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ABSTRACT

Effluents from various industries release volatile organic compounds (VOCs) into the
environment which causes serious environmental hazards. Coconut shell-based porous
carbons were synthesized using chemical activation with potassium hydroxide (KOH) for
adsorption of benzene and toluene. Central composite design of the response surface
methodology was used in the optimization of the preparation conditions of the porous
carbons. The effects of microwave power, irradiation time, and KOH impregnation ratio
(IR) on benzene and toluene removal were investigated. The optimum condition was
obtained at microwave power of 500 W; irradiation time 4 min; and 1.5 KOH IR, which
resulted in 84 and 85% removal of benzene and toluene, respectively, at 95% yield of
activated carbon (AC) from the char. Equilibrium data were fitted to Langmuir,
Freundlich, and Temkin isotherms with all the models having R?>>0.94. The equilibrium
data were best fitted by Langmuir isotherm, with maximum adsorption capacity of 212
and 238 mg/g for benzene and toluene, respectively. High surface area of 1,354 m*/g and
highly microporous carbon prepared lead to the high adsorption capacities. Pseudo-
second-order kinetic model best fitted the kinetic data. The ACs produced can be used to
remediate water polluted by VOCs.
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1. Introduction

Considerable concerns have been raised all over
the world over the presence of volatile organic com-
pounds (VOCs) in the environment, because gaseous
effluents and produced water from process industries
like refineries, pharmaceuticals, paint, gasoline from
filling stations, solvents for manufacturing industries,
transportation, and auto exhausts release VOCs into
the atmosphere and aqueous environment which
causes serious environmental challenges. Studies have
also reported that the presence of different VOCs in
drinking water in 11 states at peninsular Malaysia was
attributed to the improper disposal practice [1,2].
Many of these VOCs are hazardous to human health
and the environment as they are flammable, toxic, car-
cinogenic, and mutagenic agents [3-10]. Many are also
compounds of fuels, solvents, hydraulic fluids, and
dry cleaning agents commonly used in urban settings
such as bleach [11]. Air stripping, absorption, reverse
osmosis, biological, thermal and catalytic oxidation,
sonochemical, and other advanced oxidation processes
like Fenton, photo-Fenton, wet oxidation, ozonation,
photo catalysis, electrochemical, membrane-based
separation, and non-thermal plasma are among the
treatment methods used to remediate VOCs in water
[11], but they all have certain limitations in terms of
efficiency and cost.

Adsorption of various contaminants by activated
carbon (AC) has proven to be sustainable, environ-
mentally friendly, economical, and efficient which
makes it the most commonly used technique [9,12-14].
Coal and bio-based materials are the major precursors
for AC production, but coal is a fossil fuel with very
high cost and non-sustainable, hence the latter is an
indispensable alternative [15]. Nevertheless, abundant
portion of waste bio-based materials in the world also
serves as an environmental challenge. Similarly, the
agricultural sector in Malaysia has been growing
rapidly in the last decades, constituting over 2 million
tons of agricultural waste generated annually and
causing environmental menace [16]. Amongst these
agricultural wastes is coconut shell, with about 63%
production for domestic consumption in form of fresh
coconut, tender coconut, coconut oil, and processed
cream powders [16]. However, these wastes can be
converted to value-added products like AC, hence
solving disposal challenges.

The conventional method of activation results in
surface heating from the furnace wall, which does not
ensure a uniform temperature for different shapes and
sizes of samples and generates a temperature gradient
and high energy consumption. In recent years, micro-
wave (MW) has emerged as a promising alternative
energy source for the heating of materials, due to its
numerous advantages like volumetric internal heating,
uniform temperature distribution, rapid temperature
rise, and energy saving [17-19]. Moreso, AC is known
to be a good microwave absorber, and the regenera-
tion and modification of ACs have been successfully
conducted under microwave radiation [19,20]. In view
of the advantages highlighted above, MW technique
was employed for the activation process in this study.

However, the need for a more efficient and cost-
effective AC production process led to the optimiza-
tion of the production conditions using response
surface methodology (RSM) [21-24]. RSM is a statisti-
cal technique for designing experiment, building mod-
els, evaluating the effects of several factors, and
searching optimum conditions for desirable responses
or using the experimental data obtained from specified
experimental design to model and optimize any pro-
cess in which a response (dependent variable) of inter-
est is influenced by several independent variables
(factors). It also helps in understanding the interac-
tions among the parameters that have been optimized
through analysis of variance (ANOVA), numeric and
graphical analysis, respectively [21,25,26]. Another
important advantage of RSM is the reduction in the
number of experiments to be conducted as a result of
simplified central composite design (CCD) factorial
equation [18,27].

In order to obtain a high surface area of AC, the
AC was produced by two-step activation process as it
could enhance the surface area of the adsorbent
[28,29].

To the best of our knowledge, two-step activation
process in the synthesis of ACs from coconut shell
with microwave and potassium hydroxide (KOH) as
chemical activating agent using RSM for benzene and
toluene removal is yet to be reported.

This study was carried out to optimize the condi-
tions paramount for the production of AC from coco-
nut shell for adsorption of benzene and toluene. CCD
was chosen to evaluate the interaction of operating
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conditions such as activating agent to precursor ratio,
microwave power, and irradiation time, so as to
optimize the preparation of coconut shell porous
carbon for high yield and high removal percentage of
benzene and toluene. Equilibrium, kinetic, and iso-
therms studies were also carried out to establish the
correlation between the experimental and calculated
values from the model equations.

2. Materials and methods
2.1. Materials

KOH, benzene, and toluene were purchased from
Merck Chemicals Company, Malaysia. Coconut shells
were taken from Johor state, Malaysia. The shells were
adequately cleaned in distilled water and dried at
105°C for 48 h. After that, they were crushed and
separated using sieves and shakers to the size range
of 0.5-1.18 mm.

2.2. AC preparation

Preparation of the coconut shells for the AC syn-
thesis was described in our previous study [30,31].
The coconut shell porous carbon was prepared with
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KOH as activating agent at different impregnation
ratios (IRs) (1-3), and thereafter activated at micro-
wave power levels (200-600 W) and irradiation times
(0-12 min) as determined by the design of experiment
table (Table 1). Two-step activation procedure was
adopted from our previous study [29]. In two-step
activation, the precursor is first carbonized and the
resulting char is then activated; this helps to produce
carbon with high specific surface area. Initial pyrolysis
of the precursor was carried out in a furnace, under a
flow of nitrogen (150 cm®/min) from ambient tem-
perature to pyrolysis temperatures (600-700°C) at
10°C/min heating rate for 1 through 4 h. The resulting
char was activated in a microwave with different
KOH IRs (mass ratio; g/g), microwave powers, and
irradiation times as shown in Table 1. The mixture
was mixed properly and dried in the oven for 24 h at
105°C before loaded into the glass reactor of the
microwave and activated by heat treatment under a
CO, flow of 150 cm®/min at the designated power
levels and irradiation times. Then, the AC was cooled
and removed from the MW. The resultant activated
samples were washed with distilled water and 0.1 M
hydrochloric acid until the pH of the rinse was close
to six and then dried at 105°C for 24 h. The resulting
ACs were stored in desiccator prior to be used.

Table 1
Experimental design matrix and results

Factor 1 Factor 2 Factor 3 Response 1 Response 2 Response 3

Power level (X;), Irradiation time (X,), Impregnation ratio Ben ads. (Y1), Tol. ads. (Y,), Yield (Y3),
Run W min (X3) % % %
1 600 8.0 2.0 72.2 40.8 76.2
2 400 6.0 1.0 65.0 70.0 77.0
3 200 8.0 2.0 59.8 30.8 92.4
4 400 0.0 2.0 76.5 55.0 98.0
5 300 4.0 2.5 70.0 70.0 89.6
6 500 4.0 1.5 84.0 85.0 95.0
7 500 12.0 2.5 83.4 66.8 86.2
8 400 8.0 3.0 80.6 50.0 87.0
9 500 4.0 2.5 82.0 36.0 93.0
10 300 12.0 15 82.6 60.4 70.0
11 500 12.0 15 82.2 65.2 74.1
12 400 8.0 2.0 78.0 76.0 87.0
13 300 4.0 15 83.0 63.6 93.0
14 400 6.0 0.0 36.5 322 70.0
15 400 8.0 2.0 76.0 70.0 85.0
16 400 6.0 2.0 80.0 79.0 89.0
17 300 12.0 2.5 60.4 36.4 93.6
18 400 8.0 2.0 82.4 70.0 89.5
19 400 8.0 2.0 79.4 75.0 85.0
20 400 16.0 2.0 79.8 52.0 67.6
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2.3. Design of experiments

In the design of experiments, there are the depen-
dent and independent variables which are referred to
as factors and responses, respectively. In this study,
the factors considered in the production of the adsor-
bent were based on the CCD, a feature of the RSM.
The CCD method helps to reduce the number of
experiments and in turn optimizes the factors by
randomizing the experimental design and helps in
fitting the quadratic surface, the synergistic interaction
between the factors are also analyzed by the CCD
[26]. The RSM consists of inbuilt mathematical and
statistical models useful for the analysis of the com-
bined effects of the factors on the responses of interest
[27,31]. Other features of the CCD include 2" factorial
runs with 2n axial runs and n. center runs. Based on
preliminary studies and literature review, three factors
were identified to be important variables influencing
the characteristics of the produced AC. These factors
were considered in this study and they include; (i) X,
power level; (ii) X,, irradiation time, and (iii) X5, KOH
IR. The ranges of these three factors were equally
chosen based on literature and preliminary studies
[26,31]. In the experimental design stage of the CCD
as shown in Eq. 1, the three factors and their respec-
tive ranges resulted in eight factorial points, six axial
points, and six replicates, showing a total of 20 ran-
dom experiments to be conducted, and are presented
in Table 1.

N=2"+2n+n.=20 1

where N is the total number of experiments required
and 7 is the number of factors (3).

The validity and consistency of the experimental
results were determined by the center points. The
factors considered in this study were coded as high
and low at —1 and +1 intervals, respectively. The
randomization of the experimental sequence helps to
reduce the influence of the unrestrained factors. The
responses considered in this study are percentage
removal of benzene (Y7), percentage removal of
toluene (Y5), and AC yield (Y3).

2.3.1. Model fitting and statistical analysis

Design Expert software version 7.1.6. (STAT-EASE
Inc., Minneapolis, USA) was employed to carry out
the regression analysis of the experimental results to
establish its suitability with the generated equations
and also to statistically determine the significance of
the equations.
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2.4. Batch equilibrium studies

Batch adsorption studies were done by agitating
0.1g of the ACs with varying initial concentrations
(50-250 mg/L) of VOC solution in Teflon covered
30 mL sample bottles at 30°C in a shaker at 115 rpm.
The VOC concentration was determined using UV-Vis
spectrometer (Perkin Elmer Lambda 25) at 254 and
206 nm [9] for benzene and toluene, respectively. VOC
uptake at equilibrium, Q, (mg/g), was determined by:

(Co—Co)V

W ()

Qe =
where C, and C, (mg/L) are the concentrations of
benzene and toluene at initial stage and at equilib-

rium. V (L) is the volume of solution, and W (g) is the
mass of adsorbent.

2.4.1. Removal efficiency

The removal efficiency and adsorption capacity of
benzene and toluene on the synthesized activated
carbon (PHAC) were studied. The removal efficiency
was calculated from the equation:

C—C,

()

% Removal = x 100 3)

where C, is the initial concentration of the VOCs and
C, is the final concentration of benzene and toluene at
equilibrium.

2.5. Kinetics and equilibrium studies

Kinetics and equilibrium adsorption studies were
done by agitating 0.1 g of the AC with varying initial
concentrations (50-250 mg/L) of VOC solution in
Teflon covered 30 mL sample bottles at 30°C in a
shaker at 115 rpm. The VOC concentration was deter-
mined at preset intervals using UV-Vis spectrometer
(Perkin Elmer Lambda 25) at 254 and 206 nm for
benzene and toluene, respectively, to reach equilib-
rium. VOC uptake at equilibrium, Q, (mg/g), was
determined by Eq. (3):

(C,—C)V

W 4@

Q=

where C, and C; (mg/L) are the initial concentration
and concentration at a particular time f, of benzene
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and toluene; V (L) is the volume of the solution; and
W (g) is the mass of the ACs.

2.6. AC yield

The carbon yield was calculated based on the
following equation:

W,
Yield (%) = Wf % 100 ®)

where Wy and W; are the final mass of AC (g) and the
mass of char after carbonization (g), respectively.

2.7. Characterization of the prepared AC

Pore structural analysis was characterized with
Micromeritics ASAP 2020 for full isotherm analysis.
Scanning electron microscopy (SEM) analysis with
Karl Zeiss (EVO50 XVPSEM, Germany) was carried
out on PHAC to study the development of porosity
and surface morphology. The surface organic
structures of the AC was chemically and structurally
studied by Fourier transform infra red spectroscopy
(FT-IR) spectra recorded at 4 cm™' of resolution and
16 scans min~' between 4,000 and 370 cm ' using a
Perkin Elmer Spectrum one series model instrumen-
tal Analysis with the KBr disc method. The pH
value of the precursor material (CS), coconut shell
char (Char), and potassium hydroxide microwave
activated carbon (PHAC) were estimated using the
Japanese Industrial Standard, JIS Z 8802 [32].
Three grams of AC were soaked in a 100 mL of
deionized water, boiled for 5min, and the pH
was immediately measured using a HANNA porta-
ble pH meter once the solution cooled to room
temperature.

3. Results and discussion
3.1. Development of regression model equation

The correlation between the AC preparation factors
and the percentage removal efficiency were estab-
lished by the CCD of the RSM. Table 1 presents the
experimental design matrix with the corresponding
values of the responses obtained from the experimen-
tal studies. The percentage removal for benzene and
toluene was in the ranges of 36.5-84% and 32.2-85%,
respectively, while the yield of AC from the char was

7885

between 67.6 and 98%. From the model sum of
squares, the highest order polynomial with significant
values was selected.

After excluding the insignificant terms of the
model, the final empirical equations for benzene
removal efficiency (Y7), toluene removal efficiency

(Y;), and yield (Y;) are given in Egs. (6)—(8),

respectively:

Yy = 81.43 4 3.77x; + 0.27x3 + 4.30x1x3 — 3.16x]
—2.60x3 ©)

Y, =74.94 + 4.96x1 4 0.50x, — 8.86x3 + 5.94x7x3
—9.89x% — 5.51x3 — 3.30x3 @)

Y3 =84.45 —2.24x; 9.16x, + 0.34x3 ®

The appearance of positive sign before the terms indi-
cates synergistic effect, while negative sign is synony-
mous to antagonistic effect. The mean squares in the
ANOVA for the surface response quadratic models
were obtained by dividing the sum of the squares of
each of variation sources, the model, and the error
variance by the respective degrees of freedom. The
correlation coefficients R* supporting the coordination
between the optimization variables and the responses
are 0.82 for benzene and 0.85 for toluene. This indi-
cates that 82 and 85% of the total variation in the
removal efficiency of benzene and toluene was
ascribed to the experimental factors studied. The three
variables, i.e. IR, power level, and irradiation time all
contributed either individually or by way of interac-
tion to the removal of both benzene and toluene as
shown by the three-dimensional (3D) optimization in
Figs. 1 and 2. Power level and IR significantly
contributed to the adsorption process. This is shown
in the quantum of their F-values of 4.92 and 6.48 for
power level, respectively, as shown in Table 2. The
contribution was attributed to the high MW power
level needed for pores development and good
impregnation for intercalation of potassium metal to
the carbon material during activation [31].

3.2. Benzene and toluene (VOC) uptake

From the ANOVA analysis (Table 2) and Figs. 1
and 2, individual and synergistic effect of power level
and chemical IR had more significant influence on the
removal efficiencies of benzene and toluene, while
irradiation time had the least influence on the removal
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Fig. 2. A 3D response surface plot for toluene removal.

efficiencies of benzene and toluene by the produced
AC. As for the benzene percentage removal (Y7), the
ANOVA result (Table 2) shows that the F-value of
5.12 and Prob > F values of 0.0088 were obtained from
the selected model, which implies that the model is
significant. Values of Prob > F less than 0.0500 indicate
that the model terms are significant. In this case, X?

7/
iy 777
ittt
IIIIIIIIIII’I;IIIII;II;;IIIlllIIIIII
777

il
IllIllIllIIllIIlZ;;ll;lll’;””II;;;

8.00
X3: I. Ratio

J. Mohammed et al. | Desalination and Water Treatment 57 (2016) 7881-7897

14/
2000400004
IIIII,,, LA
LA AL
LA T4 7
lllllIIIIIZZZZIZZZI
2777

500.00
450.00
400.00

350.00 X1: Power Level

6.00
4.00 300.00

Z e
o
T
e
2
227 ”

500.00
450.00
400.00

~350.00 A: Power L: X1

1.50 300.00

and X3 are significant model terms with Prob > F val-
ues of 0.0405 and 0.0037, respectively. This shows that
the power level (X;) and IR (X3) have a greater influ-
ence on the AC production. The Lack of Fit F-values
of 871 and 6.38 were obtained for benzene and
toluene removal, these values are insignificant, and
invariably means the model is suitable as the lack of it
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Table 2
ANOVA for response surface quadratic model for benzene and toluene removal

Benzene Toluene

p-value p-value

Sum of Mean Prob Sum of Mean Prob
Source squares df square F value >F squares df square Fvalue >F
Model 2,134.16 9 23713 5.12 0.0088 4,707.06 9 523.01 6.48 0.0036
X; 228.01 1 22801 4.92 0.0508 394.02 1 394.02 4.88 0.0516
X5 0.02 1 002 5.3 0.9821 4.04 1 4.04 0.050 0.8273

x 107

X3 2.73x107° 1 273x107°  59x107° 0.9940 1,331.43 1 133143 16.51 0.0023
XX,  11.52 1 1152 0.25 0.6288 15.13 1 1513 0.19 0.6742
X1X; 14792 1 14792 3.19 0.1042 6.13 1 613 0.076 0.7885
X,Xs  31.11 1 3111 0.67 0.4315 293.95 1 293.95 3.64 0.0854
X2 256.36 1 256.36 5.54 0.0405 2,364.13 1 236413 29.31 0.0003
X3 1.96 1 1.96 0.042 0.8412 717.12 1 71712 8.89 0.0138
X3 654.76 1 654.76 14.14 0.0037 1,202.87 1 1,202.87 14.91 0.0032

is expected to be insignificant for a good fit. While for
toluene percentage removal (Y,), the ANOVA result
(Table 2) shows that the F-value of 6.48 and Prob > F
values of 0.0036 were obtained from the selected
model, which implies that the model is significant. In
this case, X3, X3 and X3 are significant model terms
with Prob > F values of 0.0023, 0.0003, and 0.0032,
respectively. This shows that the power level (X;) and
IR (X3) have greater influence on the AC production.
Micropollutants generally have molecular spherical
diameters of about 0.55-1 nm [33]. This means that
when more micropores are developed, more benzene
and toluene molecules could be adsorbed by the ACs,
therefore enhancing the adsorption capacity of the
ACs. In this study, approximately 88% of the AC pro-
duced is in the microporous region which makes it
more suitable for the adsorption of benzene and
toluene.

3.3. Process optimization

Commercial production of ACs requires enormous
yield and high removal efficiency of the adsorbent in
order to be economically viable. The two aforemen-
tioned properties are necessary for the optimum
performance and effectiveness of the AC for removal
of benzene and toluene [26,31]. Optimization of these
two essential responses concurrently is a bit challeng-
ing as the influence of the factors on the responses has
different region of interest. The increase in one of the
responses, say Y; or Y, leads to a decrease in Y3 and
vice versa. Hence, in order to reconcile these
responses, another feature of the Design Expert

software version 7.1.6 (STAT-EASE Inc., Minneapolis,
USA) called desirability function was employed. These
aforementioned responses were optimized under the
same conditions. After which confirmatory experi-
ments were conducted to validate the predicted
responses obtained from the software. The experimen-
tal preparation conditions employed, predicted
responses and experimental results for percentage
benzene and toluene removal, and yield are presented
in Table 3. The optimum conditions that gave rise to
the optimized AC are 500 W power level, 4 min
irradiation time, and 1.5 KOH IR which yielded 95%
AC, 84% benzene removal efficiency, and 85% toluene
removal efficiency, respectively. Similar trend was
reported [26] for the adsorption of 2,4,6-trichlorophe-
nol. The optimization of coconut shell AC carried out
under microwave technique gave a good AC yield
and VOCs removal efficiency which in turn could
alleviate cost and save time.

3.4. Characterization of AC prepared under optimum
condition (PHAC)

The SEM images of raw precursor (CS) and
potassium hydroxide activated carbons (PHAC) are
presented in Fig. 3(a) and (b). The surface morphology
varies significantly with CS showing no pore forma-
tion due to the presence of volatiles and other con-
taminants on the surface, while the image of PHAC
shows the formation of rudimentary pores as a result
of volatilization of hemicellulose, cellulose, and lignin
content of the raw coconut shell after carbonization,
also, formation of some cavities and well-developed



7888 J. Mohammed et al. | Desalination and Water Treatment 57 (2016) 7881-7897
Table 3
Model validation
Percentage VOC removal (%) Yield
Predicted Experimental
X; (W) X, (min) X3, IR Benzene Toluene Benzene Toluene Predicted Experimental
500 4 1.5 83.17 75.5 84 85 91.03 95

pores were observed as a result of the space created
by the evaporation of impregnated KOH derived
compounds, and volatilization of the moisture and
other impurities [31]. The pore widening and more
developed pore structure observed in PHAC are also
evident in the large BET surface area obtained. The
BET surface area of was found to be 1,354 m?/ g and
this can be compared with some ACs reported in the
literatures having surface areas of 1,157 m?/g [34],
167 m?/g [14] and 183 m?/g [35]. This pore widening
mechanism is a result of the reaction between the
chemical and the wall of the pores during the chemi-
cal activation process. Hence, higher pore widening
was observed in PHAC.

3.5. Fourier transform infrared spectroscopy

FTIR spectrum analysis allows the identification of
different functional groups on the surface of the
adsorbent (PHAC). In Fig. 4, the spectrum shows the
presence of some typical bands of lignocellulosic
materials of coconut shell belonging to functional
groups such as aromatic primary groups NH,, hydro-
xyl, alkenes, aromatics, and carbonyls. The wideband
at 3,500-3,100 cm™! is ascribable to aromatic primary
groups NH, and (O-H) vibrations in the hydroxyl
groups [36]. This peak suggests the presence of nitro-
gen and phenolic groups after chemical activation
with KOH. The band at 2,900-2,600 cm™! is an indica-
tion of aldehydes. The vibrations between 2,400 and
2,100 cm ™' are alkyne functional groups. The vibra-
tions between 1,700 and 1,550 cm ' could be assigned
to alkenes conjugation (C=C), i.e. the characteristics of
cellulose and hemicelluloses [37]. The band at 1,200
and 1,100 cm™' could be a result of C-O stretching
vibrations in tertiary, secondary, and primary alcohol
[38,39]. The bands centered in 1,050 through 600 and
550 cm™' can be attributed to alkenes and aromatics
out-of-plane bend with acyclic C-O-C groups conju-
gated with carbon—carbon double bounds (C=C-O-C)
in olefinic or aromatic structures. While the vibrations
in the range 900-700 cm™' can be attributed to C-H
deformation due to out-of-plane vibrations and can be

assigned to the aromatic structures. The FT-IR result
shows that the AC produced (PHAC) is rich in basic
surface functional group which in turn helps in the
adsorption process of hydrophobic contaminants like
benzene and toluene. This basic characteristic is evi-
dent from the surface charge analysis conducted, with
microwave AC (PHAC) and coconut shell char (CSC)
having pH 10 and 8.3, respectively. While that of the
coconut shell precursor material (CS) is slightly below
the basic region with pH of 5.8. The high basicity in
the AC by microwave than the char may be as a result
of the microwave activation process which inherently
improves basicity in ACs [19].

3.6. Surface area and pore volume of AC

The most important property of AC is its adsorp-
tive capacity, which in general is proportional to the
surface area. The carbonization process leads to the
development of rudimentary pores in the char struc-
ture, making it more easily accessible for adsorbate.
From Table 3, the BET surface area and pore volume
for PHAC are 1,354 m®/g and 0.61 cm®/g, the result is
relatively good compared to the values reported by
[35] and [38].

Fig. 5 shows micropore and mesopore distributions
with incremental pore volume that was ascertained
using the density functional theory (DFT). PHAC is
predominantly microporous with nearly 88% microp-
ores and good pore development in the microporous
region which ranges between 0.5 and 1.5 nm with
peak at 0.6 nm. Some pore development was also
observed in the mesoporous region (2-5 nm) which is
almost linear to the x-axis as shown in the figure. The
porosity parameters obtained from the N, adsorption
isotherm are summarized in Table 4.

3.7. Effect of initial VOC concentration

The VOC concentration at equilibrium is measured
at the point where the amount of VOC adsorbed on
PHAC is in a state of dynamic equilibrium with the
amount of VOC desorbing, and it reveals the
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Table 4
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Textural properties and surface charge of porous carbon prepared under optimized conditions

BET surfce Micropore External surface Pore volume  Average pore Yield Surface
Samples area (m*/g) area (m*/g) area (m?/g) (cm*/g) width (nm) (%)  charge (pH)
PHAC 1,354 894 459 0.61 24 95 10

maximum adsorption capacity of the PHAC. The
result shows that equilibrium position was achieved
more rapidly at lower initial VOC concentrations than
at higher initial concentrations of VOC. This could be
due to the fact that at lower concentrations, there is
less number of VOC molecules competing for the
vacant sites on PHAC and so, they will be adsorbed
rapidly. While at higher concentrations, there are more
molecules of VOC competing for the fixed PHAC
dosage vacant sites available [40]. The effect of initial
concentration on adsorption of benzene and toluene is
shown in Figs. 6 and 7.

The adsorbates undergo movement from the bulk
phase to the adsorbent external surface through a
boundary layer, diffusion into the pores of the adsor-
bent and finally onto interior pores of the adsorbent
[40]. Figs. 6 and 7 show the increase in adsorption
capacity at equilibrium (Q,) for benzene and toluene
from 10.1 to 554 mg/g and 1491 to 58.1 mg/g,
respectively, with an increase in the initial VOCs con-
centrations from 50 to 250 mg/L. Therefore, it can be
said that the adsorption of benzene and toluene on
PHAC increased as the initial VOC concentration
increases.

3.8. Adsorption equilibrium isotherm

Adsorption isotherm is useful in describing the
interaction of solutes and adsorbent and how to opti-
mize the use of the adsorbents. Langmuir, Freundlich,

and Temkin isotherm models were studied with their
evaluated parameters presented in Table 5. The
Langmuir isotherm assumes monolayer adsorption
and is given as:

_ QubC,

1+ 0bCe ©)

Qe

C, (mg/L) is the adsorbate equilibrium concentration,
Q. (mg/g) is the quantity of adsorbate adsorbed per
unit mass of adsorbent, Q, and b are Langmuir
constants which translate to the adsorption capacity
and the intensity of adsorption, respectively [10,30]. A
plot of Q. against C, gave a fitted curve (Figs. 8 and 9).
The correlation coefficient R of 0.99 indicated that the
adsorption data of benzene and toluene on the PHAC
was well fitted to the Langmuir isotherm.

Freundlich isotherm, on the other hand, assumes
heterogeneous surface. The non-linear form of the
Freundlich model is defined by:

Q. = KeC,/ (10)
where Q, (mg/g) is the VOC equilibrium adsorption,
C, (mg/L) is the adsorbate equilibrium concentration,
Ky and n are Freundlich constants. The value of n
relates to the favorability of adsorption process and Kg

Table 5
Langmuir, Freundlich, and Temkin isotherm models constants, correlation coefficients of benzene and toluene adsorption
on PHAC
Constants
Isotherms Qn (mg/g) Ky (1/mg) R? RSMD
Langmuir PHAC Benzene 212.77 0.0014 0.9978 1.76
Toluene 238.10 0.0013 0.9976 2.15
Kp (mg/g) 1/n R? RSMD
Freundlich PHAC Benzene 0.49 0.8661 0.9942 1.95
Toluene 0.48 0.8766 0.9927 2.33
A/g) b R? RSMD
Temkin PHAC Benzene 0.0309 9.45 0.9603 3.05
Toluene 0.0306 8.92 0.9466 3.40




7890 J. Mohammed et al. | Desalination and Water Treatment 57 (2016) 7881-7897

EHT = 10.00 kV Signal A = SE1
| Probe = 100 pA WD = 6.0 mm Time :16:23:07

oy

EHT = 8.00 kV Signal A = SE1 Date :14 May 2014
Mag= 1.00 KX | Probe = 50 pA WD = 8.6 mm Time :13:09:53

Fig. 3. SEM images of (a) raw coconut shell (CS) and (b) activated sample (PHAC).

represents the adsorption capacity. The slope of 1/n Lastly, the Temkin model equation is defined as:

between 0 and 1 is a measure of the adsorption inten- RT

sity or surface heterogeneity, becoming more heteroge- Q, = TIH AC, (11)
neous as its value gets closer to zero [27,30]. The plot

of Q. vs. C, (Figs. 8 and 9) gave a less fitted curve and ~ where A represents the maximum binding energy, b
lower R? value than Langmuir. represents the heat of adsorption, Q. (mg/g) is the
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Fig. 7. Effect of initial concentration on adsorption of toluene on PHAC.

experimental adsorption capacity, and C, (mg/L) is
the VOC equilibrium concentration. A plot of Q.
against C, gave good curves for both benzene and
toluene (Figs. 8 and 9). However, Langmuir isotherm
had the best fitting with maximum adsorption capac-
ity of 212.77 and 238.10 mg/g on PHAC for benzene
and toluene, respectively.

The models were further validated by root mean
square deviation (RSMD) as enumerated in Table 5.

1/2
(12)

RSMD = [l/n Z (qexp - ‘7?)1

where 7 is the number of data points, gep (mg/g)
and g, (mg/g) are the experimental and calculated
adsorption capacities, respectively. The lower the
RMSD value the better the estimated model per-
forms [12,30] with Langmuir model given the lowest
RSMD values.

From Table 5, it is evident that PHAC had high
benzene and toluene adsorption capacity (Q,,), this
could be as a result of the well-developed surface
morphology from the SEM result (Fig. 3(b)), also,
the intensity of adsorption (b) shows that PHAC
had good affinity for benzene and toluene and could
be due to the higher surface area and pore volume
recorded from the N, adsorption analysis.
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Fig. 8. Langmuir, Freundlich, and Temkin adsorption isotherms for benzene on PHAC.
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Fig. 9. Langmuir, Freundlich, and Temkin adsorption isotherms for toluene on PHAC.

The favorability of Langmuir isotherm can be
expressed in terms of a dimensionless constant separa-
tion factor (Ry) defined by:

1

RL:1+bCo

(13)

where b represents Langmuir constant and C, (mg/L)
represents highest VOC concentration. R;, value shows
whether the isotherm is unfavorable (Rp > 1), linear
(Ry = 1), favorable (0 < Ry, <1), or irreversible (Ry = 0).
The values of Ry, in this study were found to be 0.73
and 0.75 for adsorption of benzene and toluene,
respectively, on PHAC. This indicates that Langmuir
isotherm model was favorable.

The maximum adsorption capacity of benzene and
toluene obtained in this work was compared with the
literature (Table 6). It shows that the AC produced
from this research performed better than the commer-
cial AC (F-400), commercial AC chemically treated
with nitric acid (F-400Cox) and the carbon nanotubes
(CNTs) (Table 6), this could be as a result of the large
surface area and pore volume obtained in PHAC. The
commercial activated carbon (GAC) had adsorption
capacity of 201.52 and 223.64 mg/g for benzene and
toluene, respectively, slightly lower than the adsorp-
tion capacity obtained for PHAC with 212.77 and
238.10 mg/g for benzene and toluene, respectively.
However, it is observed that the adsorption capacity
of PHAC is slightly lower than the results reported by
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Table 6

J. Mohammed et al. | Desalination and Water Treatment 57 (2016) 7881-7897

Comparison of maximum adsorption capacity (Q,,) of benzene and toluene on different porous carbons

Adsorption
capacity (mg/g)

Condition  Surface area
Samples O (m?/g) Benzene Toluene Ref.
Commercial activated carbon (F-400) 30 877.82 151.82 166.27 [9]
Commercial activated carbon chemically treated with nitric 30 938.36 90.82 98.34 [9]
acid (F-400Cox)
Commercial activated carbon thermally treated (F-400Tox) 30 863.66 201.52 22364 [9]
Carbon nanotubes (CNTs) 25 310.75 34.46 71.27 [8]
Oxidized carbon nanotubes CNT (NaOCI) 25 88.56 247.87 279.81 [8]
Commercial activated carbon (GAC) 25 1,292.10 217.32 221.13 [8]
PHAC 30 1,354 212.77 238.10 This
work

[8] for oxidized carbon nanotubes (CNT(NaOCl)), with
247.87 and 279.81 mg/g obtained on CNT(NaOCl) for
adsorption of benzene and toluene, respectively. This
could be as a result of the modification of the CNT by
NaOCl which may have enhanced its adsorption
capacity for benzene and toluene.

3.9. Adsorption kinetics on VOC adsorption on AC

The kinetic models employed in this study are the
pseudo-first-order, pseudo-second-order, and intra-
particle diffusion equations which were used to deter-
mine the model that best described adsorption of
benzene and toluene on PHAC. Pseudo-first-order
model is given as:

In (g — q:) = Ing, — kqt (14)
where g, and g; are the quantity of benzene and
toluene adsorbed (mg/g) at equilibrium and at time ¢
(min), and k; is the adsorption rate constant (1/min).
Values of k; were obtained from the slopes of the
linear plots of In(g. —q,) vs. t. The deviations of the
calculated g, values from the experimental g, values
were quite high (Table 7), signifying that this model
was not appropriate.

Pseudo-second-order equilibrium adsorption is
given by:

t 1 1
%:@_.—%t (15)

where k; (g/mg min) is the second-order adsorption
rate constant, g, and k; can then be determined from

the slope and the intercept of plot ¢/g; vs. t. The linear
plot demonstrates a good correlation between the
experimental and the calculated g, values (Table 7)
indicating the applicability of the second-order model
to describe the adsorption process.

On the other hand, intraparticle diffusion model
was based on the theory proposed by Weber and
Morris [14] to identify the diffusion mechanism.
Intraparticle model is given by:

g = kpt'/? (16)
where k, is the intraparticle diffusion rate constant
that is obtained from the slope of the straight line of g,
vs. t'/2. The deviations between the experimental val-
ues obtained were the highest compared to those
obtained from pseudo-first-order- and pseudo-second-
order kinetic models indicating that it is not applicable
in the adsorption process. However, the R* values of
intraparticle diffusion are slightly higher than pseudo-
first order and pseudo-second order for toluene
adsorption most especially at lower concentrations.
This may suggest that intraparticle diffusion is the
rate-limiting step at lower concentrations of toluene
adsorption onto PHAC.

Pseudo-second-order models had the best correla-
tion in terms of the deviation between calculated and
experimental values over the whole range of adsorp-
tion with chemisorption being the major rate-control-
ling step [41]. The results obtained in this study
(Table 7) show that the deviation between the experi-
mental results and calculated values for adsorption of
benzene and toluene on PHAC were relatively lowest
in the pseudo-second-order model, indicating that the
values obtained from the pseudo-second-order model
are more correlated to the experimental values, this is
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Table 7
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Parameters of pseudo-first-order, pseudo-second-order, and intraparticle diffusion models for benzene and toluene

adsorption onto PHAC

Pseudo-first-order kinetic

Pseudo-second-order Intraparticle diffusion

model kinetic model model

VOC sample Initial conc.  Geexp  Gecar kq R? e cal ko R? ecal k, R?

Benzene 250 55.4 65.41 0.013 0.9776 60.98 0.0231 09647 10.06 2.58 0.9409
200 51.3 55.66  0.0133  0.996 56.82 0.0246 09651 2872 2.38 0.8731
150 37 36.67 0.012 0.9997 39.68 0.0295 09625 2670 1.83 0.9456
100 26.1 27.73  0.0112 0.9582 2793 0.0241 09304 21.17 1.33 0.9561
50 14.4 13.87 0.0076  0.9073 14.10 0.0234 0.8964 1322 0.65 0.867

Toluene 250 58.1 85.63 0.0132 0.9464 7142 0.0108 0.7692 -13.9 4.319 0.9757
200 54.45 8353 0.0134 0.9429 69.44  0.0092 0.708 16.58  4.2353 0.984
150 38.5 52.14  0.0127 0.9609 46.08 0.0126 0.8219 2292 2.7362 0.982
100 27.3 33.19 0.0115 0.9624 3096 0.0159 0.8822 2124 1.7592 0.9912
50 1491 20.02 0.0076 0.7778 17.64 0.0056 0.4667 13.02 1.1338 0.9031

also evident in the higher values of the adsorption rate
constant (k;) when compared to the (k;) values in
pseudo-first-order model. The applicability of the
pseudo-second-order model is more evident at higher
initial concentrations of benzene as the correlation is
more pronounced at (250 mg/L) with k; and k, values
of 0.013 and 0.0231 obtained for benzene adsorption
on PHAC. However, this is not the same with intra-
particle diffusion of benzene and toluene on PHAC as
the k, values are higher than the k, values for all
initial concentrations. This suggests that of chemisorp-
tion is most likely to be the rate-controlling steps for
benzene and toluene adsorption on PHAC.

4. Conclusions

Microwave technique with the CCD of RSM was
employed to optimize the preparation parameters for
the production of high yield PHAC and subsequently
applied for adsorption of benzene and toluene. The
factors considered for the optimization are microwave
power level, irradiation time, and IR. The optimum
removal efficiencies for benzene and toluene are 84
and 85%, respectively, at 95% yield, the optimum
condition at which these removal efficiencies were
obtained are power level of 500 W, 4 min irradiation
time, and 1.5 IR. Power level and chemical IR indi-
vidually and synergistically had the best influence on
the removal of benzene and toluene, respectively.
Langmuir isotherm model best correlated the experi-
mental data from the benzene and toluene removal
efficiencies, while pseudo-second-order kinetic model
best described the experimental results obtained for
benzene and toluene removal by PHAC. From the

textural characterization, BET surface area and pore
volume of 1,354 m*/g and 0.6 cm®/g were obtained
for PHAC while the average pore diameter was
1.8 nm. The SEM images show that PHAC had very
well-developed pore structure and the FI-IR results
show some basic functional groups on the AC. The
optimization results show that the selected model was
significant and correlated well with the experimental
values, it also revealed that high removal efficiencies
of benzene and toluene can be achieved from micro-
wave irradiated AC which compares favorably well
with commercial ACs from conventional techniques.
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