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a b s t r a c t
Merit Kapit (MK) as a low-rank Malaysian coal was utilized as a precursor to develop a large surface 
area activated carbon (MKAC) via a microwave-induced KOH activation. The characterizations of the 
raw MK and MKAC were investigated by surface area analysis, scanning electron microscopy, X-ray 
diffraction, Fourier transform infrared, elemental analysis (CHNS) and point of zero charge (pHPZC) 
method. The surface area of MKAC was remarkably increased up to 1,100.18 m²/g compared with 
332.61 m²/g of MK before activating process. The adsorptive properties of the MKAC with methylene 
blue (MB) was conducted at different adsorbent dose (0.3–3.6 g/L), solution pH (2–12), initial dye con-
centrations (25–350 mg/L), contact time (0–240 min) using batch mode operation. The impregnation 
ratio is 1:2 (MK:KOH), microwave power of 600 W, and radiation time of 15 min resulted in MKAC 
with a monolayer adsorption capacity of 200 mg/g for MB at 30°C and carbon yield of 63.6%. The 
kinetic profiles were described by the pseudo-second-order kinetics. Thermodynamic functions indi-
cate a spontaneous and endothermic nature of the adsorption. This study introduces MK as a promis-
ing renewable precursor for developing a large surface area activated carbon.

Keywords: �Coal; Activated carbon; KOH activation; Microwave irradiation; Adsorption; Methylene 
blue

1. Introduction

Coal, which results from the physical and chemical alter-
ation of peat (coalification) by processes involving bacte-
rial decay, compaction, heat and time, is an agglomeration 
of many different complex hydrocarbon compounds [1]. 
Coal contains a wide variety of organic and mineral phases 
(mainly hydrogen, sulfur, oxygen, and nitrogen) which var-
ies from one coal deposit to another and from one location to 
another within the same seam [2]. In Malaysia, coal reserve 
stands at about 1,712 million tons of various ranks ranging 
from lignite to anthracite [3]. The total known Malaysia coal 
area covers about 7,324 km2 [4]. Malaysian Merit Kapit coal 
(MK) is a low-rank coal, mainly located in state Sarawak, 

East Malaysia. However, the high content of volatile mat-
ter, oxygen and moisture in this coal creates difficulties for 
its wide utilization. The largest coal users in the country are 
the cement manufacturers and electricity producers. The 
total consumption of coal at present is about 2.2 million tons 
per year. The use of coal is relatively new, with some of the 
cement plants converting from oil to coal in the early 1980’s 
and the commissioning of the only coal fired SSAA power 
station at Port Kelang in 1989 [5].

Activated carbons (ACs) are materials containing large 
surface area, well-developed porosity and various functional 
groups. Therefore, ACs have been widely utilized in versatile 
applications such as gas separation, solvents recovery, gas 
storage, super capacitors electrodes, catalyst support, adsor-
bent for organic and inorganic pollutants from drinking 
water, and so on [6]. However, a high cost of AC production 
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limits its application in various technologies. Recognizing 
this economic obstacle, many investigators have made exten-
sive efforts in low-cost alternatives to activated carbon from 
a range of carbonaceous precursors, such as lignocellulosic 
materials [7–10], biopolymer [11], coal [12], char [13], and 
fruit peels [14]. The textural properties and adsorption capac-
ities of AC mainly depend on the nature of the starting mate-
rial, activation method, type of activator, and preparation 
conditions [15,16].

Recently, microwave irradiation has been found to be 
a rapid and alternative method to prepare, modify, and 
regenerate AC materials. In this technique, heat is produced 
within the carbon particle since the energy is directly sup-
plied at the molecular level scale through dipole rotation 
and ionic conduction [10,16]. By comparing with other 
conventional activation methods, microwave radiation has 
rapid temperature rise, uniform temperature distribution, 
and lower time and energy demands [17]. KOH is widely 
used in the preparation of AC from many types of carbona-
ceous precursors due to its many desirable properties such 
as effectiveness in production of AC with narrow pore size 
distribution and well-developed porosity, in addition to the 
eco-friendly property of KOH [18]. Nowadays, interests are 
growing in the use of other low-cost and locally available 
coal as raw precursors and steady source for the preparation 
of large surface area AC.

To the best of our knowledge, development of a large 
surface area and low-cost activated carbon from low-rank 
Malaysian coal has not yet been investigated. Therefore, 
this work aims first to prepare a low-cost activated carbon 
with a large surface area from locally available Merit Kapit 
coal (MK) by union of microwave-supported KOH acti-
vation, and second, to evaluate the adsorptive properties 
of received activated carbon (MKAC) for removal of cat-
ionic dyes from aqueous solutions. Methylene blue (MB) 
was chosen as a probe in this study due to its complicated 
chemical structure and because it is not easy to be removed 
from wastewater by conventionally used techniques such 
as biological treatments and chemical precipitation [19,20]. 
Furthermore, adsorption technique provides high perfor-
mance and convenience of operation and selectivity as well 
as exhibits a simple design and flexibility [21,22]. The pre-
pared MKAC was characterized through pore structural 
analysis (BET), scanning electron microscopy (SEM-EDX), 
X-ray diffraction (XRD), Fourier transform infrared (FTIR), 
elemental analysis (CHN), and point of zero charge (pHPZC) 
method.

2. Experimental section

2.1. Chemicals

MB dye (chemical formula: C16H18ClN3S3H2O, molecular 
weight: 373.9 g/mol, purity 82%, solubility in water: 40 g/L) 
purchased from R & M Chemicals Company, Malaysia, and 
used as the adsorbate without any purification. Potassium 
hydroxide (KOH; HmbG Chemicals, Germany) was used 
as the chemical reagent for activation. Other chemicals such 
as hydrochloric acid (HCl) and sodium hydroxide (NaOH) 
were of analytical grade quality and were purchased from 
different renowned suppliers.

2.2. Preparation of activated carbon

Merit Kapit low-rank coal (MK) originated from the 
state Sarawak of East Malaysia was selected as a precursor 
in this work. The coal samples were ground and sieved to 
0.5–0.85 mm. Raw MK was washed and rinsed with hot dis-
tilled water to eliminate adherents and until the filtered water 
was clear. MK was then dried in a vacuum oven for 24 h. The 
MK coal activated carbon (MKAC) was prepared by mixing 
KOH with a coal/KOH impregnation ratio of 1:2 (w/w%) with 
occasional stirring (predetermined as an optimum mixing 
ratio by taking highest recorded iodine number). The sample 
was activated by using a quartz glass reactor (7.5 cm diam-
eter and 8.5 cm length) sealed at the bottom and open from 
the top side to allow the escape of pyrolysis gases. Pyrolysis 
of sample was carried out in a modified microwave oven 
(model Panasonic NNJ-993) with a fixed power of 600 W for 
20 min in the presence of nitrogen gas (99.995%) at frequency 
of 2,450 MHz (the irradiation power and time of activation 
were pre-determined as optimum activation conditions). A 
schematic illustration of the microwave-assisted pyrolysis 
system was fully described by our previous published work 
[23]. The activated products were then cooled down to room 
temperature and washed with 0.1 M HCl solution and hot 
distilled water until the filtrate reached a neutral pH value. 
The produced activated carbon was designated as MKAC, 
which was then dried in an oven at 100°C for 24 h. The MKAC 
was stored in tightly closed bottles for further applications. 
The percent yield of the MKAC was calculated by Eq. (1):

Yield Weight of MKAC
Weight of dried MK

(%) = ×100 � (1)

2.3. Samples characterization

The iodine number indicates the porosity of the activated 
carbon and it is defined as the amount of iodine adsorbed by 
1 g of carbon at the milligram level, which was determined 
by standard method [24]. Ultimate analyses of the samples 
were measured for determining C, H, N, and S content by 
CHNS-O Analyzer (Flash 2000, Organic Elemental Analyzer, 
Thermo Scientific, Netherlands). The oxygen contents were 
calculated by difference. XRD analysis was performed on coal 
in order to determine the crystallinity or amorphous nature 
before and after activating process by XRD in reflection mode 
(Cu Kα radiation) on a PANalytical (UK), X’Pert Pro X-ray 
diffractometer. Scans were recorded with a scanning rate of 
0.59°/s. The diffraction angle (2θ) was varied from 10° to 90°. 
Textural characterization of the MK and MKAC were carried 
out by N2 adsorption using Micromeritics ASAP 2060, USA. 
FTIR spectral analysis of samples was performed on Spectrum 
One (PerkinElmer, USA) in the 4,000–500 cm–1 wavenumber 
range. The pellet for infrared studies was prepared by mixing 
a given sample with KBr crystals and pressed into a pellet. 
From these FTIR spectra, the presence of surface functional 
groups before and after activation and adsorption were con-
firmed. The surface physical morphology was examined by 
using SEM (JSM-6460LA, JEOL, Japan) technique. The sam-
ples were placed on carbon tapes, and then coated with a thin 
layer of gold–palladium in an argon atmosphere using agar 
sputter coater. The pH at the point of zero charge (pHPZC) was 
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estimated using a pH meter (Metrohm, Model 827 pH Lab, 
Switzerland), as described elsewhere [18].

2.4. Batch adsorption experiments

The batch adsorption experiments of MB onto MKAC 
were performed in a series of 250 mL Erlenmeyer flasks con-
taining 200 mL of MB solution. The flasks were capped and 
agitated in an isothermal water bath shaker (waterbath, model 
WNB7-45, Memmert, Germany) at a fixed shaking speed of 
90 strokes/min and 30°C until equilibrium was achieved. 
Batch adsorption experiments were carried out on common 
variables of interest such as adsorbent dosage (0.2–3.6 g/L), 
pH (2–12), initial dye concentration (25–350  mg/L), and 
contact time (0–240 min) to determine the optimum condi-
tions for dye sorption. The pH of MB solution was adjusted 
by adding either 0.10  M HCl or NaOH to the desired pH 
value by monitoring with a pH meter (model 827 pH Lab, 
Metrohm, Switzerland). After the stirring, the supernatant 
was collected with a 0.20 µm nylon syringe filter and the con-
centrations of MB were monitored at a different time interval 
using a HACH DR 2800 Direct Reading Spectrophotometer 
at a wavelength of 661 nm. The adsorption capacity at equi-
librium, qe (mg/g) and the percent of color removal, CR (%) of 
MB were calculated using Eqs. (2) and (3), respectively:

q
C C V
We

o e=
−( )

� (2)

CR %
( )

=
−

×
C C

C
o e

o

100 � (3)

where Co is the initial dye concentration (mg/L); Ce is the dye 
concentration at equilibrium (mg/L); V is the volume of dye 
solution used (L); and W is the dry mass of the adsorbent 
used (g). Adsorption experiments were conducted in dupli-
cates and are reported as average values.

3. Results and discussion

3.1. Samples characterization

3.1.1. Surface characteristics

Nitrogen adsorption/desorption curve offers qualita-
tive information on the adsorption mechanism and porous 
structure of the carbonaceous materials. Fig. 1 shows the 
N2 adsorption/desorption isotherm of both MK and MKAC 
at 77  K with their corresponding pore-size distribution. 
Based on Fig. 1(a), the initial part of the type IV isotherm is 
attributed to monolayer–multilayer adsorption. Type IV iso-
therm is typical for mesoporous materials showing hyster-
esis loop, which is associated with capillary condensation. 
The type H3 loop, does not exhibit any limiting adsorption 
at high P/Pο, is observed with aggregates of plate-like parti-
cles giving rise to slit-shaped pores [25]. On the other hand, 
Fig. 1(c) shows type I isotherm as concave to the P/Po axis and 

Fig. 1. Isotherms of N2 adsorption/desorption of MK (a) and MKAC (c), pore-size distribution of MK (b) and MKAC (d).
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approaches a limiting value as P/Po = 1. The isotherms display 
an abrupt increase in adsorbed volume at a low relative pres-
sure (P/Po). Type I isotherms are given by microporous sol-
ids having relatively small external surfaces and the limiting 
uptake being governed by the accessible micropore volume 
rather than by the internal surface area. Type I isotherms 
do not display an apparent desorption hysteresis loop, in 
accordance with IUPAC classification [25]. Furthermore, 
the textural parameters of raw MK and MKAC are recorded 
in Table 1. From Table 1, MKAC can be considered porous 
material with large BET surface area of 1,100.18 m2/g com-
pared with less porous raw MK with a relatively low surface 
area of 332.61 m2/g. Thus, the KOH activator was responsible 
for obvious increase in the surface area, which is ~3.3 times 
greater than raw precursor MK. The development of porosity 
of activated carbon by KOH activation was associated with 
gasification according to the following reaction [26]:

2KOH → K2O + H2O

C + H2O → H2 + CO

CO + H2O → H2 + CO2

K2O + CO2 → K2CO3

K2O + H2 → 2K + H2O

K2O + C → 2K + CO

Thus, MKAC with a relatively high yield of 63.6% 
(Table 1) from MK is obtained from an activation process with 
KOH. Furthermore, the high iodine number of 1,007  mg/g 
(Table 1) further confirms that this activated carbon (MKAC) 
has a large surface area. In fact, a large surface area of MKAC 
(1,100.18  m2/g) obtained by this work is higher than other 

activated carbons obtained by KOH activation from other 
lignocellulosic materials such as pine apple peel (1,006 m2/g) 
[27], palm shell (895 m2/g) [28], oil palm empty fruit bunch 
(807.54 m2/g) [29], rice husk (752 m2/g) [30], and cotton stalk 
(729 m2/g) [31], oil palm fibers (707.79 m2/g) [32], and pista-
chio nut shells [33]. Therefore, MK is a promising precursor 
for the production of high surface area activated carbon.

3.1.2. Elemental analysis

The elemental compositions (CHN) of the raw MK and 
MKAC were taken and the results are listed in Table 1. It was 
obvious from the table that KOH used as an activator has sig-
nificant influence to produce activated carbon (MKAC) with 
high ratios of C/H and C/N. In the simultaneous microwave 
pyrolysis and activation processes, the MK decomposes. As 
a result of decomposition, volatile matters are released from 
the carbonaceous product. Therefore, the ratio of C/H (62.74) 
of MKAC becomes approximately twice as high as (32.50) of 
MK as shown in Table 1. In fact, KOH plays a decisive role 
for the coal matrix modification. Under the microwave irra-
diation, metallic potassium is produced and they are interca-
lated to the carbon matrix, which are responsible for further 
carbon gasification and release of gaseous products such as 
CO2, CO, and H2 [34].

3.1.3. X-ray diffraction analysis

X-ray computed tomography has applicability over a 
wide range of applications related to coal structure, behav-
ior, and use. Thus, the XRD pattern of the raw MK and 
MKAC are shown in Figs. 2(a) and (b), respectively. XRD 
pattern of MK shows broad peak at 25°, which is an indic-
ative of amorphous nature of the sample. Sharp diffraction 
peaks from (002), (101), (004), and (103) planes of the crys-
talline carbon phase are indexed based on the reference pat-
tern. The XRD pattern of the MKAC was quite similar to that 
of the raw MK. They both had approximately similar num-
ber of peaks, except the diffraction pattern of MKAC which 
showed sharper and intense peaks. From this observation, 

Table 1
Physicochemical characteristics of the MK and MKAC

Typical properties Sample
MK MKAC

Single point surface area (m²/g) at 
P/Po = 0.300

307.17 1,012.57

BET surface area (m²/g) 332.61 1,100.18
Langmuir surface area (m²/g) 442.33 1,486.86
Iodine number (mg/g) 322 998.76
Fixed carbon (yield %) 63.6
Ultimate analysis (wt%)
C (%) 60.13 71.52
H (%) 1.85 1.14
N (%) 28.39 4.45
S (%) ND ND
Oa (%) 9.63 22.89
C/H 32.50 62.74
C/N 2.12 16.07

ND, Not detected.
aBy difference. Fig. 2. XRD patterns for MK (a) and MKAC (b).
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it can be concluded that the crystal structure of the MKAC 
was the same as that of the raw MK. This further confirms 
that the activation process with KOH did not damage the 
fundamental structure of the raw MK. Similar observation 
was reported by preparing activated carbon nanotubes by 
using KOH activation [35].

3.1.4. Surface morphology analysis

SEM analyses of raw MK, MKAC, and MKAC-MB after 
adsorption of MB are shown in Figs. 3(a)–(c), respectively. As 
can be seen in Fig. 3(a), the raw MK surface is heterogeneous, 
irregular, with few visible cavities on it. After chemical acti-
vation with KOH (Fig. 3(b)), the MKAC surface appears to 
be highly porous and heterogeneous. Pores with different 
size and shape are also clearly visible. The pores are gener-
ated due to KOH activator, which was responsible for the 
porosity development of the raw precursor by creating new 
pores. Therefore, the resulting pore structure is suitable for 
the adsorption of MB within the pore structure of MKAC. 
This assumption is supported by Fig. 3(c), where the MKAC 
surface is altered after MB adsorption as evidenced by more 
dense and less open pores seen on the surface of MKAC.

3.1.5. FTIR spectral analysis

Fig. 4 shows the FTIR spectra of (a) MK, (b) MKAC, and 
(c) MKAC after MB adsorption. As can be seen from Fig. 4(a), 
the broad bands at 3,500  cm–1 is ascribed to the stretching 

Fig. 3. SEM-EDX profiles for MK (a), MKAC (b), and MKAC after MB adsorption at magnification power of 1,500 K (c).

Fig. 4. FTIR spectra for MK (a), MKAC (b), and MKAC after MB 
adsorption (c).
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vibration of hydrogen-bonded hydroxyl (–OH) groups, 
which indicate the presence of carboxyl, phenol or alcohol 
groups on the surface of MK [36]. The band at ~1,650 cm–1 is 
ascribed to the stretching vibration of C=O in amide group, 
amide I [37]. The band at ~1,350–1,300  cm–1 is ascribed to 
methyne C–H bending [38]. The band at 1,000–1,300  cm–1 

is usually assigned to C–O stretching in acids, alcohols, 
phenols, ethers, and/or esters groups [39]. The bands at 
750–600 cm–1 are assigned to alcohol, OH out-of-plane bend 
[38]. The evidence obtained from Fig. 4(b) indicates that 
there is an obvious change in the band intensity of (–OH) and 
slight change in band intensity of (C=O) which are ascribed 
to the catalytic breaking of these bonds (oxygen–hydrogen–
carbon bonds) via activation process with KOH. After MB 
adsorption (Fig. 4(c)), not much difference can be observed 
compared with sample before adsorption (Fig. 4(b)), except 
slight reduction in the band intensities and also little shifting 
in some bands frequency which might be attributed to inter-
actions with MB cations are the O–H and –COOH Lewis 
base functional groups.

3.2. Batch adsorption studies

3.2.1. Effect of adsorbent dosage

The effect of MKAC dosage on the amount of MB 
adsorbed was determined by incubating 100  mL of MB 
solution with an initial dye concentration of 100  mg/L 
with the adsorbent, for a contact time of 60  min at 30°C, 
110 strokes/min, and an unadjusted pH of 5.60 for the 
initial MB solution. Variable dosage amounts of MKAC 
(0.03–0.36 g) were added to the MB solution. Fig. 5 shows the 
percentage of MB removal increased from 48.6% to 99.6% 
by increasing the MKAC dosage from 0.03 to 0.12  g. The 
increase in the percentage of dye removal with adsorbent 
dosage may relate to an increase in the adsorbent surface 
area, augmenting the number of adsorption sites available 
[40]. Therefore, 0.12 g/100 mL was selected as an optimum 
MKAC dosage for the present study.

3.2.2. Effect of pH

The pHPZC is the pH where the adsorbent net surface 
charge corresponds to zero, and it offers the possible mech-
anism about the electrostatic interaction between adsorbent 
and adsorbate [41]. The pHPZC value of 4.3 was obtained for 
MKAC as shown in Fig. 6(a), while Fig. 6(b) shows the effect 
of pH, which ranged from 2 to 12, on MB removal by MKAC 
at an initial MB concentration of 100  mg/L. The surface of 
MKAC is negatively charged at the pH 4.3 and above. When 
the pH is increased (5–12), the surface of MKAC may adopt 
negative surface charge which enhances adsorption of pos-
itively charged MB cations through attractive electrostatic 
attractions, contributing to an increase in the rate of adsorp-
tion [41]. The optimum pH for the removal of MB by MKAC 
is at pH 5.0–6.0. In this respect, it was found that the pH value 
of the original MB solution is 5.6 and lies within the optimal 
pH range. Therefore, the pH value of unadjusted MB solu-
tion (pH 5.6) was used for this study.

Fig. 5. Effect of MKAC dose on color removal of MB ([MB]o = 
100 mg/L, V = 100 mL, pH = 5.6, shaking speed = 110 strokes/min, 
temperature = 30°C, and contact time = 60 min).

Fig. 6. (a) pHPZC for MKAC suspensions, and (b) effect of pH on 
MB uptake (mg/g) (MKAC dose = 0.1 g, [MB]o = 100 mg/L, V = 
100 mL, temperature = 30°C, shaking speed = 110 rpm, and con-
tact time = 60 min).
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3.2.3. Effect of initial dye concentration and contact time

The effect of adsorption capacity with contact time was 
investigated with the initial MB concentration that ranged 
from 50 to 350 mg/L, as shown in Fig. 7. The amount of MB 
adsorbed by MKAC at equilibrium increased rapidly from 
40.8 to 177.3 mg/g with an increase of initial MB concentra-
tion from 50 to 350 mg/L. This was attributed to an increase of 
the collision rate between MB cations and MKAC surface at a 
higher initial dye concentration. Hence, more MB cations were 
transferred to the MKAC surface. More time was required to 
reach equilibrium at higher levels of dye since there was a ten-
dency for MB to penetrate deeper within the interior surface 
of the MKAC to occupy more active adsorption sites.

3.3. Adsorption isotherm

The adsorption isotherm results for MKAC were fitted 
using three types of isotherm models, which is Langmuir, 
Freundlich, and Temkin to evaluate the suitable model for 
describing the adsorption process. Adsorption isotherm 
reveals the relationship between the mass of adsorbate 
adsorbed per unit weight of adsorbent at equilibrium and liq-
uid phase equilibrium concentration of the adsorbate [42,43]. 
The Langmuir model assumes that the adsorptions occur at 
specific homogeneous sites on the adsorbent. As well, mono-
layer adsorption occurs onto a surface containing a finite 
number of adsorption sites with uniform adsorption and no 
transmigration of adsorbate on an idealized planar surface. 
The data of the equilibrium studies for the adsorption of MB 
dye onto MKAC may follow the Langmuir model [44] as in 
Eq. (4):

C
q q k q

Ce

e L
e= +

1 1

max max
� (4)

where Ce is the equilibrium concentration (mg/L) and qe is the 
amount of adsorbed species per specified amount of adsor-
bent (mg/g), kL is the Langmuir equilibrium constant, and 
qmax is the amount of adsorbate required to form an adsorbed 
monolayer. Hence, a plot of Ce/qe vs. Ce should be a straight 
line with a slope (1/qmax) and an intercept (1/qmax.kL) as shown 
in Fig. 8(a). By contrast, the Freundlich model [45] assumes 
heterogeneous surface energies, as described by a form of the 
Langmuir equation that varies as a function of the surface 
coverage. This model is presented as Eq. (5):

ln ln lnq k
n

Ce F e= +
1 � (5)

where Ce is the equilibrium concentration of the adsorbate 
(mg/L), qe is the amount of adsorbate adsorbed per unit 
mass of adsorbent (mg/g). The affinity constant kF ((mg/g)
(1/mg)1/n), relates to the adsorption capacity of the adsorbent 
and n is the constant which indicates the relative favorabil-
ity of the adsorption process. Thus, a plot of ln qe vs. ln Ce 
should be a straight line with a slope 1/n and an intercept of 
ln kF (Fig. 8(b)). Temkin model [46] considered the effects of 
indirect adsorbate/adsorbate interactions on adsorption iso-
therms. The Temkin isotherm can be expressed in its linear 
form as Eq. (6):

q B k B Ce T e= +ln ln � (6)

where B = (RT/b), a plot of qe vs. ln Ce yielded a linear line, 
enables to determine the isotherm constants kT and B (Fig. 8(c)). 
kT is the Temkin equilibrium binding constant (L/mg) that 
corresponds to the maximum binding energy, and constant 
B is related to adsorption heat. The adsorption heat of all 
the molecules in the layer is expected to decrease linearly 
with coverage because of adsorbate/adsorbate interactions. 
The related parameters were calculated, and the results are 
shown in Table 2. Based on calculated data, Langmuir model 
fits the data better than the Freundlich and Temkin models. 
This result is confirmed by the high R2 value for the Langmuir 
model (0.998) compared with the Freundlich (0.960) and 
Temkin (0.620) models. Langmuir isotherm indicates the sur-
face homogeneity of the adsorbent. The adsorbent surface is 
made up of small adsorption patches, which are energetically 
equivalent to each other in terms of adsorption phenomenon. 
The monolayer adsorption capacity (qmax) for MKAC with MB 
was 200 mg/g. This result indicates that MK is a promising 
renewable precursor that can be utilized to develop an effi-
cient porous activated carbon with potential application for 
uptaking cationic dyes such as MB.

3.4. Kinetic studies

The pseudo-first-order model (PFO) and pseu-
do-second-order model (PSO) were used to investigate the 
adsorption kinetics of MB dye on MKAC. The PFO was orig-
inally proposed by Lagergren [47] and its linearized form is 
given by Eq. (7):

ln( ) lnq q q k te t e− = − 1
� (7)

Fig. 7. Effect of initial dye concentration and contact time on 
the adsorption capacity of MB by MKAC (V = 100 mL, MKAC 
dose = 0.12 g, pH 5.6, shaking speed = 110 strokes/min, and tem-
perature = 30°C).
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where qe is the amount of solute adsorbed at equilibrium per 
unit weight of adsorbent (mg/g), qt is the amount of solute 
adsorbed at any time (mg/g), and k1 is the adsorption constant. 
This expression is the most popular form of PFO. k1 values at 
different initial MB concentrations were calculated from the 
plots of ln (qe – qt) vs. t (Fig. 9(a)) and the values are given in 
Table 3. The linear form of the PSO is given by Eq. (8) [48]:

t
q k q

t
qt e e

= +
1

2
2 � (8)

where the PSO is the rate constant (k2, g/mg min) and qe,cal were 
calculated from the intercept and slope of t/qt vs. t, shown in 
Fig. 9(b). In Table 3, the observed R2 values are nearly unity 
(R2 ≥ 0.99) for the PSO, where the values of qe,cal are in good 
agreement with qe,exp.

3.5. Adsorption thermodynamics

The thermodynamic adsorption parameters of MB onto 
MKAC were computed from the experimental data obtained 
at 313, 323, and 333  K. Gibb’s free energy (ΔG°), enthalpy 
(ΔH°) and entropy (ΔS°) were calculated using the following 
Eqs. (9)–(11) [49]:

k
q
Cd
e

e

= � (9)

ΔG° = ΔH° – TΔS°� (10)

ln k S
R

H
RTd =

°
−

°∆ ∆ � (11)

where kd is the distribution coefficient, qe is the concentration 
of MB adsorbed onto MKAC at equilibrium (mg/L), Ce is the 
equilibrium concentration of MB in the liquid phase (mg/L), 
R is the universal gas constant (8.314 J/mol K), and T is the 

Fig. 8. Adsorption isotherm plots of the Langmuir (a), Freundlich (b), and Temkin (c) models for MB adsorption onto MKAC at 30°C.

Table 2
Parameters of the Langmuir, Freundlich, and Temkin isotherm 
models for MB adsorption onto MKAC surface at 30°C

Isotherm Parameter Value

Langmuir qm (mg/g) 200
KL (L/mg) 2.5
R2 0.998

Freundlich kF ((mg/g)(L/mg)1/n) 99.09
N 0.138
R2 0.960

Temkin KT (L/mg) 4.47
B 0.061
R2 0.620
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absolute temperature (K). The values of ΔH° and ΔS° were 
calculated from the slope and intercept of van’t Hoff plots 
of ln kd vs. 1/T, respectively (Fig. 10). The thermodynamic 
parameters are listed in Table 4. In general, the value for 
ΔG°, energy for physisorption ranges from –20 to 0 kJ/mol, 
the physisorption together with chemisorption falls at the 

range of –20 to –80 kJ/mol and chemisorption is more nega-
tive in magnitude with a range of –80 to –400 kJ/mol [50]. The 
negative values of ΔG° indicate spontaneous and favorable 
MB adsorption onto the surface of MKAC [18]. The enthalpy 
for physisorption is generally below 0 kJ/mol, while for the 
chemisorption is a more negative range (80–420  kJ/mol) 
of values [51]. The positive value of the enthalpy change 
(ΔH° = 113.34 kJ/mol) indicates that the adsorption process 
is endothermic and this value also shows that the adsorp-
tion follows a chemisorption mechanism in nature involving 
strong forces of attractions [52]. The positive entropy change 
(ΔS°) value of 391.80 J/mol K confirms a high preference of MB 
molecules for the carbon surface of MKAC and also suggests 

Fig. 9. Kinetic profiles for the adsorption of MB onto MKAC at 
30°C: (a) PFO and (b) PSO.

Table 3
Parameters of the PFO and PSO for MB adsorption onto MKAC at different initial MB concentrations at 30°C

Parameters 
Co (mg/L) 50 100 150 200 250 300 350
qe,exp (mg/g) 41.6 83.3 111.1 166.7 174.6 184.8 204.6

PFO
qe,meas (mg/g) 40.6 59.5 92.5 123.4 159.2 171.3 189.6
k1 (min–1) 2.35 0.481 0.062 0.058 0.023 0.018 0.016
R2 0.999 0.727 0.668 0.779 0.880 0.920 0.937

PSO
qe,meas (mg/g) 40.9 79.8 110.4 162.6 171.7 181.2 201.7
k2 × 10–3 (g/mg min) 576 48.0 6.23 1.71 0.83 0.61 0.19
R2 1 1 0.999 0.999 0.998 0.999 0.999

Fig. 10. Plot of ln kd vs. 1/T for calculation of thermodynamic 
parameters for the adsorption of MB onto MKAC.

Table 4
Thermodynamic parameter values for the adsorption of MB onto 
MKAC

Temperature (K) Thermodynamics
kd ΔG° 

(kJ/mol)
ΔH° 
(kJ/mol)

ΔS° 
(J/mol K)

313 8.45 –232.12 113.34 391.80
323 35.33 –236.04
333 137.07 –239.96
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the possibility of some structural changes or readjustments 
in the dye–carbon adsorption complex. It also corresponds to 
an increase in the degree of freedom of the adsorbed species 
due to adsorbate disorder and/or loss of water upon binding 
of MB onto the MKAC surface.

4. Conclusions

Microwave-assisted KOH activation was used to prepare 
porous activated carbons. MK low-rank coal was utilized as 
a low-cost precursor for preparation of a large surface area 
activated carbon (MKAC). Additionally, the surface area and 
iodine number of MKAC are 1,100.18 m2/g and 998.76 mg/g, 
respectively. The prepared MKAC shows efficient removal 
for MB from aqueous solution. In this study, equilibrium 
adsorption data of MB onto MKAC was well represented 
by Langmuir isotherm model, showing maximum adsorp-
tion capacity of 200 mg/g. The adsorption kinetic data were 
well described by the PSO. Thus, these results indicated 
that MKAC is a low-cost and an efficient adsorbent for MB 
adsorption.
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