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Preparation of Alpinia galanga Stem Based Activated Carbon via Single-step

Microwave Irradiation for Cationic Dye Removal
(Penyediaan Karbon Teraktif Berasaskan Batang Alpinia galanga dengan Penyinaran Gelombang Mikro Satu
Langkah untuk Penyingkiran Pewarna Kation)
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ABSTRACT

The focal point of this study is to synthesis Alpinia galanga Stem-based activated carbon (AGSAC) by using single-step
microwave irradiation and testing it for the removal of cationic dye, methylene blue (MB) from aqueous solution. AGSAC
was prepared under the flow of carbon dioxide (CO,) for the gasification effect. The factors of contact time (from 0 to
24 h) and initial concentration (25-300 mg/L) on the adsorption performance of AGSAC were studied. With the aid of
response surface methodology (RSM) via face-centered composite design (FCD), optimum preparation conditions for
AGSAC were found to be 400 W for radiation power and 4 min for activation time, respectively, which resulted in 95.67%
of MB dye removal. The optimized AGSAC has a Bruneaur-Emmet-Teller (BET) surface area of 172.19 m*/g, mesopore
surface area of 103.32 m%/g, a total pore volume of 0.1077 cm’/g, and fixed carbon content of 47.63%. The pore diameter
0of AGSAC was found to be a mesoporous type with a pore diameter of 2.50 nm. Freundlich isotherm and pseudo-second-
order were found as the best-fitted model for MB adsorption equilibrium and kinetic respectively onto prepared AGSAC.
Intraparticle diffusion was found to be the rate-limiting step.
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ABSTRAK

Fokus kajian ini adalah untuk sintesis karbon teraktif berasaskan Batang Alpinia galanga (4GSAC) dengan
menggunakan penyinaran gelombang mikro satu langkah dan untuk menguji penyingkiran pewarna kation, metilena
biru (MB) daripada larutan berair. AGSAC disediakan di bawah aliran karbon dioksida (CO,) untuk kesan gasifikasi.
Faktor masa sentuh (dari 0 hingga 24 jam) dan kepekatan awal (25-300 mg/L) pada prestasi penjerapan AGSAC telah
dikaji. Dengan bantuan kaedah gerak balas permukaan (RSM) melalui reka bentuk komposit berpusatkan wajah (FCD),
keadaan persiapan optimum untuk AGSAC didapati 400 W bagi kuasa sinaran dan 4 min bagi masa pengaktifan, masing-
masing, yang menghasilkan 95.67% penyingkiran pewarna MB. AGSAC yang dioptimumkan mempunyai luas permukaan
Bruneaur-Emmet-Teller (BET) 172.19 m’/g, luas permukaan mesoliang 103.32 m?/g, jumlah liang total 0.1077 cm’/g
dan kandungan karbon tetap 47.63%. Diameter liang AGSAC didapati jenis mesoliang dengan diameter liang 2.50
nm. Freundlich isoterm dan pseudo-peringkat-kedua didapati sebagai model yang paling sesuai untuk keseimbangan
penjerapan dan kinetik MB masing-masing pada AGSAC yang telah disediakan. Penyebaran intrazarah didapati
sebagai langkah pengehadan kadar.

Kata kunci: Kaedah gerak balas permukaan, karbon teraktif; metilena biru, penjerapan; penyinaran gelombang mikro

INTRODUCTION synthetic ionic dyes cause environmental issues as it restricts
sunlight from reaching aquatic life, greatly decreases the
water quality of waterways, introduces poisonous chemicals
to food chain organisms and carcinogenic substances that
are detrimental to human health (Feng et al. 2020; Hameed

Today, the permeation of material effluents into the water
bodies and biological communities remain a particular
problem towards the public wellbeing. Among the various
chemical effluents contained in industrial wastewater,
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et al. 2017; Kumar 2019; Xu et al. 2020). Even at a very
low concentration, dyes are easily seen in water bodies
which decrease their aesthetic value. Besides being non-
biodegradable, synthetic dyes are also commonly stable
towards heat, light, and chemicals due to the strong and
complex aromatic structures that they have. Thus, as dyes
migrate through the receiving streams, they will remain
in the atmosphere for a very long time. Cationic dye like
methylene blue (MB) dissociates in water to produce
positive ions which are attracted to the negative polarity
region in the molecules of water. As a result, MB is easily
soluble in water, thus making the separation process
between them a bit challenging. MB was selected in this
study because of its harmful properties. Besides increasing
the heart beating rate and vomiting, exposure of MB dye
towards human on excessive level can harm the skin
and causing diseases like cyanosis, jaundice and tissue
necrosis (Sadhukhan et al. 2016). Synthetic ionic dyes are
coloured compounds which are broadly used in textiles,
printing, cosmetics, plastics, leather-based industries to
colour their products, consequences in generating a huge
quantity of coloured wastewater (Aljeboree et al. 2017; Li
etal. 2020; Liu et al. 2020; Shabaan et al. 2020). Due to the
increasing demand for products from these industries,
the demand for dyes usage is also increased accordingly.
Among all the dyes utilizing in industries, textile industries
use about 10,000 different dyes, and about 10-15% of
dyes used often discharged into the effluent without any
adequate treatment (Damasceno et al. 2020; Kumar 2019;
Xu etal. 2020). This means that the wastewater containing
dyes must be treated well and met the standards made
by the authorities before being discharged. Therefore,
researchers have also made several attempts to establish
effective technologies for extracting dyes from industrial
wastewater such as adsorption, electrochemical methods,
ion exchange, coagulation-flocculation, photo-oxidation,
floatation, and membrane filtration (Davarnejad et al.
2020; Ebrahiem et al. 2017; Jabar & Odusote 2020; Joseph
et al. 2020; Lai et al. 2019; Liu et al. 2019; Mahmood
et al. 2019; Nippatla & Philip 2019; Peng et al. 2020).
However, most of these technologies are limited by high
cost and generation of hazardous materials (Davarnejad
et al. 2020).

Among the various techniques that have been
implemented, adsorption is the most effective way for dyes
removal in terms of its performance, operating expenses,
and non-toxicity of the adsorbents used (Hameed et al.

2017; Marrakchi et al. 2016). Generally, the adsorption
process occurs via physisorption or chemisorption which
involves weak van der Waals forces and covalent or ionic
bonding, respectively (Barghi et al. 2014; Ma et al. 2019).
Also, the major type of adsorbent used for the adsorption
process is silica gel, activated alumina, graphene, activated
carbon (AC), zeolites, and nanomaterials (Ajdukovi¢ et
al. 2020; Bhat et al. 2020; Ilnicka et al. 2020; Isawi 2020;
Kaminski 2020; Kushwaha et al. 2017). Among all types
of adsorbents, AC is considered to be the most superior
in eliminating a wide range of pollutants concerning
water and wastewater treatment. These pollutants include
heavy metals (Kopping et al. 2020; Marwani et al. 2017,
Matovi¢ et al. 2019; Sabela et al. 2019; Zaini et al. 2020),
pharmaceutical residues (Boji¢ et al. 2017; Guedidi et al.
2020; Kariim et al. 2020; Kopping et al. 2020; Zhao et
al. 2020), pesticides (Amézquita-Marroquin et al. 2020;
Gonzalez et al. 2020; Marsin et al. 2020; Salman 2014),
polycyclic aromatic hydrocarbon (PAH) (Guo et al. 2020;
Kumar et al. 2019; Saad et al. 2014; Sullivan et al. 2019),
organic compounds (Guillossou et al. 2020; Jovi¢ et al.
2020; Rao et al. 2020; Wang et al. 2016), chlorinated
hydrocarbon (CHC) (Alhooshani 2019; Schreiter et al.
2018), volatile organic compounds (VOC) (Laskar et al.
2019; Pagalan Jr. et al. 2020; Ushiki et al. 2019; Yao et al.
2020), and dyes (Belayachi et al. 2019; Odogu et al. 2020;
Pathania et al. 2017; Sivakumar et al. 2019).

The precursors for AC can be any type of
carbonaceous materials such as agricultural waste, woods,
nutshells, coconut shells, Alpinia galanga, and other
materials that contained amorphous carbon (Shahmoradi
et al. 2020; Wang et al. 2020). Adsorbent that has been
derived from agricultural waste is better to be developed
due to its accessibility and abundant availability and
renewable of raw material. Alpinia galanga (Lengkuas)
stem is one of the agricultural waste sources available
at a very minimal cost. Every year, an estimated million
tonnes of agricultural waste was generated in Malaysia.
To reduce pollution and landfill volume, this material can
be converted to more useful products as mentioned above
that will be advantageous to others. Unlike other works that
employed 2-stages activation processes (Salem et al. 2020)
or physicochemical activation (Habeeb et al. 2020) to
produce activated carbon from agricultural waste, this
study only focuses on one-stage microwave irradiation
technique. To date, there is no work regarding the use of
Alpinia galanga as activated carbon was reported.



MATERIALS AND METHODS

MATERIALS
In this study, the Alpinia galanga stem waste was
collected from Nibong Tebal area, Pulau Pinang, Malaysia.
MB dye is obtained from Sigma-Aldrich (M) Sdn. Bhd.
CO, gas was used as a physical activation agent in this
study, with a purity of 99.99% supplied by MOX-Gases
Sdn. Bhd.

OPTIMIZATION OF AGSAC
The microwave was used to activate the dried precursor
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by manipulating the power and residence time of the
microwave. The activation process occurs under the
flow of carbon dioxide gas, CO,. In this experiment,
two variables were studied in the preparation of AGSAC
which were radiation power, x, (W) and activation time,
x, (min), whereas the response is MB removal, y (%)
using Design-Expert software version 8.0.6 (DOE)
(STATEASE Inc., Minneapolis, USA. A standard response
surface methodology (RSM) design called a face-
centered composite design (FCD) was used to analyze the
two parameters. The levels and ranges selected for this
research are shown in Table 1.

TABLE 1. Independent variables for FCD

Levels Radiation power (W) Activation time (min)
1 264 2
0 440 3
+1 616 4

BATCH EQUILIBRIUM STUDIES

In the batch study, the amount of adsorption uptake and
the dye removal percentage is calculated. For equilibrium
studies, the amount of dye adsorbed onto the AGSAC at
equilibrium, q, (mg/g), and percentage dye removal (%)
was determined by the following equations (Basu et al.
2018):
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Dye removal (%) = (C"C;Ct) x 100

where C and C,(mg/L) is the liquid-phase concentrations
of adsorbate at initial and at equilibrium, respectively. C,
(mg/L) is the concentration of adsorbate at the time, t. V
is the volume of the solution (L) and W is the mass of

adsorbent used in this study (g). Sample of MB dye was
collected at every time interval by using 3 mL disposable
syringe. UV-Visible spectrometer was used to measure
the absorbance of MB dye at the wavelength of 665
nm. The concentration of MB dye was determined from
calibration curve that was developed earlier by plotting
absorbance versus known concentrations of MB dye.
For the analysis of the initial adsorbate concentration
and contact time effect on the adsorption uptake, the
adsorption temperature of the solution is kept constant
at 30 °C. 25 mL of respective MB solutions with a
concentration between 25 and 300 mg/L were arranged in
a series of 25 mL test tubes and 0.025 g of AGSAC was
inserted into each tube. The solutions were placed in the
water bath shaker for the shaking process at 30 °C with
250 rpm of agitation speed until the equilibrium point
was reached. All experiment in this study was repeated 3
times and the average values was used.
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ADSORPTION ISOTHERM

In adsorption isotherm studies, their models were chosen
to fit equilibrium data namely, Langmuir, Freundlich,
and Temkin. These isotherm models are given by the
following expressions (Freundlich 1907; Langmuir 1916;
Temkin & Pyzhev 1940):

Ce 1 Ce
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where ¢, is the amount of adsorbate adsorbed per unit
mass of adsorbent (mg/g); ¢, is the adsorption capacity
of the adsorbent (mg/g); K, is the Langmuir adsorption
constant related to the free energy adsorption (L/mg);
K, is the Freundlich isotherm constant [(mg/g).(L/
mg)'"], which shows the relative adsorption capacity
of the adsorbent associated to the bonding energy, n, is
the heterogeneity factor exhibiting the divergence from
linearity of adsorption, B is RT/b constant associated
to the heat of adsorption (L/mg), R is the universal gas
constant (8.314 J/mol K) and A4 is equilibrium binding
constant (L/mg).

ADSORPTION KINETIC STUDIES

In adsorption kinetic analysis, the procedure was identical
to batch equilibrium analysis. This study aimed to evaluate
the adsorption mechanism of dye from the solution. For
kinetic studies, pseudo-first-order and pseudo-second-order
models were utilized and were given by the following
expressions (Ho & McKay 1999; Yuh-Shan 2004):

In(g—q)=In q,—kt (©)
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where £ is the rate constant of pseudo-first order sorption
(1/h); k is the rate constant of pseudo-second order
sorption (g/h.mg).

The number of dyes adsorbed onto the AGSAC at
equilibrium, g, (mg/g) was determined by the following
expressions (Basu et al. 2018):

_ (Co=Ce)V
€ w
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INTRAPARTICLE DIFFUSION MODEL

The intra-particle diffusion model is used to evaluate
the importance of diffusion mechanism as the rate-
controlling step in the adsorption process. The equation
for this model is (Weber & Morris 1963):

G = kpit 12 +C ©)

where & (mg/g h '2) is the intraparticle diffusion rate
constant; and C is the intercept which is obtained from
the slope of the straight line of q, versus t*; g, is the
quantity of solute adsorbed per unit weight of adsorbent
at any time (mg/g); and t ”* is the half adsorption time,

(g/h.mg).

DESORPTION AND REUSABILITY STUDIES

The studies on desorption and regeneration were
carried out in batch mode. Distilled water was used as
the desorption eluent. The desorption experiments were
conducted in 250 mL Erlenmeyer flasks using 100 mL of
distilled water as the eluent and 0.1 g of saturated AGSAC-
MB. The temperature of the water bath was kept constant
at 30 °C. The reusability of the AGSAC-MB was studied
by conducting five consecutive adsorption-desorption
cycles. The percentage of MB desorption was evaluated
using the following equation:

R(%)z%sxloo (10)

where m, (mg/g) and m_, (mg/g) are the amounts of
desorbed and adsorbed MB, respectively (Azaman et al.
2018).

RESULT AND DISCUSSION

RESPONSE SURFACE METHODOLOGY (RSM)

A full design matrix for preparing AGSAC is presented
in Table 2, together with the response values obtained
from the experimental works. From the experimental data
analysis, the range of MB removal was found to ranging
from 58.64 to 94.11%. For the removal of MB, y, a
quadratic model was selected. The relationship between
variables and response were represented in the final
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empirical models in terms of coded factor as shown in (11). formula models for MB removal (y,) is expressed by (11):
The positive sign for all the terms presents a synergistic MB removal, y (%):
effect while the negative present an antagonistic effect

(Junior et al. 2014; Zhou et al. 2020). The final empirical Y = 87484926 114 6.29 12 - 231 2112 — 1447 12— 121 12(11)

TABLE 2. Experimental design matrix for the preparation of AGSAC

AGSAC preparation variable
MB removal, (%)

Run
Radiation power, (W) Radiation time,(min)
1 440 3 90.03
2 616 4 86.49
3 264 3 62.03
4 264 4 68.12
5 264 2 58.64
6 440 3 90.34
7 440 4 94.11
8 616 2 86.23
9 616 3 71.65
10 440 3 89.93
11 440 3 90.09
12 440 2 66.09
13 440 3 89.32

The coefficient of determination, R? was used to  adequacy was justified via Analysis of Variance (ANOVA).
determine the quality of the model. In this study, the The ANOVA for the quadratic models for MB removal
R? value for (4) was 0.979, which can be considered  is presented in Table 3. Two parameters include Model
as high as it is close to unity. This value indicates that ~ F-value and Prob>F was analyzed to judge the quality of
97.90% of the variation in the MB removal was coming  the model developed.
from the experimental data. The model significance and
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TABLE 3. Analysis of ANOVA for MB removal by AGSAC

Source Sum of squares Degree of freedom Mean square F-value Prob>F
Model 1498.61 5 299.72 4.57 0.0358
X, 514.86 1 514.86 7.85 0.0264
X, 237.64 1 237.64 3.62 0.0987
x> 578.62 1 578.62 8.82 0.0208
x,? 4.07 1 4.07 0.06 0.8104
X, X 21.25 1 21.25 0.32 0.5869

From Table 3, it shows that two factors were
significant to the MB removal response. If the values of
Prob > F are less than 0.05, the terms of the model are
described as significant as reflecting the error of less than
5%. For example, the model F-value of 4.57 and Prob >
F less than 0.05 indicate the model term was significant
(Dixit & Yadav 2019). In this scenario, x, and x? were
remarkable model terms, meanwhile x,, x2 and x, x,
were unremarkable to the response. Based on F-value,
MB removal by AGSAC was influenced primarily by
quadratic of radiation power, x * due to its highest F-value

93.3917
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B: Time {min)

of 8.82, followed by radiation power, x, with second-
highest F-value of 7.85.

Figure 1 represents the three-dimensional (3D)
response surfaces of the effect of microwave radiation
power and activation time on MB removal by AGSAC.
Based on Figure 1, MB removal increased as the power
increased and slightly increased with activation time. The
MB removal increases continuously as the radiation
power increased until 440W. This is since higher radiation
power causing more pores to be developed, thus
increasing the adsorption capacity of AGSAC.

616.00

A: Power (W)

200 26400

FIGURE 1. Three-dimensional response surface plot of MB removal of AGSAC



As the radiation power continuously increased
from 440 to 528 W, the MB removal starts to decrease.
Further increases in radiation power and activation time
could induce over-abundance activation that affects
some pores structures to disintegrate, leading towards
decreased in surface area (Zhong et al. 2012). Apart from
that, the shorter activation time and radiation power could
not intensify the enlargement of porosity in the carbon
sample (Chowdhury et al. 2012). Therefore, suitable
radiation power was important to achieve a good quality
of AGSAC, which could boost the adsorption capacity of
MB dye removal.
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OPTIMIZATION OF OPERATING PARAMETERS

The main aim of this study was to identify the optimum
condition for AGSAC preparation to get high MB
removal. Therefore, DOE was used to evaluate the optimal
situation where the solution (MB percentage removal)
was set at maximum value while the variables (radiation
intensity and activation time) were set at a minimum.
One solution was suggested by the DOE as the optimum
condition for the preparation of AGSAC. Table 4 shows
the model validation for MB removal. The optimum
conditions were applied to prepare the optimized AGSAC.

TABLE 4. Model validation for MB removal

Activation time,
X, (min)

Radiation power,

Adsorbent
x, (W)

MB dye removal (%)

Predicted Experimental Error (%)

AGSAC 440 4

92.56 95.67 3.36

Based on the result, the optimum radiation power
and activation time was 440 W and 4 min, respectively.
This model’s desirability was really strong, near to
unity with 0.988 value. Furthermore, the predicted and
experimental values of MB removal for this experiment
were 92.56 and 95.67%, respectively. The error for this
model was relatively small with a value of 3.36%. This
indicates that the model was suitable and applicable for
the preparation of AGSAC.

CHARACTERIZATION OF DEVELOPED AGSAC
SURFACE AREA AND PORE CHARACTERISTICS

According to the findings, the AGS has a small surface area
and small pore volume. Before the activation process takes
place, the value BET surface area for the precursor was
0.211 m*g, the mesopore surface area was 0.1331 m?/g,
the total pore volume was 0.0001 cm*/g and the average
pore diameter was 3.06 nm.

After the AGS undergoes the activation process, the
BET surface area, mesopore surface area and total pore
volume had a drastic increase as it is higher than the
precursor. The value after the activation process for the
BET surface area for the precursor was 172.19 m?g, the
mesopore surface area was 103.32 m%/g, and the total pore
volume was 0.1077 cm®/g. The average pore diameter
was 2.05 nm which falls in the mesopores region, thus
AGSAC is suitable to be used in dyes removal application
in the first place.

The drastic change in surface area and pore
characteristic of AGSAS is the proof of the effectiveness in
activation step employed. During microwave irradiation
for the physical activation process, CO, molecules
bombarded the skeleton of AC, which intensify the
development of pores network. This leads to an increment
in surface area and improves the adsorption capacity
of the sample (Ahmad & Alrozi 2011). Furthermore,
the vibration of the electron in the sample’s structure
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at a rapid rate causing the temperature to increase and
volatile matter to be released, thus making way for pores
development to occur.

SURFACE MORPHOLOGY OF SAMPLES

Figure 2(a) and 2(b) presents the surface morphology of
the AGS and AGSAC by SEM, respectively. Changes in
the composition of the surface and pores were visible.
In Figure 2(a), the surface of AGS was smooth with a
very limited number of tiny pores detected. However,

after the activation process, the morphology of AGSAC
shows a significant amount of pore structure with a series
of cavities with uniform distribution on the surface of
AGSAC. During the activation process, cellulose was
turned to porous solid carbon (Rashidi et al. 2012). The
transformation of cellulose material into solid carbon

had caused the enlarging of pores and the gaps between
the crystallites. The physical activation using CO, as a
gasification agent had helped with altering the porosity
and sample’s surface texture.

FIGURE 2. SEM micrographs of (a) AGS and (b) AGSAC (magnification 1000x)

PROXIMATE ANALY SIS

Based on the proximate analysis, it was found that AGS
to be rich in moisture content, volatile matter, and
amount of fixed carbon content which composes as the
material that is a suitable precursor for the production
of AC. The moisture content and volatility matter have
been observed in AGS to be higher while in AGSAC to
be lower. The moisture content and volatile matter of
AGS decreased significantly from (18.73 to 11.59%)
and (68.95 to 36.83%), respectively, after the activation
process. On the other hand, the amount of fixed carbon
increased sharply from 8.64 to 47.63%. This situation

occurred associated due to the heat treatment during the
activation process by the microwave irradiation. The
organic compounds become unstable at high activation
temperatures and break their bond and interaction while
the volatile matter is released as a gas and liquid products
are dispelled leaving the material with high carbon
content (Arami-Niya et al. 2010).

SURFACE CHEMISTRY

FTIR spectra of AGSAC and AGSAC-MB (with loaded MB)
were presented in Figure 3. As shown in Figure 3, FTIR



spectra analysis showed that there are minimal differences
in the spectral shape between the AGSAC and AGSAC-
MB. After the adsorption of MB, several functional
groups are shifted to different wavenumbers. The peak
at 3420 cm™! on AGSAC, which shifted to 3411 cm™!,
represents the O-H stretching vibration of the hydroxyl
group (Li et al. 2020). These variations may be due to the
decomposition of organic content in AGSAC resulting in
a reduction in peak value (Cheng et al. 2017). The bands
observed at 2929 cm™!' on AGSAC, which shifted to 2923
cm™! could be assigned to the C-H stretching vibrations
of methyl groups (Marrakchi et al. 2020). The peaks on
AGSAC at 1612, 1065 and 605 cm™! were shifted to 1603,

2259

1055 and 606 cm™' which attribute to C=0O stretching
vibrations, C-O stretch inorganic carbonates, primary
alcohols, and phenols, and out-of-plane bending mode
of C—H or O-H groups, respectively. Possible n-n
interactions between aromatic groups in AGSAC surface
and MB molecules has also led to the adsorption process
(Liu et al. 2018; Uner et al. 2016).

From Figure 4, it can be seen that the pH of the
point of zero charge (pszc) was 7.3, which is close to
7. This findings indicates the neutral existence of the
best AGSAC, which is compatible with the balance
between the basic group material and the acidic surface
functionalities.

Transmittance (a.u)

3420

AGSAC+MB

4000 3500 3000 2500

2000 1500 1000 500

Wavenumbers (cm?)

FIGURE 3. FTIR spectra of the AGSAC without and with loaded MB
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FIGURE 4. AGSAC’s zero point charge (pHpr) plot
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BATCH ADSORPTION STUDIES OF MB ON AGSAC
EFFECT OF CONTACT TIME AND INITIAL
CONCENTRATION ON DYE ADSORPTION

The adsorption studies were performed at 30 °C with
distinct dye concentrations, from 25-300 mg/L. Figure
5(a) demonstrate the adsorption uptake by AGSAC and 5(b)
MB percentage removal versus contact time, respectively,
for different initial dye concentration at 30 °C. From the
graph, the number of dyes (MB) adsorbed onto AGSAC
and the dye removal percentage increased as the increased
initial dye concentration. Due to the availability of vacant
surface sites for adsorption during the initial stage, the
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dye adsorption, q, to AGSAC, and MB removal increased
over time. It can be seen at the first stage, adsorption
uptake increased rapidly. This is due to the availability of
the vacant site and a strong driving force for adsorption to
take place (Li et al. 2009). After two hours, the values of q,
increased gradually as the remaining active site started to
eventually and hard to be dominated due to the repulsive
force between solute molecules in both phases (Hameed
& El-Khaiary 2008). As can be observed, after reaching
20 h, the adsorption started to reach equilibrium. This
shows that the number of dyes adsorbed starts to remain
constant towards the end of the adsorption process.
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FIGURE 5. (a)MB adsorption uptake and (b) MB percentage removal
versus adsorption time at different initial dyes concentration at 30°C

Table 5 presents the removal of MB by AGSAC. The
percentage of MB removal was the highest (91.98%)
and lowest (60.51%) at a dye concentration of 25 and 300
mg/L, respectively. At lower dye concentration, the ratio
of the number of dyes to available sites for adsorption
to take place is low. Therefore, less competition occurs
among the dyes molecules in occupying the adsorption

sites. As the result, percentage removal becomes higher. As
the dyes concentration increased, the ratio of the number
of dyes to available sites increased as well. This caused
the competition between dyes molecules to be adsorbed
by AGSAC became tougher, thus resulted in lower MB
percentage removal.
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TABLE 5. Percentage of removal of MB on AGSAC at 30 °C

Dye

Removal (%)
25 mg/L 50 mg/L 100 mg/L 200 mg/L 250 mg/L 300 mg/L
MB 91.98 82.08 78.34 70.02 64.41 60.51

ADSORPTION ISOTHERM

Three isotherm models were studied in this experiment
using Langmuir, Freundlich, and Temkin isotherms.
Langmuir model was first developed to express the gas-
solid phase adsorption and now, this model is essential to
quantify the adsorptive capacity of numerous adsorbents
(Elmorsi 2011). Langmuir isotherm describes the
monolayer surface coverage of adsorbate onto adsorbent
at dynamic equilibrium where relative rate of adsorption
and desorption are equal. This model predicts that
adsorption is proportional to the fraction of the adsorbent
that is open whereas desorption is proportional to the
fraction of adsorbent surface that is covered (Giinay et
al. 2007). Freundlich model describes adsorption process
that took place on heterogenous surface (Nimibofa et al.
2015a). This model also provides parameters that defines
the surface heterogeneity together with exponential
distribution of active sites and their respective energies
(Nimibofa et al. 2015b). Last but not least, Temkin model
considers the indirect interaction between adsorbates and
adsorbents in affecting the adsorption process. This model
also assumed that the heat of adsorption of all molecules
in the layer decreases linearly with the increasing of
surface coverage (Ringot et al. 2007). The linearized
plots for the three models are shown in Figure 6 at the MB
solution temperature of 30 °C. Table 6 lists the summary
values of isothermal constants calculated from plots like
R?, adsorption power (q,), and other constant parameters
at 30 °C. All isotherm models used were represented
by relative certain constants that characterized the
surface properties and the adsorption capability of this
material (Aljeboree et al. 2017). Overall, the best model
is chosen based on the fitted equilibrium data in the

following sequence: Freundlich > Langmuir > Temkin.
The value of R?is chosen on the value that nearest to
unity. Freundlich isotherm model was best fitted with
the highest correlation coefficient, R* at 0.99, as shown in
Table 6. This verified that a multilayer’s adsorption of MB
molecules onto heterogeneous surfaces of AGSAC was
taken place through active sites with different energies
(Silva et al. 2018).

Next, the K, value, one of the Freundlich constant
that is used as a relative measure of adsorption uptake,
which K reaches the values of q_ when the equilibrium
concentration C_ approaches to unity, thus can be
considered as an indicative parameter of the adsorption
strength. Meanwhile, the value of N >1 suggested
that MB dye was favorably adsorbed by AGSAC.
Furthermore, Langmuir isothermic fundamental function
expressed in separation factor R, can be used to evaluate
the favourability of an adsorption process. The R, shows
if the adsorption mechanism is unfavourable (R >1),
linear (R, =1), favourable (0 <R, <1) or irreversible (R, =0).
The calculated R, value for this research was in the range
of 0 to 0.6. This proves that adsorption of MB dye onto
AGSAC was favorable at the condition being studied. R
value decrease with an increase in initial concentration
from 25 to 300 mg/L indicates that adsorption was more
desirable at higher dye concentration. Higher MB initial
concentration showed that stronger mass transfer driving
force needed to overcome adsorption resistance, therefore
increased the likeliness of the adsorption process to
perform. Table 7 shows the adsorption capacity comparison
between AGSAC and precursors from other works. Based
on this comparison, it can be said that AGSAC’s adsorption
performance is relatively moderate.
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FIGURE 6. Fitting of experimental data in different isotherms
models (a) Langmuir (b) Freundlich and (c¢) Temkin
TABLE 6. Adsorption isotherm parameters of MB dye adsorption at 30 °C
Langmuir Freundlich Temkin
T(O)
q,, (mg/g) K, (L/mg) R? K, n R? B, N, R?
30 22222 0.03 0.97 14.69 1.88 0.99 40.97 0.51 0.93
TABLE 7. Comparison of AGSAC’s adsorption capacity with other adsorbents
Precursor Adsorbates Adsorption capacity References
(mg/g)
Alpinia galanga stem MB dye 22222 This study
Meranti wood sawdust MB dye 344.83 (Ahmad et al. 2020)
Durian peel Remazol brilliant blue R dye 125.00 (Yusop et al. 2020)
Acacia wood sawdust Remazol brilliant blue R dye 263.16 (Yusop et al. 2017)
Coconut shell MB dye 166.70 (Widiyastuti et al. 2020)
Oil palm empty fruit bunch Cibacron blue 3G-A 393.67 (Jabar & Odusote 2020)
Indian almond shell Azure A dye 114.20
Ground nut shell Azure A dye 106.80 (Sivakumar et al. 2019)
Areca nut shell Azure A dye 59.05




ADSORPTION KINETIC STUDIES

The adsorption kinetic studies are important to provide
understanding about the mechanism of adsorption process
and the potential rate-controlling step (Sartape et al.
2010). The adsorption rate is calculated using kinetic
models which were pseudo-first order and pseudo-second
order to analyze the MB adsorption process on prepared
AGSAC. The linearized plot of pseudo-first order and
pseudo-second order at 30 °C are present in Figure 7. Table
8 summarized the parameters specified for these two
models. The experimental data in Table 8 showed that MB
adsorption was found to fit the pseudo-second order kinetic
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model better compared to pseudo-first order based on R
Similar result was obtained in the study MB dye removal
by Mahogany fruit shell where pseudo-second order shows
a better fit compared to pseudo-first order (Sartape et al.
2015). It is observed that the values of k, and k, decreased
with an increase in initial concentration. At a higher
concentration of MB, the ratio of adsorbate molecules to
the adsorbent surface available was high, which resulted
in slower adsorption and a lower rate constant. Besides,
the g, value of the pseudo-second order was much closer
to the experimental q_, values as compared to the pseudo-
first order model. Therefore, it is proved that MB removal
by AGSAC followed pseudo-second order kinetic models.
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FIGURE 7. Linearized plots of (a) pseudo-first order and (b)
pseudo-second order for adsorption on AGSAC at 30 °C

TABLE 8. Kinetic parameters of MB dye adsorption at 30 °C

Experiment data

Pseudo-first order

Pseudo-second order

Ce(mg/l) q. k, 2 2

(mg/g) (hr") q. (mg/g) R k, (g/mghr) g, (mg/g) R
25 22.949 1.095 32.95 0.89 0.109 23.15 0.99
50 41.041 1.019 47.47 0.92 0.041 44.48 0.97
100 78.335 0.798 79.60 0.91 0.022 78.74 0.97
200 140.039 0.754 147.08 0.95 0.011 144.93 0.95
250 161.035 0.752 181.45 0.89 0.005 169.49 0.97
300 181.539 0.727 219.20 0.89 0.001 204.08 0.99
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ADSORPTION MECHANISM

The kinetic mechanisms were further analyzed using the
MB dye adsorption intraparticle diffusion model on the
AGSAC. The intraparticle diffusion plots for removal of

MB dye at 30 °C are shown in Figure 8 and the mechanism
has been analyzed by fitting the data into an intraparticle
diffusion plot.
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FIGURE 8. Plots of intraparticle diffusion model for removal of MB on AGSAC at 30 °C

From Figure 8, we can see that the intraparticle
diffusion was divided into three different regions. The
three different regions begin with film diffusion followed
by particle diffusion and adsorption of the adsorbate
molecules on the interior of the porous adsorbent
(Chingombe et al. 2006). Firstly, within 0.5 h, the sharper
region was easily adsorbed due to the heavy electrostatic
attraction between the dye and the external surface of
the adsorbent. The second stage was from 0.5 to 2.5 h,
gradual adsorption occurs at this stage. This indicates
that the intraparticle diffusion of dye molecules through
adsorbent pores is a rate-controlling step (Ahmad et al.
2009). The third stage was from 2.5 to 24 h where the trend
tends to become constant and equilibrium. This region is
the final stage which is the equilibrium region in which

the intraparticle is slowing down because of extremely
low adsorbed concentrations in the solutions.

DESORPTION AND REUSABILITY STUDIES

The main objective for conducting desorption studies
is to analyse the recovery of adsorbate, subsequent
regeneration, and reuse of adsorbent after the adsorption
process. Figure 9 shows the reusability of AGSCAC after
five consecutive cycles of adsorption/desorption. The MB
adsorption efficiency had decreased from 76% at the first
cycle to 35% at the end of the fifth cycle. This might be
due to the decreasing MB uptake by the AGSAC, which
indicated a loss in regeneration efficiency for continuous
regeneration cycles. The ability to withstand five
consecutive adsorption/desorption cycles has shown that
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FIGURE 9. Adsorption/desorption cycle of used AGSAC

AGSCAC possesses a successful adsorbents reusability
characteristic, one of the most critical requirements in the
design of economical adsorption processes.

CONCLUSION

Single-step microwave irradiation together with CO,
gasification was succeeded in producing AGSAC with a
monolayer adsorption capacity of 222.22 mg/g. RSM with
the FCD method showed that the optimum preparation
conditions of AGSAC to be 440W and 4 min for radiation
power and activation time, respectively. These optimum
conditions contributed to 95.67% of MB removal. The
optimized AGSAC has a Bruneaur-Emmet-Teller (BET)
surface area of 172.19m?/g, mesopore surface area of
103.32m?%/g, and total pore volume of 0.1077 cm?/g.
MB adsorption onto AGSAC was best described by
Freundlich and pseudo-second order for isotherm and
kinetic studies, respectively. This study proved that AGSAC
can be a good adsorbent.
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