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Abstract Health and environmental issues associated with heavy metal ions have received serious
attention from communities worldwide. This work explores the potential of coconut shell as acti-
vated carbon (CSAC), in adsorbing zinc, Zn(II) ions. This adsorbent was prepared via a single-
stage microwave irradiation technique under the flow of carbon dioxide, CO, gas. CSAC posed
BET surface area of 625.61 m%/g, 513.25 m?/g of mesopores surface area, total pore volume of
0.42 cm®/g, and average pore diameter of 4.55 nm. Zeta potential distribution on CSAC was found
to be —21 mV. Response surface methodology (RSM) had suggested that the optimum values of
variables were 450 W and 3.17 min for radiation power and radiation time respectively, which
resulted in 69.65% of Zn(II) removal and 44.32% of CSAC’s yield. Based on F-value, radiation
power (473.62) and radiation time (140.50) posed major and moderate effects on Zn(II) removal,
respectively. Meanwhile, CSAC’s removal was significantly affected by radiation power (78.84)
and less affected by radiation time (7.06). In a batch study, when the initial concentration of Zn
(IT) was increased, Zn(Il) uptakes increased as well. On contrary, Zn(II) removal percentage
decreased with the increase of Zn(II)’s initial concentration. Multilayer adsorption of Zn(II) onto
CSAC had occurred since this adsorption system followed Freundlich isotherm the best, and the
monolayer adsorption capacity, Q,, for Zn(II) was revealed to be 7.87 mg/g. The kinetic data of
the Zn(II)-CSAC adsorption system was best described by pseudo-first-order (PFO) which indi-
cated the role of physisorption. In the regeneration study, CSAC’s mass and Zn(II) adsorption
uptakes had reduced from 100% to 37% and 77%, respectively, after 6 regeneration cycles.
© 2022 The Authors. Published by Elsevier B.V. on behalf of King Saud University. This is an open access
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1. Introduction

All countries are doing their best to provide good water quality and
water supply to their people. One of the biggest challenges is to supply
safe drinking water that is free from harmful water pollutants. Due to
this reason, many methods are available to treat heavy metals from
wastewater, but the adsorption process using activated carbon (AC)
is regarded as one of the best methods for this task (Fahim Chyad
et al., 2021). AC was utilized in many third-world countries to get safe
clean drinking water. Besides having a large surface area between
1046 m?/g (Yusop et al., 2021b) and 2500 m?/g (Kuptajit et al.,
2021) which enhanced the adsorption capacity of adsorbent, AC’s sur-
face is known to be filled with polar functional groups which had an
affinity towards positively charged ions of heavy metals. The demand
for AC around the globe is increasing due to its effectiveness in treating
different types of pollutants such as dyes (Yusop et al., 2021b, Yusop
et al., 2021a, Ahmad et al., 2021c), heavy metals (Yusop et al., 2020,
Pelaez-Cid et al., 2020, Yao et al., 2021), pharmaceutical products
(Ahmad et al., 2020a, Sousa et al., 2021), antibiotics (Maataoui
et al., 2019), naphthalene (Gradel et al., 2021), harmful gases (Chen
et al., 2021, Lin et al., 2021), carbon dioxide, CO, (Ramezanipour
Penchah et al., 2021, Soleimanpour et al., 2021), phenolic compounds
(Kusmierek et al., 2020), microplastics (Baldikova et al., 2020), pesti-
cides (Aziz et al., 2021) and others. Due to its versatility and its ability
to improve water quality and clean water effectively, it is not surprised
that in 2014, approximately 1,100,000 metric tons of AC were pro-
duced by industries to cope with the world’s needs, and this amount
is expected to increase 10% by the following years (Fahim Chyad
et al., 2021). Unfortunately, commercially available AC which is
acquired from non-renewable sources such as lignite, and the bitumi-
nous cost is causing the total cost of AC production to be expensive
(Yusop et al., 2021a). Thus, an effort is continuously made by
researchers to find other cheap raw materials to replace the existing
non-renewable ones. For instance, different types of agricultural
wastes are spotted to be promising alternatives to AC’s precursor such
as pomegranate fruit peel (Ahmad et al., 2021a), palm kernel shell
(Rashidi et al., 2021), durian peel (Yusop et al., 2021a), potato peel
(Osman et al., 2019), peanut shell (Ahmad et al., 2021b), acacia wood
(Yusop et al., 2021b), meranti wood (Ahmad et al., 2020c), date stone
(Hijab et al., 2020), corncob (Yusop et al., 2020), Glyricidia sepium
woodchip (Ahmad et al., 2020b), Alpinia galanga stem (Ahammad
et al., 2021), pomelo peel (Bello et al., 2015), lemon grass (Ahmad
et al., 2019) and so forth. Converting these agricultural wastes into
AC is a brilliant move to solve their disposal problems and add their
commercial values, which in turn can help farmers to earn side
incomes. Furthermore, open burning of these wastes that can cause
haze, destroy minerals in the soil, and emission of greenhouse gases
like carbon dioxide, CO,, and carbon monoxide, CO can be prevented.

By definition, heavy metals are elements that pose atomic weight
and density of 63.5-200.6 g/mol and greater than 5 g/cm®, respectively
(Ismail et al., 2019). Certain heavy metals are acting as micronutrients
or macronutrients in humans, animals, and plants which makes them
very vital to life (Mariana et al., 2021). However, when their existence
in the environment goes beyond the permissible level, they can turn
into highly toxic substances to living creatures. Heavy metals such as
chromium, arsenic, and cadmium are known to be linked to health
issues like the damage to the kidney, liver, nerve tissues, skin irritation,
and cancer of important organs such as lung, bladder, liver, and skin
(Mirzabeygi et al., 2017, Igbal and Yahya, 2021). Not only that but
other severe effects including permanent damage to the brain, fetus,
and kidney together with memory problems are noted to manifest
upon high-level exposure to mercury (Hussain et al., 2019). One of
the most popular and extensively utilized heavy metals in industries
is zinc. Similar to other types of heavy metals, zinc above the permitted
level is harmful and corresponds to diseases like anemia, internal hem-
orrhage, skin ulceration, respiratory disorder, chromosome alterations,

dermatitis, and so on (Tang et al., 2019, Chen et al., 2018). Due to the
resistance of heavy metals towards molecular breakdown, their dis-
charge from industries to the environment need to be seriously prohib-
ited because once they are in the environment, they can impart toxicity
for a very long time.

In manufacturing AC, the dependency on conventional furnaces
has shifted to microwave ovens due to the shorter time of activation
required, thus reducing the amount of energy and activation gas used
significantly, without compromising the performance of resulted in
AC, as shown in many studies (Yusop et al., 2021b, Ahmad et al.,
2020c, Yusop et al., 2017, Ahmad et al., 2017). In the conventional fur-
nace, heat is transferred from the heating element to the sample via the
conduction process and heat propagates from the outer layer of the
sample into the inside of the sample. On contrary, in the microwave
heating technique, microwave energy is absorbed by the sample and
causes the molecules in the sample to rotate at an extremely high speed,
thus dissipating heat, starting from the inner layer of the sample into
the outer layer of the sample. Agricultural wastes are a good micro-
wave absorbance which is why the microwave heating technique has
been effective in converting them into AC. Therefore, in this study,
coconut shell has been selected as a precursor to be converted to AC
(CSAC) via a single-stage microwave irradiation technique to treat
Zn(II) ions from an aqueous solution. The coconut shell was selected
due to its hard physical properties which reflect relatively high carbon
content and good mechanical strength which is desirable to withstand
the regeneration process. To optimize the removal of Zn(II) ions and
CSAC’s yield, a mathematical tool named response surface methodol-
ogy (RSM) was utilized to find the optimum preparation conditions of
radiation power and radiation time. The traditional approach to opti-
mization which involved changing one factor at a time is a tedious pro-
cess and offers fewer advantages. On contrary, RSM is known to pose
many advantages including (i) able to analyze the effect of a single fac-
tor, interaction factor and quadratic effect of factor, (ii) able to create
a relationship between variables and responses in mathematical form,
(iii) presenting effects of variables in 3-dimensional (3D) graph, (iv)
required much smaller number of experiments, and (v) result of exper-
iments can be validated by analysis of variance (ANOVA).

2. Materials and methods

2.1. Materials

Analytical reagent grade metal salts of Zn(NO3), and NaOH
were purchased from Sigma and Merck Company and were
utilized directly without any modification. Inert gas of nitro-
gen, N,, and activating gas of CO, were obtained from
MOX Gases Berhad, Malaysia with quality of 99.9%. Precur-
sor of coconut shell was collected from a market located in
Nibong Tebal, Pulau Pinang, Malaysia.

2.2. Preparation of CSAC

Once received, the coconut shell was cleaned from impurities
and dirt using water and then stored in an oven for a drying
process at 110 °C for 24 h. The dried coconut shell was ground
into smaller pieces between the size of 0.5 to 1 mm. Then, a
coconut shell was inserted inside a modified microwave oven
(EMW2001W, Sweden) and N, gas was allowed to enter the
oven to chase out oxygen for 10 min. After that, N, gas was
switched with CO, gas, and the coconut shell was heated at
364-616 Watt for 2-8 min. CO, gas was purged through the
oven to give a gasification effect on the sample. Once micro-
wave activation was done, the CO, gas was switched to N,
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gas one more time, and sample was allowed to cool to room
temperature before being taken out from the oven. The flow
rate of N, and CO, gases used in all steps of CSAC’s prepara-
tion was fixed at 150 cm®/min. The yield of CSAC was calcu-
lated using the following equation:

Yield:%x 100% (1)
where W; is the weight of dry coconut shell and Wy is the
weight of CSAC.

2.3. Characterization methods

The samples were characterized in terms of surface area, sur-
face morphology, proximate analysis, and surface chemistry.
The determination of samples’ surface area, pore volume
together with pore diameter was conducted using a volumetric
adsorption analyzer (Micromeritics ASAP 2020) that is based
on the adsorption of N, gas at 77 K. Surface area was calcu-
lated by quantifying the amount of gas adsorbed onto a solid
surface using the static volumetric method and employing iso-
therm equation of Brunauer-Emmet-Teller (BET). Total pore
volume was evaluated to be the volume of nitrogen in liquid
form at a relative pressure of 0.99. The surface morphology
of samples was scanned using a scanning electron microscope
(SEM) (LEO SUPRA 55VP, Germany). Samples on the plate
were inserted under an electron microscope to be analyzed at a
magnification factor of 1000x. A simultaneous thermal ana-
lyzer (STA) was used to obtain a proximate analysis of the
samples. The initial weight of the samples was assumed to be
100% and any weight loss afterward corresponded to the per-
centage of moisture, volatile matter, fixed carbon, and ash con-
tent. Moisture content was obtained by measuring the weight
loss after samples were heated up from room temperature to
110 °C in an N, gas atmosphere, until the completion of the
dehydration process. Weight loss occurred from 110 °C until
850 °C associated with volatile matter and weight loss took
place after N, gas was switched to O, gas corresponding to
fixed carbon. The balance of the weight was attributed to
ash content. Surface functional groups in samples were deter-
mined by using Fourier transform infrared (FTIR) spectro-
scope (IR Prestige 21 Shimadzu, Japan) between 400 and
4000 cm ™' wavenumber range.

2.4. Sample analysis method

The concentration of Zn(II) ions was quantified by using an
atomic absorption spectrometer (AAS) with WizAArd Soft-
ware. A good linear regression of the calibration curve for
Zn(II) ions was constructed and a standard solution of concen-
tration between 2 and 10 ppm was prepared through a dilution
of 1000 ppm stock solution using 0.1 M nitric acid, HNO;. A
solution containing Zn(II) ions was tested at a wavelength of
214 nm.

2.5. Experimental design

One of the objectives of this research was to determine opti-
mum conditions in preparing CSAC with the aid of standard
RSM design, specifically known as central composite design
(CCD). The experimental data were analyzed using

Design-Expert software (STAT-EASE Inc. Minneapolis,
USA) v. 6.0.6. This study had chosen radiation power (X)
and radiation time (X;) as variables whereas Zn(II) removal
(Y,) and CSAC’s yield (Y,) were selected as responses. The
design matrix consisted of 13 sets of experiments with 5 repli-
cates generated by the software since 2 variables were used.
The summary of variables, responses, and their studied ranges
is shown in Table 1. The following equation was the standard
form of the quadratic model generated by RSM:

3 3 3 3
Y= (b,; +8) +Zb,~xi+2bﬁxf +Z Z b,~jxl~x,-+e,- (2)
i=1 i=1

i=1 j=it1

where Y represents the predicted response, by, b;, b;, and b;;
denote the constant coefficient, linear coefficient, interaction
coefficient, and quadratic coefficient, respectively, x; and x;
are coded values whereas e; is the error (Cerrahoglu et al.,
2018, Cerrahoglu et al., 2017). In the optimization study, the
adsorption process was carried out by placing 13 conical flasks
containing Zn(II) solution inside a water bath shaker. The
parameters of Zn(II) concentration, solution volume, adsor-
bent dose, solution temperature, solution pH, and agitation
speed were fixed to be 10 mg/L, 200 mL, 0.2 g, 30 °C, original
pH with no alteration, and 150 rpm, respectively.

2.6. Equilibrium study

The purpose of performing an equilibrium study is to find the
correlation between parameters (different initial concentration
and contact time) and adsorption performance (Zn(II) uptakes
and percentage removal). Zn(Il) solution with six different
concentrations (2, 4, 6, 8, and 10 mg/L) was prepared in con-
ical flasks. The dosage used was 0.2 g of CSAC per 200 mL of
Zn(II) solution. These conical flasks were placed inside a water
bath shaker to provide homogenous mixing during the adsorp-
tion process. The temperature and agitation speed of the water
bath shaker was fixed to be 30 °C and 150 rpm. Eq. (3) was
used to determine adsorption uptakes of Zn(II) whereas Eq.
(4) was utilized to find the percentage removal of Zn(II)
(Kayan, 2019):

(G- CV
Q=" (3)
(Co — Cv)
Removal (%) = —c 100% (4)

where q., C,, C., V and M denote the amount of Zn(II)
adsorbed by CSAC at equilibrium (mg/g), initial concentration
of Zn(II) solution (mg/L), equilibrium concentration of Zn(II)
solution (mg/L), volume of Zn(II) solution (mL) and weight of
CSAC used (g), respectively. For the solution pH study, the
pH of Zn(Il) solution was altered using 0.1 M NaOH and
HCl to be pH 2, 4, 6, 8, and 10. Zn(II) solution with a concen-
tration of 10 mg/L, solution volume of 200 mL, adsorbent dose
of 0.2 g, and solution temperature of 30 °C were used. For the
solution temperature study, the temperature of the water bath
shaker was set to be 30, 45, and 60 °C. Other conditions such
as Zn(Il) concentration, Zn(II) solution volume, adsorbent
dose, and pH were set to be 10 mg/L, 200 mL, 0.2 g, and 7,
respectively.
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Table 1 Experimental Variables and Studied Ranges.

Unit Notation Coded Values
-1 0 +1
Variables Radiation power Watt (W) X1 364 490 616
Radiation time Minutes (Min) X5 2.00 5.00 8.00
Responses Zn(II) percent removal % Y, —
CSAC’s yield % Y, -

2.7. Isotherm study

Three isotherm models were used to fit equilibrium data which
are Langmuir, Freundlich, and Temkin. The correlation coef-
ficient, R? generated by these isotherms were compared to
determine which isotherm represents the Zn(II)-CSAC adsorp-
tion system the best. The equations for these isotherm models
were given as follows:

Langmuir (Langmuir, 1918):

_ QmKLCL’

= 5
9=T1K.C ©)
Freundlich (Freundlich, 1906):
Temkin (Temkin and Pyzhev, 1940):
RT
q, = ?ln(ACL,) ()

where Q,,, is maximum adsorption capacity; Ky is the constant
of Langmuir; K¢ and np are constants of Freundlich; B and A
are constants of Temkin, R is the universal gas constant and T
is temperature. The solvation of these non-linear equations
was done via Microsoft Excel Solver version 2016.

2.8. Kinetic study

An almost similar method as in the equilibrium study was per-
formed to assess the kinetic behavior of the Zn(II)-CSAC
adsorption system. However, unlike in the equilibrium study,
the sample of Zn(II) concentration was determined at a prede-
termined time interval from 15 to 180 min. In the kinetic study,
six different initial concentrations of Zn(II) solutions (10, 20,
40, 60, 80, and 100 mg/L), each with a volume of 200 mL
and an adsorbent dose of 0.2 g were used. The solution temper-
ature was fixed at 30 °C whereas the agitation speed of the
water bath shaker was set at 150 rpm. Two kinetic models were
utilized to test kinetic data and their equations are presented as
follows:
Pseudo-first-order (PFO) (Lagergren and Svenska, 1898):

4, = q.[1 — exp(=ki1)] (8)
Pseudo-second-order (PSO) (Ho and McKay, 1999):
kzqgl

_ 9
U= T kgt )

where q, is the amount of Zn(II) adsorbed at time t, k; and k,
are rate constants for PFO and PSO, respectively. Besides cor-
relation coefficient, R%, normalized standard deviation, Aq,

were also used to verify which kinetic model fitted the kinetic
data the best. The formula for Aq, is provided as follows
(Yusop et al., 2021b):

o7\ Z [(qt.exp - qt.z‘al) /qr.cal]z
Ag,(%) = 100\/ ) (10)

where Qexp, and qgea are the actual amount of Zn(II)
adsorbed (experiment) and the calculated amount of Zn(II)
adsorbed, respectively. n is the number of data points.

2.9. Regeneration study

The regeneration study was conducted by reactivating satu-
rated CSAC via microwave heating technique at optimum
radiation power and radiation time, under the gasification
effect of CO, at a flow rate of 150 cm®/min. CSAC was reacti-
vated S5 times and was tested in an adsorption study. Adsorp-
tion performance in the regeneration study was performed
using Zn(II) concentration of 10 mg/L, solution volume of
200 mL, and regenerated CSAC, CSAC, dose of 0.2 g. The
weight loss of CSAC, was determined by employing the fol-
lowing formula:

Weight loss percentage (%)

Wesac — W
_ Wesac CSAC o 100% (11)
Wesac

where Wesyc is the weight of saturated CSAC (n = 0),
Wesacn is the weight of regenerated CSAC at n times and n
is the number of the regeneration cycle.

3. Results and discussions

3.1. Characteristics of CSAC

The values of surface area and pore characteristics for precur-
sor and CSAC were tabulated in Table 2. Both BET surface
area and mesopores surface area were noticed to rise sharply
from 1.72 to 625.61 m?/g and from 0.02 to 513.25 m?/g, respec-
tively. Carbon-based materials like the precursor were filled
with non-polar compounds which makes them a good micro-
wave absorber. Once microwave energy is absorbed, the elec-
tron in the precursor rotated at an extremely high speed,
thus dissipating heat that heated the whole sample. As a result,
moisture, volatile matter, and tar compounds inside the pre-
cursor were successfully removed, thus leading to the forma-
tion of a pores network. The formation of pores on the
sample not only increases the surface area in CSAC but also
increases the total pore volume from 0.0001 to 0.42 cm’/g.
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Table 2. Surface Area and Pore Characteristics of Samples.

Samples BET surface area (m?>/  Mesopores surface area (m?/  Total pore volume (cm®/  Average pore diameter
g g ) (nm)

Coconut shell 1.72 0.02 0.0001 1.13

(precursor)

CSAC 625.61 513.25 0.4200 4.55

—&— Precursor-Adsorption
—A— Precursor-Desorption
100 —o— CSAC-Adsorption
60 —6— CSAC-Desorption
20 W—A—H—A—‘—A—H—A—A—A—‘—‘—H—A
0
00 01 02 03 04 05 06 07 08 09 1.0
Relative pressure (P/P,)

Quantity Adsorbed (cm?/g
TP
N
3

Fig. 1

N, adsorption—desorption curves for samples at STP.

The average pore diameter of the precursor was found to be
1.13 nm which lies in the micropores region whereas, after acti-
vation, the average pore diameter for CSAC was noticed to be
4.55 nm which corresponded to the mesopores region. Contra-
dicted to the precursor, CO, gas molecules are non-polar, thus
they do not absorb microwave energy efficiently. Therefore,
during the activation process, CO, gas molecules diffused into
the pores of the sample and got heated from the sample via the
convection heat transfer process. After gaining the energy,
CO, molecules bombarded the existing pores vigorously, thus
widening the diameter of the pores from micropores to meso-
pores type of pores.

To verify further the type of pores that existed on precursor
and CSAC, an analysis of N, adsorption—desorption isotherm

Fig. 2 SEM image of (a) coconut shell and (b) CSAC (1000x).
Spectrum 1
C
o Si

,J Fe Al s Fe

e T —————————————
1 2 3 4 5 6 7 8 10 " 12 13 14 15 16 17

Full Scale 1602 cts Cursor: -0.288 ([0 cts) ke']

Fig. 3 Elemental spectrum for CSAC.
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Table 3 Summary of FTIR Spectrum (Song et al., 2013,
Nandiyanto et al., 2019).

was made, as shown in Fig. 1. The curve for precursor fol-
lowed isotherm type I which reflected domination of microp-
ores type of pores on it. On contrary, the hysteresis loop on

Peak Intensity Compounds the curve for CSAC signified that it behaved similarly to iso-
748 Weak Alcohol, O—H therm type IV, which signified the existence of both mesopores
1215 Weak Nitrile, C—N and micropores (Yusop et al., 2021b).
1625 Weak Carbonyl groups Fig. 2 shows the SEM images for precursor and CSAC. The
1689 Weak Alkene, C=C surface of the precursor was found to be rough, and pores were
1778 Weak Alkene, Cio extremely hard to be seen. This was expected since the precur-
20 ek fllgg, C=0 sor has good physical strength which signified that it is not
2206 Weak Nitrile, C—N o s
. porous inside. On contrary, pores on CSAC’s image were
2308 Weak Nitrile, C—N found st and J h Th
2800 Medium Aldehyde, C=0 ogg to exist ap scattere eve.ryw. erg ese pores vyere
2875 Medium Carboxylic, COOH originally filled with components like lignin, cellulose, hemicel-
3007 Medium Carboxylic, COOH lulose, and tar. Once the precursor was subjected to heat treat-
3525 Strong Hydroxyl, O—H stretching ment via microwave heating, those original components
3604 Strong Alcohol, O—H vaporized and leaving the sample with vacant spaces (Yusop
3716 Strong Alcohol, O—H et al., 2021a). CO, gas molecules diffused into these vacant
spaces and became hyperactive from the heat, thus bombard-
ing these vacant spaces and widening their size.
Zeta Potential Distribution
400000».................... ................... : ................... :..............-..A:
300000 s s s s m et et .E ...................................... VT eses s s menss s s nmnn .E
o : :
[
3 : : :
9 200000 .............................................................................
3
[=]
2
100000 ------------------------------------------------------------------------------
0 : : . : 4
-100 0 100 200

Apparent Zeta Potential (mV)

Fig. 4  Zeta potential for CSAC.

Table 4 Complete Experimental Design Matrix for CSAC’s Preparation.

Run CSAC’s preparation variables Responses
Radiation power, X; (Watt) Radiation time, X, (min) Zn(II) removal, Y, (%) CSAC'’s yield, Y, (%)

1 490.00 (0) 8.00 (+1) 86.51 40.53
2 490.00 (0) 5.00 (0) 77.25 44.25
3 616.00 (+1) 5.00 (0) 90.44 38.41
4 490.00 (0) 5.00 (0) 78.25 42.11
5 616.00 (+1) 8.00 (+1) 97.36 35.16
6 490.00 (0) 5.00 (0) 77.11 42.93
7 364.00 (—1) 2.00 (—1) 56.34 45.21
8 364.00 (—1) 8.00 (+1) 62.14 40.99
9 490.00 (0) 2.00 (—1) 69.45 44.12
10 490.00 (0) 5.00 (0) 77.92 42.32
11 490.00 (0) 5.00 (0) 80.11 42.19
12 616.00 (+1) 2.00 (—1) 75.15 33.86
13 364.00 (—1) 5.00 (0) 61.72 42.98
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Fig. 5 Plots of Predicted versus Actual for (a) Zn(II) removal and (b) CSAC’s yield Analysis of Variance (ANOVA).

Table 5a ANOVA result for Zn(II) removal.

Source Sum of Squares DF Mean Square F Value Prob > F

Model 1612.71 5 322.54 133.85 <0.0001 Significant
Xy 1141.26 1 1141.26 473.62 <0.0001

X2 338.55 1 338.55 140.50 <0.0001

X7 35.50 1 35.50 14.73 0.0064

x5 7.84 1 7.84 3.26 0.1142

XX 67.32 1 67.32 27.94 0.0011

Residual 16.87 7 2.41

Lack of fit 11.07 3 3.69 2.55 0.1940 Not significant
Pure error 5.79 4 1.45

Cor Total 1629.58 12

The atomic composition in CSAC can be determined from
the elemental spectrum, as shown in Fig. 3. Carbon atom was
found to monopolize the elemental composition in CSAC with
87.15%. Other elements such as O, Fe, Al, Si, and S only con-
tribute 22.85% of the total atoms in CSAC. An extremely high
percentage of C atoms was required as they made up the struc-
ture matrices in CSAC. Plus, the existence of inorganic ele-
ments in a low percentage was needed to provide different
types of surface chemistry on CSAC’s surface, which aided
the adsorption process as well.

Besides surface area, the adsorption performance of AC is
very much dependent on the functional groups that existed

on the AC’s surface. These functional groups are polar com-
pounds that pose electron cloud, which can either attract pos-
itively charged adsorbate or repel negatively charged adsorbate
molecules, thus affecting the adsorption capacity of the adsor-
bate. To substantiate the functional groups on CSAC, FTIR
analysis was done. The summary of bandwidth peaks and their
associated functional compounds are presented in Table 3.
Different types of functional groups were found to survive
the heat treatment during the activation process and therefore,
retained their existence on the surface of CSAC at different
intensities. These functional groups were alcohol, O—H,
nitrile, C—N, alkene, C—C, alkyne, C=C, and carboxylic,
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Table 5Sb  ANOVA result for CSAC’s yield.

Source Sum of Squares DF Mean Square F Value Prob > F

Model 130.20 5 26.04 15.78 0.0011 Significant
X; 78.84 1 78.84 47.79 0.0002

X3 7.06 1 7.06 4.28 0.0773

x5 21.15 1 21.15 12.82 0.0090

X3 3.57 1 3.57 2.17 0.1846

XX 7.62 1 7.62 4.62 0.0687

Residual 11.55 7 1.65

Lack of fit 8.36 3 2.79 3.49 0.1291 Not significant
Pure error 3.19 4 0.80

Cor Total 141.74 12

COOH. The intensity of these compounds is directly propor-
tional to their polarity. Therefore, adsorption of positively
charged Zn(II) ions on CSAC was significantly boosted by
strong functional compounds (carboxylic at 3525 cm™' and
alcohol at 3604 and 3716 cm™') and medium functional com-
pounds (aldehyde at 2800 cm ™' and carboxylic at 2875 and
3007 cm™ ).

Further verification on the characteristic of CSAC’s surface
was made in terms of zeta potential distribution, as shown in
Fig. 4. It was found that the zeta potential for CSAC was
—21 mv, thus signifying that in a natural state, CSAC’s surface
was negatively charged, which granted the stability of CSAC.
The negative value obtained for zeta potential confirmed that
functional groups with strong intensity were dominant on
CSAC’s surface as compared to the weak ones since strong
intensity functional groups corresponded to higher polarity
and stronger electron clouds. A similar result can be found
in the study conducted by (Yusop et al., 2021b) where acacia
wood-based AC was found to have negative zeta potential as
well.

3.2. Optimization study

3.2.1. Regression model development

Table 4 shows the complete matrix of experimental design in
manufacturing CSAC. RSM via CCD had suggested quadratic
models to represent both responses of Zn(Il) removal and
CSAC’s yield. The experimental values for Zn(II) removal
was ranged from 56.34 to 97.36% whereas for CSAC’s yield,
the range was between 33.86 and 45.21%. The models gener-
ated by the software for both responses were quadratic type,
therefore, the mathematical equations that relate variables
with responses contained single factor term, interaction factor
term and quadratic factor term, as given as follows:
Zn(II) removal, Y;:

Y, = 78.57 + 13.79X; + 7.51X; — 3.59X] — 1.69X;
+4.10X, X, (12)
CSAC’s yield, Yy
Y, = 42.96 — 3.63X, — 1.09X, — 2.77X> — 1.14X3
+1.38X, X, (13)

The diagnostic plots of predicted versus actual for Zn(II)
removal and CSAC’s yield are provided in Fig. 5(a) and (b),
respectively. Four parameters were utilized to validate these
plots namely correlation coefficient, R?, adjusted correlation
coefficient, Adj. R?, standard deviation, S.D. and adequate
precision, A.P. It was found that R® and Adj. R? for both
responses of Zn(II) removal (0.9896 and 0.9823) and CSAC’s
yield (0.9185 and 0.8603), respectively, were good, thus signify-
ing the effectiveness of developed models in predicting the
experimental data. It was noticed that value of Adj. R? is a
bit lower compared to R?. This was expected since Adj. R* is
an improved version of R? where the insignificant factors were
omitted from the calculation. More discussion on significant
factors was provided in the next section. S.D. values for both
Zn(II) removal and CSAC’s yield responses were 1.55 and
1.28, respectively, which implied that the dispersion of the data
from the average value is small. A.P. was used to measure the
signal-to-noise ratio, and its values obtained for Zn(II)
removal and CSAC’s yield responses were 40.40 and 11.47,
respectively. Since these values were greater than 4, it signified
that the ratio was adequate and can be used to navigate the
design space.

For a better understanding of the models developed, anal-
ysis of variance (ANOVA) was analyzed. According to
Tounsadi et al. (2016) and Liew et al. (2018), the terms in
the model developed are significant towards the response if
Prob > Fis <0.05 and the F value is high. The terms that ful-
filled these conditions are known to be contributed to the
experiment and not random. ANOVA results for both Zn(II)
removal and CSAC’s yield responses are given in Table 4(a)
and (b), respectively. ANOVA confirmed that both models
were significant due to the Prob > F value for Zn(II) removal
and CSAC’s yield were < 0.0001 and 0.0011, respectively. For
both studied responses, lack of fit was found to be insignifi-
cant, which implied that the models had a good fitting on
the experimental data, and variables studied pose a notewor-
thy effect on the responses (Melliti et al., 2021).

Based on Table 5a, the significant terms for Zn(II) removal
response were radiation power, X;, radiation time, X,, the
quadratic effect of radiation power, X3, and interaction effect
of radiation power and radiation time, X;X,. By evaluating
the F value for these significant factors, their ranking in affect-
ing Zn(Il) removal was as follows; X, (68.75%) > X}
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Zn Removal

CSAC Yield

Fig. 6

(18.44%) > XX, (6.65%) > X, (6.16%). Based on Table 5b,
the significant terms of CSAC’s yield response were radiation
power, X;, and the quadratic effect of radiation power, X3.
By judging the F value, it was revealed that CSAC’s yield
was greatly affected by X, with 91.78%, followed by X} with
8.22%. Similar observations were noticed in a study performed
by Yusop et al. (2021b) and Ahmad et al. (2017) where radia-
tion power was found to be superior compared to radiation
time in impacting both adsorbate removal and adsorbents’
yield.

200 36200

3D Plots for (a) Zn(II) removal and (b) CSAC’s yield.

3.2.2. Three-dimensional (3D) surface plot

One of the perks of utilizing RSM was the ability to analyze
the pattern of variables affecting responses in 3-D plots.
Fig. 6(a) and (b) presented the 3D surface plot for Zn(II)
removal and CSAC’s yield, respectively. Based on Fig. 6(a),
the lowest Zn(II) removal was achieved when both variables
were at the minimum level within the studied range. As both
variables increased, Zn(II) removal was also increased. How-
ever, the increment of Zn(II) removal was more significant
when radiation power increased compared to radiation time.
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Table 6 Model validation for CSAC’s Preparation.

Variables Responses
Radiation power, X; (watt) Radiation time, X, (min) Zn(IT) removal, Y| (%) CSAC’s yield, Y; (%)
Predicted Actual Error Predicted Actual Error
450 3.17 69.50 65.85 5.25 44.32 41.89 5.48
(@ 8
- 7 —8—1 mg/L
<y S
& © —— 2 mg/L
.g 5
2 4 —A—4 mg/L
S Qn A gy wuy s\
g g3 —— 6 mg/L
D ——— 2
= <
| B8 —*—8mg/lL
2 0
=
—6— 10 mg/L
< § 10 12 14 16 18 20 22 24 me
Time (hour)
(®) 100 g-8-0 —8—1mg/L
? A A A
E O\ %
é 60 —A—4 mg/L
S 40 —>—6mg/L
o
=
g 20 —*%—8 mg/L
)
e 0= —e—10 mg/L
S_’ 0 2 4 6 8 10 14 16 18 20 22 24

Time (hour)

Fig. 7 Plots of (a) Zn(I) Adsorption Uptakes versus Time and (b) Zn(II) Percentage Removal versus Time at Different Initial

Concentration at 30 °C.

At high radiation power, more microwave energy was
absorbed by the sample, thus increasing its temperature. At
high temperatures, rigorous volatilization and thermal crack-
ing processes took place, thus creating more pores, which in
turn, increases the adsorption capacity. Increasing radiation
time prolonged the process of pore creation, thus improving
the adsorption capacity of CSAC as well. Maximum Zn(II)
removal was obtained when radiation power and radiation
time were at their highest level, signifying that both variables
have a positive effect on this response. On contrary, Fig. 6
(b) showed that both variables had a negative effect on
CSAC’s yield. This was proven when the lowest value of this
response was obtained when radiation power and radiation
time were at their highest level and vice versa. As both vari-
ables decreased, CSAC'’s yield was seen to increase too. How-
ever, the decrease in CSAC’s yield was more rapid when

radiation power increased compared to the increase in radia-
tion time. At high radiation power and radiation time, excess
microwave energy is absorbed by the sample causing the car-
bon matrix that made up the structure of the sample to rup-
ture, thus reducing the CSAC’s yield.

3.2.3. Optimization on CSAC'’s preparation variables

Since radiation power and radiation time posed different inter-
est regions on Zn(II) removal and CSAC’s yield responses,
RSM based on CCD was utilized in this study for factors opti-
mization purposes. To do this, variables and responses were set
to be “minimum” and “maximum”, respectively. The model
validation for CSAC’s preparation variables is given in Table 6.
The optimum values for radiation power and radiation time
were 450 W and 3.17 min, respectively, which corresponded
to optimum Zn(IT) removal of 69.50% and optimum CSAC’s
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Fig. 9 Non-linear Plots of Isotherm Models and Experimental Data.

yield of 44.32%. A small error percentage of 5.25 and 5.48%
for radiation power and radiation time respectively, were
obtained which proved that the models developed were excel-
lent in predicting the actual data.

3.3. Equilibrium study

The plot of Zn(IT) uptakes versus time for different initial
concentration is given in Fig. 7(a) whereas the plot of Zn(II)

percent removal versus time for different initial concentration
is provided in Fig. 7(b). Adsorption capacity and percentage
removal of Zn(II) were found to increase with time, and after
certain time, they reached a plateau state, indicated that CSAC
had exhausted, equilibrium state had attained and the net
adsorption—desorption of Zn(II) by CSAC was equal in mag-
nitude. Also, at equilibrium state, repulsion between Zn(II)
ions in the bulk phase and solid phase took place, which
caused a stop to the adsorption process. Based on Fig. 7(a),
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Table 7 Parameters of Isotherm Models.

Parameters

Isotherms

Qe.cxp (Mg/2)

Qm (mg/g)
K¢ (L/mg)
RZ

0.99, 1.85, 3.35, 4.79, 5.76, 6.67

Langmuir
7.87

1.34
0.9908

Je.cal 0.10, 1.32, 3.66, 4.87, 5.90, 6.43
Error (%) 22.50
Freundlich
ng 2.59
Ky (mg/g)(L/mg)"/" 4.21
R? 0.9861
Qe cal 0.71, 2.02, 3.57, 4.54, 5.76, 6.71
Error (%) 8.35
Temkin
At (L/mg) 126.30
Bt (L/mg) 0.96
R* 0.9229
Qe cal 0.22, 2.83, 4.25, 4.85, 5.44, 5.82
Error (%) 29.45

it was observed that lower initial concentration achieved equi-
librium at lower contact time and vice versa. In fact, 3to 4 h
were needed by initial concentration of 1 and 2 mg/L, 6 to
8 h were required by initial concentration of 4 and 6 mg/L
and 20 to 22 h were necessitated by initial concentration of 8
and 10 mg/L to attain equilibrium state. Lower initial concen-
tration contains low ratio of Zn(II) ions to available surface
area for adsorption process to proceed. Therefore, lower con-
tact time was needed for Zn(II) molecules to be adsorbed by
CSAC due to less competition occurred at lower initial concen-
tration. On contrary, the exact opposite occurred at higher ini-
tial concentration. The adsorption capacity of Zn(II) was
noticed to increase from 0.99 to 6.67 mg/g as the initial concen-
tration increased from 1 mg/L to 10 mg/L. According to
Tharaneedhar et al. (2017), higher initial concentration posed
larger mass transfer driving force which can triumphed mass
transfer resistance between Zn(II) ions in bulk phase and Zn
(IT) ions in solid phase, resulted higher Zn(II) uptakes. Based
on Fig. 7(b), percentage removal of Zn(I) was noticed to
decrease from 99.00 to 66.70% as the initial concentration
increased from 1 to 10 mg/L. The ratio of Zn(II) ions: avail-
able surface area was lower at lower initial concentration,

therefore CSAC’s surface area can easily became saturated
and vice versa. Similar observation was found in the study
made by Ahmad et al. (2021b) where initial concentration of
adsorbate had positive and negative effect on adsorption
capacity and percentage removal, respectively.

The plots of solution pH effect and solution temperature
effect on the adsorption capacity of Zn(Il) are presented in
Fig. 8(a) and (b), respectively. Based on Fig. 8(a), it was found
that Zn(II) ions adsorption onto CSAC preferred to occur in
alkaline condition. In fact, highest adoption capacity of
8.65 mg/g was obtained at pH 12. At pH 2, lowest Zn(II)
adsorption capacity of 4.29 mg/g was achieved. At this pH
condition, extremely high number of H" ions existed in the
solution, and they were competing with Zn(II) ions to be
adsorbed by CSAC. Even worse, H™ ions induced the surface
of CSAC to be positively charged, therefore crating a repulsion
between positively charged Zn(Il) ions and the surface of
CSAC, thus resulted low adsorption capacity. As the solution
pH increased to 4, no significant change on adsorption capac-
ity was noticed since excess H' ions were still existed in the
solution. Notable increment in adsorption capacity occurred
at pH 6 with 6.98 mg/g. At pH 6, OH ions existed in large
numbers and they induced the surface of CSAC to be nega-
tively charged, thus enhanced the attraction between Zn(II)
ions and CSAC’s surface. As the solution pH increased to 8
and 10, the adsorption capacity of Zn(II) increased steadily.
However, at pH 12, no significant increment in adsorption
capacity was observed. This phenomenon occurred because
further increment OH™ ions in the solution can no longer
enhanced the inducement effect of CSAC’s surface. As shown
in Fig. 8(b), Zn(II)-CSAC adsorption system performed the
best at solution temperature of 30 °C with 7.42 mg/g. As the
solution temperature increased to 45 and 60 °C, adsorption
capacity dropped to 6.91 and 6.47 mg/g, respectively. At high
solution temperature, Zn(II) ions received more kinetic energy
which enables them to escape from solid phase to bulk phase.
Plus, higher solution temperature caused the intensity of elec-
trostatic attraction between adsorbate and adsorbent’s surface
to reduce, thus led to the low adsorption capacity of adsorbate
(Doumic et al., 2015). Similar result was obtained in the study
conducted by Zakaria et al. (2021) where higher solution tem-
perature caused a decrease in methylene blue adsorption.

3.4. Isotherm study

The adsorption data was tested on three isotherms models
namely Langmuir, Freundlich, and Temkin. The non-linear
plots of these isotherms are given in Fig. 9 while the parame-

Table 8 Comparison of Adsorption Capacity for Zn(II) ion, Surface Area and Pore Size for Different Types of Adsorbents.

Adsorbents Adsorption BET Surface Average Pore References

Capacity (mg/g) area (m?/g) Diameter (nm)
Coconut shell-based AC 7.87 625.61 4.55 This study
Rare Earth 8.74 - - (Esmaeili and Eslami, 2020)
Rice straw-based char 38.60 162.60 - (Park et al., 2017)
Borassus flabellifer and Aspergillus tamarii 49.79 - - (Saravanan et al., 2020)
Chitosan coated diatomaceous earth beads 127.44 6.40 3.23 (Salih and Ghosh, 2018)
Alginic acid-ester derivatives materials 200.00 - - (Boughrara et al., 2021)
Palm oil kernel shell-based AC - 660.76 4.73 (Karri and Sahu, 2018)
Tamarix hispida based AC 246.40 1006.00 2.31 (Khademi et al., 2015)
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Fig. 10  Plots of Kinetic Models (a) PFO and (b) PSO.

Table 9 Parameters of Kinetic Models.

Pseudo-first order

Adsorbates initial Je, €Xp (mg/g)

Pseudo-second order

concentration (mg/L) o cal (mgle) ki (s7) R Aq (%) Qo cal (mg/g) Kk (L/mols) R®  Aq, (%)
1 0.99 0.93 1.14 0.9575 5.59 1.01 1.04 0.95 2.11
2 1.85 1.76 1.30 0.9836 4.86 2.47 0.08 0.25 233.43
4 3.35 3.71 0.83 0.9908 10.88 0.51 0.79 0.41 115.32
6 4.79 4.32 0.65 0.9947 9.72 0.33 1.99 0.38 106.96
8 5.76 5.33 0.60 0.9932 7.47 0.53 1.28 0.36 109.22
10 6.67 6.28 0.59 0.9755 5.85 0.62 1.12 0.33 109.25

ters obtained from these isotherms are presented in Table 7.
Adsorption data were found to fit both Langmuir and Fre-
undlich isotherms equally well, due to high R® values of
0.9908 and 0.9861, respectively. Temkin isotherm scored the
lowest R? value of 0.9229, signifying that the adsorption data
did not follow this isotherm. Freundlich isotherm was found to
be accurate in predicting the adsorption capacity of CSAC at
equilibrium, thus producing the lowest error percentage of
8.35%. On contrary, Langmuir and Temkin yielded a rela-
tively high error percentage of 22.50 and 29.45%, respectively.
Based on R? and error percentage, it can be concluded that the
adsorption data followed Freundlich isotherm the best, which
implied multilayer adsorption of Zn(II) ions occurred on the
heterogeneous surface of CSAC. Langmuir monolayer adsorp-
tion capacity, Q,, was found to be 7.87 mg/g as shown in
Table 8. Despite having a relatively moderate surface area,
the adsorption capacity of CSAC for Zn(II) ions was the low-
est as compared to other adsorbents in Table 8. This can be
explained by the fact that besides surface area, the adsorption

capacity of the adsorbent relied majorly on the pore size and
the modification of the adsorbent’s surface. The average pore
diameter for CSAC of 4.25 nm was relatively big, thus its effi-
ciency was reduced in adsorbing Zn(Il) with a diameter of
0.148 nm. This was supported by the finding by Park et al.
(2017) where Cu(II) had stronger adsorption than Zn(II)
because its diameter was smaller (0.146 nm) which enabled
Cu(Il) ion to compenetrate into the micropores of biochar.
Plus, CSAC did not undergo any surface modifications to
increase its adsorption capacity unlike Borassus flabellifer
and Aspergillus tamarii bio-sorbents (Saravanan et al., 2020).
The adsorption system in this study was found to be favorable
since the heterogeneity factor, ng obtained from the Fre-
undlich isotherm was in the range of 1 to 10.

3.5. Kinetic study

Pseudo-first-order (PFO) and pseudo-second-order (PSO)
were chosen to fit kinetic data to provide a better insight into
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the kinetic behavior of the studied adsorption system. Kinetic
models were beneficial in providing the value of rate constant
and type of adsorption that corresponded to the rate-limiting
step, which can be physisorption or chemisorption. The lin-
earized plots of PFO and PSO are provided in Fig. 10(a) and
(b), respectively, whereas the summary of kinetic parameters
is tabulated in Table 9. Based on Table 9, it was revealed that
PFO fitted kinetic data the best due to high R? and low error
of greater than 0.9575 and < 10.88, respectively. PFO indi-
cated that the rate-limiting step in Zn(I)-CSAC adsorption
system may be contributed by physisorption. A similar result
was obtained in a study performed by Lad and Makkawi
(2020) where physisorption plays a major role in the adsorp-
tion of methyl chloride on AC. The value of k; was noticed
to decrease from 1.14 to 0.59 s~! as the initial concentration
increased from 1 to 10 mg/L. This decreasing trend was
expected since the ratio of adsorbate to the surface area at
higher initial concentration was high, thus causing a slower
adsorption process and lower rate constant.

3.6. Regeneration study

It is important to carry out a regeneration study to promote
sustainability by reducing the usage of energy and materials
to create new adsorbents. Sadly, biomass-based AC can be
regenerated several times only before their performance
declined significantly. Plus, the regeneration of the adsorbent
very much depends on the mechanical strength of the precur-
sor. The regeneration plot for Zn(I)-CSAC is given in
Fig. 11. It was noticed that the weight of CSAC dropped from
100 to 37% after 6 regeneration cycles. Similarly, the adsorp-
tion performance of CSAC was also decreased from 100 to
77% after 6 regeneration cycles. Heat treatment on CSAC in
every regeneration cycle caused the carbon matrix that made
up CSAC’s structure to rupture, thus diminishing the pores
on CSAC. This led to the reduction in both CSAC’s yield
and adsorption efficiency.

Regeneration Plot for Zn(II)-CSACn System.

4. Conclusion

This study successfully synthesized optimized CSAC via microwave
heating and CO, gasification technique. CSAC was found to pose
625.61 m?/g, 513.25 m%/g, and 0.42 cm®/g of BET surface area, meso-
pores surface area, and pore volume, respectively. The average pore
diameter for CSAC was found to be 4.55 nm, which lies in the meso-
pores region. This was confirmed by N, adsorption—desorption analy-
sis where its curve follows isotherm type IV, thus indicating the
dominance of mesopores type of pores in CSAC. FTIR analysis
revealed a variety of polar functional groups existed on the surface
of CSAC such as nitrile (C—N), alkene (C—=C), alkyne (C=), aldehyde
(C=0), carboxylic (COOH), and alcohol (OH). Zeta potential reading
was found to be —21 mv, thus confirming that the surface of CSAC
was negatively charged at the natural state. Optimization study using
RSM revealed the optimum preparation conditions of CSAC were
450 W of radiation power and 3.17 min of radiation time, which trans-
lated into Zn(II) removal of 69.50% and CSAC'’s yield of 44.32%. The
response of Zn(Il) removal was affected 68.75%, 18.44%, 6.65%, and
6.16% by radiation power, quadratic of radiation power, interaction
factors, and radiation time, respectively. On the other hand, the
response of CSAC’s yield was significantly affected by a radiation
power of 91.78%, followed by a quadratic radiation power of
8.22%. For lower initial concentrations of 1, 2, 4, and 6 mg/L, the con-
tact time needed to achieve an equilibrium state was between 3 and 8 h
whereas a higher initial concentration of 8 and 10 mg/L required 20 to
22 h to attain the same state. As initial concentration increased from 1
to 10 mg/L, adsorption capacity for Zn(II) was found to increase from
0.99 to 6.67 mg/g, while Zn(II) removal percentage was revealed to
decrease from 99.00 to 66.70%. Freundlich isotherm produced a high
R? value of 0.9861 and a low error percentage of 8.35, signifying that
Zn(IT)-CSAC adsorption study followed this isotherm. The monolayer
adsorption capacity for Zn(II) was 7.87 mg/g. In terms of kinetic, PFO
fitted kinetic data the best which indicated that physisorption was
dominant in the rate-limiting step of the adsorption process. In the
regeneration study, after 6 regeneration cycles, the weight of CSAC
and its adsorption performance dropped from 100% to 37 and 77%,
respectively. For the economic reason, it is best to regenerate CSAC
for up to 5 cycles only. CSAC was found to be a good adsorbent to
remove heavy metals of Zn(II), thus providing safe water access to
humans.
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