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Abstract One of the challenges in biomass gasification industry is the solid waste disposal mostly

in the form of char. This article aims to prepare the gasified Hevea brasiliensis root based activated

carbon (GHBRAC) for the sequestration of malachite green (MG) dye, to analyse the GHBRAC

characteristics that are responsible for adsorption and to evaluate the MG uptake capacities of the

prepared GHBRAC. The gasified Hevea brasiliensis root (GHBR) was obtained from commercial

gasification plant and physiochemically treated with potassium hydroxide (impregnation

ratios = 2.00) and carbon dioxide (flowrate = 150 cm3/min) via microwave irradiation (radiation

power = 616 W). The total pore volume (TPV) and BET surface area (SBET) of GHBRAC were

0.273 cm3 and 477.74 m2/g respectively. The isothermal data best fitted to the n-BET model while

the kinetic data followed the Avrami model equation, revealing a multilayer adsorption. The ther-

modynamic data of MG adsorption by GHBRAC showed that the process was spontaneous and

endothermic. The Yoon–Nelson, Thomas and Yan models effectively predicted the adsorption of

MG in fixed-bed column. GHBRAC was found to be economically feasible for commercialization

owing to its low production cost and high adsorption capacity.
� 2021 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open

access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
1. Introduction

Water pollution has become one of the most serious issues
which threatens the sustainability of living organisms. Dis-
posal of synthetic dyes into water bodies without proper treat-

ment gives rise to severe problems and concerns. More than
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10,000 dyes (Dahri et al., 2014) have been used in textile,
paper, cosmetic and food industries, resulting in a large
amount of dye wastewater. Malachite green (MG) dyes have

been commonly used for dyeing of wool, silk and leather,
paper, distilleries and food coloring agent (Ayuni, 2015). It is
also utilized as fungicide, parasiticide and bactericide in aqua-

culture industries due to its efficacy and low cost (Oyelude
et al., 2018). However, MG is toxic and can cause carcinogen-
esis, mutagenesis, destruction of respiratory system, liver, gill,

kidney, intestine and gonads (Zhang et al., 2017). The use of
MG is not permitted for aquaculture industries in Canada,
United States, European Union and China and the environ-
mental allowable limit of MG concentration in water was set

around 0.5–100 mg/L (Zhang et al., 2017). Thus, it is essential
to remove the high concentration of MG from water bodies.

Among several approaches of wastewater treatment such as

coagulation, flocculation, chemical oxidation, membrane fil-
tration, aerobic and anaerobic degradation, reverse osmosis,
photocatalytic degradation and microbial processes (Qu

et al., 2013), adsorption is the most facile, efficient, rapid,
and low-cost for pollutants removal (Wong et al., 2018;
Yagub et al., 2014). The global activated carbon (AC) market

size was estimated at USD 4.72 billion in 2018 and is expected
to expand owing to stringent environmental policies regarding
water resources, air quality control and clean gas application
(Grand View Research, 2019). Due to the excessive demand

of AC, there is shortage of raw materials such as coconut shell
charcoal which are used for making of AC. Owing to this, the
prices of the raw materials mainly coconut shell charcoal and

coal-based activated carbons have increased. Hence, many
studies have been carried out to produce cheap and efficient
AC from low-cost and renewable resources, such as oak wood

(Hajati et al., 2015), coconut pitch (Saman et al., 2015), walnut
wood, rice straw (Sangon et al., 2018), pomelo peel (Low and
Tan, 2018), mussel shell (Van et al., 2019), sawdust (Khasri

et al., 2018), oil palm waste (Rashidi and Yusup, 2017), orange
peel (Pandiarajan et al., 2018) and cotton waste (Sartova et al.,
2019; Tian, 2019). Most of the studies focused on agricultural
waste due to its abundant availability. However, there are very

limited number of studies on the utilization of gasification
plant residues for adsorption application.

The rubber tree (Hevea brasiliensis) with its average height

of 30 m has been cultivated for natural rubber production over
10 million hectares (Singh et al., 2020). The global natural rub-
ber market is anticipated to reach USD 33.87 Billion by 2027,

according to a new report by Reports and Data (R. and Data,
2020). Most of the global production is derived from planta-
tions in Asia, which accounts for 83%, with Thailand, Indone-
sia, and Malaysia as the world’s largest natural rubber

producers (Blagodatsky et al., 2016). The economic lifetime
of rubber trees is between 20 and 30 years (Petsri et al.,
2013; Haikal et al., 2019). Approximately 90 to 120 kilo hec-

tares of mature rubber plantations are clear-cut annually for
replanting in Thailand. Stumps and roots, which account for
15% of the total biomass are an attractive feedstock for power

generation. The stumps and roots were approximated to be
23–40 tonnes on a dry weight basis per hectare, and these val-
ues increase with an increase of the tree age. The total dry mass

(including leaves, stumps, and roots) of the mature rubber
wood trees was 289 tonnes/ha for the 30-year-old trees
(Hytönen et al., 2019).
The roots of Hevea brasiliensis can be used as a feedstock in
gasification process for power generation. However, the dis-
posal of gasification char residues which was generated

approximately 5–10% of the initial feedstock is another envi-
ronmental issue. Presently, gasification char (GC) is treated
as waste which is considered as actual loss for the plant owners

and no special disposal method has been employed. The
growth of gasification industry, which is expected to increase
up to US $126 Billion (IMARC Group, 2017) by 2023 will cre-

ate a substantial increase in solid waste management problem.
Hence, it is beneficial to develop the gasification residues as a
precursor for AC. To date, there have been no reported studies
on MG removal using Hevea brasiliensis carbon residues from

biomass gasification plants.
This study aimed to prepare AC derived from Hevea

brasiliensis root gasification residues for MG dye removal.

To date, there have been no reported studies on MG removal
using carbon residues from gasified Hevea brasiliensis root.
The study was performed both in batch and continuous mode

of operations to assess the equilibrium and kinetic behaviour
of MG adsorption. A non-linear regression approach was
applied as linear equations in regression analyses may lead

to inaccuracies. The economic feasibility of GHBRAC was
performed and compared with the existing AC.

2. Methodology

2.1. Precursor preparation and physiochemical activation

Gasification waste from Hevea brasiliensis root (GHBR) was
obtained from a commercial gasification plant in Thailand.
This plant generated 12 MW power from 4,800 kg/hr of rubber

tree roots, which also produced 300–500 kg/hr of char resi-
dues. The char sample was washed, dried at 105 �C for 24 h
and treated with potassium hydroxide (KOH) at impregnation

ratios (IR) of 2.00 (WKOH/Wchar). 10 g of KOH pellet was dis-
solved in deionized water and mixed with 5 g of GHBR. The
sample was dried in the oven overnight at 105 �C for 24 h.

Activation via microwave irradiation (as shown in Fig. 1)
was operated at 616 W for 1 min using CO2 gas with flowrate
of 150 cm3/min. The activated product was then cooled to
room temperature and finally rinsed repeatedly with deionised

water and HCl (0.1 M) until the pH value of the sample
achieved 7. The produced AC was then dried at 110 �C for
24 h before further uses.

2.2. Characterization

Nitrogen adsorption–desorption measurements (Model:

Micromeritics ASAP 2020, USA) were performed to determine
the Brunauer–Emmett–Teller (BET) surface area, Barrett-
Joyner-Halenda (BJH) pore size distribution, total pore vol-

ume (TPV), and average pore diameter (APD) of the sample.
The surface morphology of the samples was examined via
scanning electron microscopy (SEM) (Model: LEO SUPRA
55VP, Germany). The proximate analysis was analyed using

TGA equipment (Model: Perkin Elmer STA 6000, USA),
while elemental analysis was conducted using a CHONS anal-
yser (Model: Perkin Elmer Series II 2400, USA). Fourier-

transform infrared (Model: Shimadzu Prestige 21, Japan) spec-



Fig. 1 Process flow diagram of microwave activation.
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troscopy was used to evaluate the chemical structural

properties.

2.3. Effect of pH

A 0.2 g of AC was agitated with 200 mL of 100 mg/L adsor-
bate solutions at five different solution pH (2, 4, 6, 8, and
10) in a separated Erlenmeyer flask. 0.1 M of HCl and NaOH

were used for solution pH adjustment. The pH of solution was
measured using pH meter (Model: Delta 320, Mettler Toledo,
China). The adsorbate solution was withdrawn after 24 h and

the concentration of the sample was analysed. Point of zero
charge (pHPZC) of the AC was determined according to the
method adapted from Essandoh et al (Essandoh et al., 2015).
0.1 g of AC was mixed with 10 mL of 0.01 M NaCl aqueous

solutions with pH values ranging from 2 to 12 and the mix-
tures were swirled for 48 h. The value of pHPZC was obtained
by plotting the change in pH against its initial pH.

2.4. Equilibrium study

The adsorption of MG was conducted at various initial MG

concentrations (50–300 mg/L) and temperatures (40, 45 and
60 �C) using a water bath shaker for 24 h. In each test,
GHBRAC with a mass of 0.2 g was added to the 200 mL
MG solution. The experimental points were examined using

the non-linear form of Langmuir, Freundlich and n-layer
BET isotherm models (Ahmad et al., 2020). These equations
were solved using a curve fitting tool provided in MATLAB

R2019b.

2.5. Kinetic study

Similar steps in equilibrium study were applied for the contact
time ranging from 15 to 1440 min. The non-linear form of
Pseudo-first order (PFO), Pseudo-second order (PSO), Elovich

and Avrami kinetic models (Ahmad et al., 2020) were used to
evaluate the effects of contact time on MG adsorption. A
curve fitting tool provided in MATLAB R2019b was used to
solve the non-linear equations.
2.6. Thermodynamic study

Thermodynamic parameters of MG adsorption were studied

according to Lima et al. (Lima et al., 2019) and applying the
van’t Hoff equation (Sakin Omer et al., 2018):

lnKc ¼ DS
�

R
� DH

�

RT
ð1Þ

where Kc is the equilibrium constant (dimensionless),

DG
�
kJmol�1
� �

is the Gibbs energy change, DH
�
kJmol�1
� �

is

the enthalpy change, DS
�
kJmol�1K�1
� �

is the entropy change

and R 8:314Jmol�1K�1
� �

is the universal gas constant. Details

on thermodynamic parameter estimation were given in the pre-
vious work (Ahmad et al., 2020).

2.7. Continuous adsorption study

The continuous adsorption of MG was assessed using a 14 mm
inner diameter glass tube with a length of 160 mm. A peri-

staltic pump was used to control the MG solution (100 mg/
L) influent with different flow rate of 0.5, 1 and 2 mL/min.
The process flow diagram of MG adsorption in fixed-bed col-

umn is shown in Fig. 2. Samples were collected at the column
exit, and the operation was stopped when Ct/C0 reached unity.
The MG concentration was analysed using a UV/Vis spec-
trophotometer at 617 nm.

Thomas, Yoon–Nelson, Bohart–Adams and Yan models
were employed for the analysis of column breakthrough
curves. These model equations are given in the supplementary

information.

2.8. Economic analysis

The production cost of GHBRAC was estimated using the
method adopted from Selvaraju and Bakar (2017), Lam
(2017) and Liew (2018) to determine the feasibility of

GHBRAC for commercialization. The estimation includes
the cost of transportation, chemicals and gas consumed, and
electrical consumption (for activation process) as shown in
Table 1.



Table 1 Production cost of GHBRAC.

Component Estimated cost

(USD/kg)

Transportation cost 0.2

Chemicals (KOH & HCl)

KOH = USD 0.01, HCl = USD 0.01

(Selvaraju and Bakar, 2017)

0.03

CO2 gas, USD 15/25 kg

1 standard refill of CO2 gas in

Malaysia = 25 kg

Total consumption = 0.15 L

0.0002

Electrical consumption (0.616 kW � 1 min)

*Charges rate of electricity in Malaysia (1

kWh) = USD 0.05 (Liew, 2018)

0.0005

Total estimated production cost 0.2307

Fig. 2 Process flow diagram of MG continuous adsorption.

4 A.A. Ahmad et al.
3. Results & discussion

3.1. Characterization of GHBR and GHBRAC

3.1.1. N2 Adsorption isotherm and physical properties

The N2 adsorption–desorption isotherm for GHBR and
GHBRAC is illustrated in Fig. 3 (a). Initially, GHBR exhib-
ited Type II adsorption isotherm. After activation process,

GHBRAC illustrated a combination of Type I and II sorption
isotherm with H4 type of loop (Lam et al., 2017; Du, 2016);
indicating the presence of micropores and mesopores. The pro-

nounced uptake at low P/P0 was seen due to adsorbent-
adsorbate interactions in wider micropores and narrow meso-
pores (<~2.5 nm), demonstrating a pore filling mechanism.

Meanwhile, the characteristic of monolayer-multilayer adsorp-
tion was also observed as P/P0 increased. Similar trend was
reported by Lam (2017), Yang and Hong (2018) and Soltani

et al. (2019) who studied the characterization of AC.
Table 2 summarizes the BET surface area (SBET), total pore

volume (TPV) and average pore diameter (APD). The GHBR
initially possessed low SBET, and small TPV of 135.22 m2/g and
0.080 cm3/g, respectively. After physicochemical activation,
both micropore and mesopore volume increased, thus resulting
in larger SBET. The increase in the SBET values was due to pore

development and widening of the existing pores during the
microwave irradiation stage. Fig. 3 (b) presents the BJH pore
size distribution of GHBRAC, which was between 1.82 and

42.97 nm, suggesting the possible adsorption of MG dye with
molecular dimensions of 1.21 nm � 1.19 nm � 0.53 nm (Song
et al., 2013). The pore size of GHBRAC was concentrated

around 1.9–2.2 nm, indicating the formation of a greater num-
ber of small mesopores than big mesopores.

The development of pore structures involved the following

reactions:

6KOH + 2C ! 2K + 3H2 + 2K2CO3

K2CO3 + 2C ! 2K + 3CO

K2CO3 ! K2O + CO2

K2O + 2C ! 2K + CO

Meanwhile, the reaction occurred between CO2 gas and

char is as follows:

C + CO2 ! 2CO

C + H2O ! CO + H2

CO2 gas also react with KOH to produce potassium ions of

K2CO3:

2KOH + CO2 ! K2CO3 + H2O

The formation of pores was improved by (i) the decompo-
sition of K2CO3 to produce CO2 and K2O, (ii) the reduction of
K2O by carbon to form K and CO and (iii) the diffusion of K.

The metallic potassium K that formed during the gasification
process would penetrate the inner structure of GHBR, result-
ing in the broadening of the existing pores and creation of new



Table 2 Physical Properties of GHBR and GHBRAC.

SBET (m2/g) TPV (cm3/g) APD (nm)

GHBR 135.22 0.080 3.49

GHBRAC 477.74 0.273 3.27

Fig. 3 (a) N2 adsorption-desorption isotherms of GHBR and GHBRAC (b) PSD of GHBRAC.

Fig. 5 (a) Proximate analysis and (b) Elemental composition of

GHBR and GHBRAC.
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tiny pores (Hoseinzadeh Hesas et al., 2013). CO2 diffused into
internal structure of GHBR char matrix, thus reacted with the

active sites available on the carbon’s surface, creating new
pores. The continuation of CO2 gasification also caused the
widening effect of existing pores (Zhao-qiang et al., 2014). Fur-

thermore, the interaction between MW irradiation and the
KOH would further facilitate the formation of new pores
and enlarge the existing pores due to the intercalation effect

of the energized alkali metal atom (Liew, 2018).

3.1.2. SEM analysis

The surface morphology details of the samples are shown in

Fig. 4. GHBR initially exhibits a dirt-covered and homoge-
neous porous structure with thick wall as shown in Fig. 4(a).
After the activation step, the surface structures of the
GHBRAC become cleaner with thinner wall and the formation

of new tiny pores can be observed in Fig. 4(b), proving the
heterogenous structures of GHBRAC (micropores and meso-
pores combination) as found in Section 3.11. This will aid

the MG adsorption due to the existence of additional vacant
sites for trapping the MG molecules. Similar structures were
Fig. 4 SEM images of (a)
reported by Ahmed and Hameed (2018), Bello et al. (2020)

and Sharma et al. (2019) who produced AC from barley
straws, Gmelina aborea leaf, and Pinus roxburghii cone,
respectively.

3.1.3. Proximate and elemental analysis

Fig. 5 indicates the proximate and elemental composition of
GHBR and GHBRAC. The produced GHBRAC generally

followed the AC standard in SNI-06-3730-1995 (Pandia
et al., 2018). It was expected that the amount of the volatile
matter reduced after activation due to the devolatilization,
Forma�on of 
new pores

GHBR (b) GHBRAC.
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thus increased the percentage of fixed carbon in the AC sam-
ples. However, the reverse trend was observed after activation,
where the fixed carbon composition slightly decreased after

activation process due to consumption of carbon matter in
CO2-carbon reaction. Moisture content of GHBRAC
increases due to water formation at high temperatures result-

ing from dehydration reactions (Bedia et al., 2018). Similar
pattern was also observed for volatile matter. This could be
due to the tendency of porous AC carbon to absorb the vola-

tile matters after they have been rapidly released during the
heat treatment. This increasing trend was also reported by
Yang and Qiu (2011), who synthesized AC from herb residue
using ZnCl2.

3.1.4. Sample functional groups

Fig. 6 illustrates the FTIR spectrum of GHBR and GHBRAC.

The FTIR spectrum revealed the peaks at 3491 and 3522 cm�1,
which could be ascribed to the presence of OAH stretching
bands from alcohols and phenols group. The peaks around
1539 and 1602 cm�1 correspond to C‚C stretching of the aro-

matic rings (Chen et al., 2011) and carboxyl-carbonate struc-
tures (Mopoung et al., 2015). The shoulder peaks at 1265
Fig. 6 FTIR spectrum of GHBR and GHBRAC.
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Fig. 7 Effect of pH on MG adsorption.
and 1290 cm�1 could be assigned to the stretching vibration
of CAO in phenol and ether groups or in-plane vibration of
OAH of carboxylic group (Gao, 2013). It was concluded that

all of the functional groups presence in GHBR reduced in con-
centration after activation.

3.2. Effect of initial pH

Fig. 7 indicates the influence of pH on MG adsorption by
GHBRAC. Results show that the equilibrium uptake of MG

significantly increased with pH increase from 2 to 4. Beyond
pH 4, there was no prominent change in the MG uptake capac-
ity. The declined in MG uptake below pH 4 was attributed to

electrostatic repulsion between positively charged GHBRAC
and the positively charged MG dye. The surface charge of
GHBRAC can be influenced by its pHPZC, which was found
at pH 6.3. At pH below pHpzc, the surface charge of

GHBRAC is mainly positive which tend to repel the positively
charged MG dye (Makeswari and Santhi, 2013) since the num-
ber of the negatively charged groups at the GHBRAC surface

decreased, while the positively charged groups increased.
Hence the adsorption of MG onto the surface of the
GHBRAC decreased as pH was reduced from 4 to 2. A signif-

icant removal of MG dye even at pH (4–6) < pHpzc was
observed signifying the involvement of H-bonding and p- p
interactions (Choudhary et al., 2020). Above pH 6, the favor-
able adsorption was also due to electrostatic attraction

between positively charged MG and negatively charged ACs
surface. Similar trend was found in the previous study
(Ahmad et al., 2020) using gasified Glyricidia sepium

woodchip.

3.3. Adsorption isotherm

Fig. 8 indicates the plots of Langmuir, Freundlich and n-BET
isotherm models and Table 3 indicates the values of each
model parameter and error function values. It was observed

that the four-parameter n-BET model shows good agreement
to the experimental data, with the highest values of R2 and

the lowest values of v2, RMSE, HYBRD, MPSD and ARE
at all studied temperatures. This signified that the adsorption
of MG followed multilayer adsorption with maximum number
of layers, nBET equal to 3, 6 and 5 at 30, 45 and 60 �C. The
equilibrium adsorption capacity predicted by the n-BET model
at 30 �C was 259.49 mg/g, which is higher than Jeyagowri &
Yamuna (125.00 mg/g) (Jeyagowri and Yamuna, 2016); Boua-

ziz et al. (172.41 mg/g) (Bouaziz et al., 2017) and Jiang et al.
(212.7 mg/g) (Jiang et al., 2017); who also studied MG adsorp-
tion but used different types of adsorbents. GHBRAC

recorded the highest MG uptake capacities compared to other
types of adsorbent as shown in Table 4. The favorable behav-
ior of MG adsorption by GHBRAC can be described by the
value of separation factor (RL). The plot of RL versus MG ini-

tial concentration is indicated in Fig. 9. RL values were ranged
from 0 to 1 for all concentrations proving the favorable of MG
adsorption process.

3.4. Adsorption kinetic

Table 5 summarizes the kinetic parameter values of the PFO,

PSO, Elovich and Avrami models. The results revealed that



Fig. 8 Fitting of (a) Langmuir (b) Freundlich (c) n-BET models

isotherm models to experimental data.
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the MG adsorption by GHBRAC followed the Avrami model,
which recorded the highest values of R2 (0.969–0.999) and the
lowest values of Dq (0.251–2.745). The calculated equilibrium
adsorption capacity (Qe.cal, = 49.56, 99.17, 149.10, 197.80,

241.80, and 267.20 mg/g) agreed well with the experimental
equilibrium adsorption capacity (Qe,exp, = 49.6, 99.61,
149.35, 199.12, 243.91, and 269.95 mg/g). This was followed

by PFO model that gives reasonably high values of R2, which
suggested a physisorption. The Elovich model show poor fit-
ting with the lowest values of R2 (0.174–0.622) and highest val-

ues of Dq (6.307–11.535). This confirmed that Elovich model
was not appropriate to describe the rate of MG adsorption,
and the MG removal was not governed by chemisorption.

3.5. Thermodynamics

The thermodynamic parameters were determined separately
for the first layer (monolayer) and subsequent layer (multi-

layer) using the values of n-BET constant KS and KL
(Scheufele, 2016). As shown in Table 6, DG values were all
negative, indicating that the adsorption of MG by GHBRAC

was thermodynamically spontaneous. The multilayer DGL is
greater than monolayer DGS, indicating a greater multilayer
affinity towards MG-MG interactions rather than MG-

GHBRAC interaction. The absolute values of DGL and DGS

slightly increased as the temperatures of the adsorption condi-
tions increased, indicating that the adsorption process was
thermodynamically favorable at higher temperatures. The pos-

itive values of monolayer DHS and multilayer DHL revealed
that each system experienced an endothermic process. The
value of both monolayer DHS and multilayer DHL of less than

20 kJ/mol suggested the physisorption process. The positive
value of DSS and DSL suggested that there was an increase in
randomness at the solid/solution interface after dye adsorption

onto adsorbent surfaces and implies that the adsorption pro-
cess was energetically stable and spontaneous in nature
(Bhatti et al., 2017).

3.6. Adsorption mechanism

The adsorption mechanism of MG onto GHBRAC can be dis-
cussed by two different processes, which are monolayer

adsorption on the first layer and multilayer adsorption on
the subsequent layers. The monolayer adsorption involved
the interaction of MG and GHBRAC as shown in Fig. 10

(a). The possible interactions include i) electrostatic interac-
tions between the deprotonated carboxylic groups on the
GHBRAC surface (when pH > pHPZC) and the positively

charged MG cations; ii) H-bonding between the carboxyl
groups or hydroxyl groups (H-bond donors) of the GHBRAC
and H-bond acceptor in MG; as well as H-bonding between
hydroxyl group in MG and carbonyl group (H-bond acceptor)

of the GHBRAC and iii) p- p interaction between aromatic
groups in GHBRAC surfaces and MG molecules. The multi-
layer adsorption steps shown in Fig. 10 (b) indicates the inter-

action between MG-MG molecules which involved i) p-p
interactions between the MG-MG aromatic rings and ii) H-
bonding between H-bond donor and H-bond acceptor in

hydroxyl groups of MG-MG molecules.

3.7. Fixed-bed column adsorption

Table 7 indicates the column parameters for MG adsorption
by GHBRAC at 30 �C. It was found that an increase in the
MG initial concentration resulted in a decrease in the break-
through time (tb), exhaustion time (te). Increasing MG initial

concentration resulted to an increase in mass transfer driving
force across the liquid film which accelerated the adsorption
rate and led to earlier tb and te. The tb and te also declined from

190.1 to 32.0 h, and 109.0 to 11.0 h, respectively as the influent
flow rate increased from 0.5 to 2.0 mL/min. These was due to
insufficient residence time between the surface of adsorbate



Table 3 Isotherm parameters for adsorption of MG dyes at 30, 45 and 60 �C.

Langmuir

Temp (�C) Qm KL R2 v2 RMSE HYBRD MPSD ARE

30 278.7 1.555 0.9038 30.06 29.48 45.63 44.55 14.78

45 295.8 1.783 0.8593 45.16 36.73 71.44 55.23 18.21

60 317.5 1.947 0.8831 39.57 34.66 60.6 50.41 16.57

Freundlich

Temp (�C) KF nF R2 v2 RMSE HYBRD MPSD ARE

30 146.8 4.949 0.7276 72.48 49.61 118.3 70.31 23.28

45 160.3 4.934 0.6617 89.51 56.95 153.31 79.74 26.31

60 175.1 4.061 0.7003 85.19 55.5 141.29 76 25

n-BET

Temp (�C) QM,BET KL,BET KS nBET R2 v2 RMSE HYBRD MPSD ARE

30 73.5 2.484 0.8002 3.544 0.9806 6.58 13.24 6.81 21.41 4.46

45 42.3 2.913 0.685 6.205 0.9607 11.26 19.42 11.14 24.04 4.71

60 50.5 3.142 1.041 5.496 0.9877 2.21 11.23 2.22 7.58 0.75

*Unit: Qm = mg/g , KL = L/mg, KF = mg/g (L/mg)1/n, QM,BET = mg/g, KL,BET = L/mg, KS = L/mg.

*RMSE = residual root mean square error, HYBRD = hybrid fractional error function, MPSD = Marquardt’s percent standard deviation,

ARE = average relative error.

Table 4 Comparison of MG adsorption capacity of

GHBRAC with other low-cost adsorbents.

Adsorbent MG adsorption

capacity (mg/g)

Ref

Glyricidia

sepium

woodchip

230.47 (Ahmad et al., 2020)

Pinus

roxburghii cone

250 (Sharma et al., 2019)

Rice-bran 147.47 (Bhatti et al., 2017)

Luffa aegyptica

peel

78.79 (Mashkoor and Nasar,

2019)

Rice husk 24.92 (Chowdhury et al., 2011)

Seed hull 8.40 (Mohammad et al., 2018)

Copperpod

fruit shell

62.50 (Rangabhashiyam and

Balasubramanian, 2018)

Date seed 158.98 (Al-Ahmary, 2013)

Solanum

tuberosum

27.0–33.3 (Gupta et al., 2016)

Wood apple

shell

34.56 (Sartape et al., 2014)

Annona

squmosa seed

25.91 (Santhi et al., 2016)

GHBRAC 259.49 This study

Fig. 9 Plots of separation factor, RL versus MG initial

concentration at 30, 45 and 60 �C.
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and adsorbent at higher flow rate, and thus limiting the diffu-
sion of the solute into the pores of the adsorbent (Kumari and

Dey, 2019). In contrast, the tb and te increase as the bed depth
was raised from 1 to 3 cm. This was due to the longer distance
of the mass transfer zone established by the 3 cm adsorbent

bed. The residence time of the MG ions in the adsorbent
increased and hence longer contact time facilitated better
adsorption (Alardhi et al., 2020).

The breakthrough data were fitted using Thomas, Bohart–
Adams, Yoon–Nelson and Yan models as shown in Table 8.
Thomas model is one of the most widely used for estimating
column performance. This model assumes that film diffusion
controls the adsorption process and neglects axial dispersion

(Sotelo et al., 2012). A simpler model was developed by Yan
et al (Yan et al., 2001), which also predicted the maximum
uptake capacity, similar to Thomas model. Yoon-Nelson

(Sotelo et al., 2012; Yoon and Nelson, 1984) suggested that
the rate of decrease in the probability for adsorption is propor-
tional to its probability for adsorption and breakthrough,
which can be observed from the changes in breakthrough con-

centration over time. Meanwhile, Bohart-Adams assumed that
the adsorption reaction is not instantaneous, where the rate of
adsorption is proportional to both the remaining sorption

capacity of adsorbent and the concentration of the adsorbate
(Bohart and Adams, 1920). The results demonstrated that
Thomas, Yoon–Nelson and Yan models predicted the break-



Table 5 Values of kinetic parameters at different initial concentrations.

Parameter Initial Concentration (mg/L)

50 100 150 200 250 300

PFO k1 � 10-1 (1/min) 0.995 0.638 0.688 0.571 0.524 0.672

qe (mg/g) 49.50 99.08 148.00 196.30 240.50 265.50

R2 0.995 0.998 0.964 0.942 0.980 0.967

Dq (%) 0.525 0.520 2.529 4.318 2.815 2.453

PSO k2 � 10-2 (g/mg min) 0.527 0.125 0.093 0.054 0.039 0.050

qe (mg/g) 50.48 102.50 152.80 203.70 250.50 274.50

R2 0.900 0.919 0.955 0.935 0.949 0.955

Dq (%) 2.334 4.189 2.436 3.586 3.616 2.555

ELOVICH a � 105 (mg/g min) 11.460 3.686 9.718 1.296 0.453 10.990

b (g/mg) 0.380 0.174 0.120 0.078 0.059 0.065

R2 0.174 0.531 0.585 0.616 0.622 0.615

Dq (%) 6.307 10.824 8.192 9.804 11.535 8.361

AVRAMI qe (mg/g) 49.56 99.17 149.10 197.80 241.80 267.20

nAV 0.870 0.955 0.714 0.735 0.819 0.746

kAV (1/min) 0.107 0.064 0.077 0.061 0.054 0.073

R2 0.999 0.999 0.993 0.969 0.990 0.988

Dq (%) 0.251 0.406 0.950 2.745 1.635 1.247

Table 6 Thermodynamic parameters of MG adsorption by GHBRAC.

Temperature (K) DGS (kJ/mol) DHS (kJ/mol) DSS (J/K.mol) DGL (kJ/mol) DHL (kJ/mol) DSL (J/K.mol)

303.15 �34.068 7.105 135.044 �36.919

318.15 �35.342 �39.171 6.655 143.832

333.15 �38.168 �41.227

Table 7 Column parameters for MG adsorption by GHBRAC.

Q (mL/min) C0 (mg/L) H (cm) Breakthrough time, tb (hr) Exhaustion time, te (hr) qbed (mg/g)

1.0 200 2 3.0 54.2 386.35

1.0 150 2 18.6 61.5 378.25

1.0 100 2 41.2 69.2 311.68

2.0 100 2 11.0 32.0 260.63

0.5 100 2 109.0 190.1 460.40

0.5 100 1 83.0 131.5 404.37

0.5 100 3 161.0 235.0 463.04
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through curves better than the Bohart–Adams model based on
their high values of regression coefficients (R2). In addition,

the close values of maximum bed capacity (both Thomas
and Yan models), and time required for 50% MG break-
through (s) (Yoon-Nelson) to the experimental data confirmed

the validity of these model for MG adsorption. This result was
in agreement with Khadhri et al. (2019), Nath et al. (2016) and
Singh et al. (2015).

3.8. Economic evaluation of GHBRAC

The production cost was calculated based on expenditures
related to transportation, chemicals, and utilities. For produc-
ing 1 kg of GHBRAC, 1.14 kg of GHBR, 2 kg of KOH and 1.5
L of CO2 were used. The total GHBRAC production cost was

0.23 USD/kg, which was substantially lower than the AC mar-
ket price as shown in Table 9. This suggests the feasibility of
GHBRAC for commercialization.

4. Conclusion

The GHBRAC which was prepared at a radiation power, time,

and IR of 616 W, 1 min, and 2.0, respectively, possessed excel-
lent characteristics to be used as MG adsorbent due to high
SBET (477.74 m2/g) and TPV (0.273 cm3/g). The nitrogen

adsorption-desorption data revealed that GHBRAC followed



Table 9 Comparison of estimated production cost using

different feedstocks.

Feedstock Production cost

(USD/kg)

Reference

GHBRAC 0.23 This study

Glyricidia sepium 0.54 (Ahmad et al., 2020)

Artocarpus integer 0.18–0.20 (Selvaraju and Bakar,

2017)

Orange peel 1.67 (Lam, 2017)

Banana peel 0.9 (Liew, 2018)

Empty fruit

bunches

0.22 (Ahmad et al., 2020)

Commercial AC

(Charcoal)

1.72–3.84 (Stavropoulos and

Zabaniotou, 2009)

Commercial AC

(Wood)

1.54

Commercial AC

(Pet coke)

5.76

Table 8 Thomas, Yoon–Nelson, Bohart–Adams and Yan model parameters for MG adsorption by GHBRAC.

Model Parameter Flow rate (mL/min)

0.5 1 2

Thomas kTH (mL/mg.hr) 1.819 2.137 3.463

qTH (mg/g) 483.2 320 284.5

R2 0.9828 0.9941 0.9844

Yoon-Nelson kYN (1/hr) 0.1783 0.1906 0.4161

s (hr) 177 59.12 26.51

R2 0.9810 0.9993 0.9829

Bohart–Adams kBA � 10-4 (L/mg.hr) 4.784 7.56 9.504

N0 � 103 (mg/L) 188.8 139.2 136.7

R2 0.9852 0.9560 0.9515

Yan qY (mg/g) 483 317.4 285.1

aY 33.59 12.48 10.44

R2 0.9817 0.9909 0.9784
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a combination of type I&II isotherm with H4 loop, suggesting
the presence of micropores and mesopores. The MG adsorp-

tion onto GHBRAC followed n-BET isotherm model suggest-
ing that the adsorption process involved monolayer and
multilayer with limited number of layers, n. The n-BET model

revealed that maximum monolayer adsorption capacity, Qm,

BET and isotherm saturation capacity, Qe,calc were 73.5 and
259.49 mg/g, respectively. Kinetics study discovered that the
MG adsorption best fitted to Avrami kinetic model. The Tho-

mas, Yoon-Nelson and Yan were the best models to describe
the MG adsorption in fixed-bed columns. The adsorption
mechanisms involved are pore filling, hydrogen bonding, p-p
interactions and electrostatic attraction. From the thermody-
namic data, the MG adsorption involved physisorption. The
estimated production costs were very low compared to com-

mercial AC indicating its commercial feasibility.
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