to decline from 53.3 to 7.5 h as the influent flow
rate was increased from 0.5 to 2.0 mL/min. This was due to
insufficient residence time between the surface of adsorbate
and adsorbent at higher flow rate, and thus limiting the diffu-
sion of the solute into the pores of the adsorbent. It was also
noticed that an increase in the ATN initial concentration
resulted in a decrease in the breakthrough time (t;,) and
exhaustion time. Higher influent concentration increased the

driving force for mass transfer across the liquid film and accel-
erated the adsorption rate, leading to an earlier exhaustion of
the fixed-bed column. Finally, increasing the bed height from 1
to 3 cm led to an increase in ty, t. and bed capacity of ATN
adsorption. This was due to more active sites available for
the sorption of ATN at higher bed depths and adsorbent
dosages. The results were in agreement with Nithya et al.
(2020), Kumari and Dey (2019) and Ang et al. (2020) who also
studied adsorption in continuous fixed-bed column.

3.3.2. Dynamic modelling of breakthrough curves

The experimental data for adsorption of ATN onto GGSWAC
were fitted to three models, namely Thomas, Yoon-Nelson and
Bohart-Adam models at constant flow rate, initial concentra-
tion and bed height of 0.5 mL/min, 100 mg/L and 2 cm, respec-
tively. The fit between experimental and calculated data were
compared based on the correlation coefficient, R> and the
results are shown in Table 8 and Fig. 15. Thomas model shows
very good correlations for breakthrough data with R? value of
0.9822. The maximum bed capacity, qg, calculated by Thomas
model was reasonably close to the experimental adsorption
capacity presented in Table 7, confirming the applicability of
Thomas model to column design and analysis. Thomas model

1.4 7
1.2 7 ® o
1 4 Thomas
S o8 et Yoon-Nelson
B“ 06 = == Bohart-Adam yd
0.4 1
029__ —
0 -80000880-¢ —0-0 ; ; ;
0 10 20 30 40 50
t (hr)

Fig. 15 Theoretical and actual breakthrough curves for ATN
adsorption onto GGSWAC at flow rates of 0.5 mL/min.

Table 7 Effect of fixed bed column parameter on ATN adsorption.

Q (mL/min) Co (mg/L) H (cm) Breakthrough time (hr) Exhaustion time (hr) Qpeq (MgE/g)
1 200 2 3.1 12.8 72.58

1 150 2 6.2 14.5 69.60

1 100 2 8.2 20.5 58.41

2 100 2 2.2 7.5 37.51

0.5 100 2 24.7 53.3 89.71

0.5 100 1 7.0 20.2 33.43

0.5 100 3 45.8 87.0 125.21

Table 8 Thomas, Yoon—Nelson, and Bohart-Adam model parameters for ATN adsorption by GGSWAC.

V4 Q Thomas model Yoon—Nelson model Bohart-Adam model
(em)  (ml/ o R s () kyy (hr!) ©(h) R kpyyx 10 (L/mg hr) Nox 10° (mg/L) R
™ (ml/mg hr) (mg/g)

20 05 225 87.45 0.9822  30.7 0.219

32.1 0.9817 4.84 50.24

0.8565




Atenolol sequestration using activated carbon

7555

Table 9 Comparison of ATN adsorption capacity of
GGSWAC with other adsorbents.

Adsorbent ATN adsorption Ref
capacity (mg/g)

Commercial AC 18.8

Activated palm 183.8

kernel shell

Corncob biochar 86.9

Graphene oxide 116.0

Haro et al. (2017)
To et al. (2017)

Fu et al. (2020)
Kyzas et al. (2015)

Magnetic 47.8 Hayasi and
nanoparticles Saadatjoo (2018)
Commercial 80.4 Sotelo et al. (2012)
granular AC

Kaolinite 86.0 Hu et al. (2014)

Carbon nanotubes 16.8
Filtrasorb 400 AC  65.0

Amin et al. (2018)
Delgado et al.

Picabiol AC 49.1 (2015)

Nirmali Seeds 32.1 Archana Rao et al.
(2020)

GGSWAC 163.0 This study

is applicable in system with a constant flow rate and no axial
dispersion. With the given flow rate of 0.5 mL/min, it could
be assumed that axial dispersion does not take place. Hence,
it is reasonable to conclude that Thomas model fits well with
the experimental data. Yoon-Nelson model also predicted
the breakthrough curve very well, with R value of 0.9817
and time required to achieve 50% breakthrough obtained
experimentally (t,s) was significantly close to that estimated
by Yoon- Nelson model. These findings confirmed that both
Thomas and Yoon-Nelson models fitted well to the obtained
breakthrough data.

3.4. Comparison with other adsorbents

Comparisons of different adsorbents found in the literature
were done based on maximum adsorption capacity as shown
in Table 9. It was concluded that GGSWAC can be considered
as a valuable alternative for ATN removal from aqueous solu-
tion due to its high adsorption capacity.

4. Conclusion

The prepared GGSWAC possessed excellent characteristic for
ATN adsorption owing to high Spgr (483.07 m?/g) and TPV
(0.255 cm’/g), as well as high ATN removal capability of
121, 143 and 163 mg/g at 30, 45 and 60 °C, respectively. The
n-BET isotherm (R* = 0.9871-0.9987) and Avrami kinetic
(R? = 0.981-0.998) models were the best models to describe
the behavior of ATN adsorption onto GGSWAC in batch
operation while the Thomas (R*> = 0.9822) and Yoon-Nelson
(R® = 0.9817) equations were the best correlations to predict
the ATN adsorption in continuous mode. The ATN adsorp-
tion was governed by diffusion and chemisorption as the data
fitted well to diffusion-chemisorption model equation (R?> >
0.9999). The future research will emphasis on the surface mod-
ification for enhancing the ATN removal performance, as well
as the other characterization methods and regeneration capa-
bilities of the GGSWAC.
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