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Abstract This work studied the optimization of preparation conditions of Pentace

species sawdust activated carbon (PSAC) via microwave-induced KOH activation

for the adsorption of methylene blue (MB) dye from aqueous solutions. The pro-

duced activated carbon was characterised through Brunauer–Emmett–Teller (BET)

surface area and pore structural analysis, proximate and ultimate, scanning electron

microscopy, and Fourier transform infrared spectroscopy. Response surface

methodology technique was used to optimize the radiation power, radiation time

and impregnation ratio for MB removal and PSAC yield through central composite

design. The optimum preparation conditions for PSAC were obtained at a radiation

power of 418 W, radiation time of 6.4 min, and an impregnation ratio of 0.5, which

resulted in 27% PSAC yield and 93.74% MB removal. A mesoporous structure of

PSAC was formed, with a BET surface area, total pore volume and average pore

diameter of 914.15 m2/g, 0.52 cm3/g, and 3.19 nm, respectively. The experimental

kinetic data were well described by a pseudo-second-order model and intraparticle

diffusion. Adsorption data fitted the Redlich–Peterson equation better than the
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Langmuir, Freundlich, Temkin, Dubinin–Radushkevich and Sips equations. How-

ever, the exponential value of Redlich–Peterson approached unity, hence, resulting

in the original Langmuir equation, with adsorption capacity of 357.14 mg/g. The

adsorption performance was effectively preserved even after four consecutive

cycles, demonstrating good regeneration ability.

Keywords Activated carbon � Pentace species sawdust � Methylene

blue � Optimization � Adsorption isotherm � Kinetics

Introduction

Dye effluents are among the main contributors to water pollution [1]. More than

10,000 tonnes of dyes are produced every year. During dye production, large

quantities of dye effluents are generated and serious water pollution is caused [2].

Several methods have recently been implemented for the removal of textile dyes

from wastewater, such as chemical oxidation, anaerobic treatment, adsorption,

biosorption, coagulation, membrane filtration and photocatalysis [3]. The effec-

tiveness of adsorption processes as good physical separation methods to remove

dyes from aqueous solution can no longer be denied, due to simple operation

requirements, non-sensitivity to toxic substances, and flexibility in activated carbon

(AC) selection from various sources [4]. Carbonisation and activation are two

processes that are usually performed in the preparation of AC. Several complex

reactions occur which release volatile compounds and produce fixed carbon mass

during the carbonisation process [5]. On the other hand, the activation process can

be performed by either chemical and/or physical methods, or both simultaneously.

In chemical activation, the raw material is physically mixed or impregnated with

activating agents such as ZnCl2, NaOH, H3PO4, KOH, and K2CO3 to create the pore

structure [6]. Among the chemical activation agents, KOH is usually preferred as it

is more eco-friendly than other activators. In addition, the formation of K2CO3 that

occurs after the interaction between KOH and char can prevent excessive burning of

the sample, resulting in higher yield and producing good porosity [7]. The process

of chemical activation from different types of precursor using KOH as a chemical

agent has recently been reported by several researchers [8–11].

In a preparation of AC, conventional heating methods using tubular furnaces are

normally used, in which energy is generated by convective or conductive heating

systems [12]. Nevertheless, in some cases this thermal heating may take a longer

time to achieve the preferred phase of activation [13]. Another disadvantage of

conventional heating is its lack of uniformity when heating samples of dissimilar

shapes and sizes, whereby it produces a thermal gradient from the outer hot surface

of the particle to its inner parts, and blocks the effective removal of gaseous

products to the atmosphere which, in turn, can damage the quality of the prepared

AC [14]. Lately, heating systems employing microwave irradiation have been

widely used for the preparation of AC. The microwave energy is transferred to the

interior part of the samples by dipole rotation and ionic conduction, rather than by
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conduction and convection [15]. Consequently, microwave heating results in a

significantly reduced treatment time. The removal of dyes from wastewater using

activated-carbon adsorbents prepared by microwave-assisted activation from

various source such as date stones [16], coconut shells [17], pomegranate peel

[9], oil palm shells [18], peanut shells [19], coffee shells [20], palm kernel shells

[21], Jatropha [22] and rice husks [23] have been studied by many investigators.

Pentace species, with various common names such as Melunak (Malaysia),

Burma mahogany (Myanmar), or Sisiat pluak (Thailand) belong to a genus of 34

tree species such as Pentace burmanica, Pentace triptera and many more. The wood

processing residues are comprised of sawdust, slabs, off-cuts, shavings and chips,

which make up about 20% of the total input mass [24]. In some wood-processing

factories, these residues remain unused and are disposed of either by burning or

disposal in landfills. To address this issue, in this study, the use of microwave

irradiation for the preparation of AC from Pentace species sawdust (PS) via KOH

activation was explored. Over the years, several papers have reported the successful

use of several types of wood sawdust precursors for the potential preparation of AC

using different activation methods [25–30]. Therefore, the present work focuses on

optimizing the conditions for the microwave preparation of PSAC through varying

the radiation power, radiation time and impregnation ratio, based on RSM, with the

purpose of removing MB dye from aqueous solutions. The isotherms, kinetics and

desorption study of PSAC were also studied.

Materials and methods

Materials

Locally obtained PS was thoroughly washed to remove dirt and other unwanted

materials, dried and sieved to a particle size of 0.5–1 mm. Potassium hydroxide,

KOH (85%), purchased from Riedel–de–Haen, Germany, was used as the activating

agent. MB supplied by Sigma-Aldrich (M) Sdn Bhd, Malaysia, was used as the

adsorbate. N2 and CO2 gases were supplied by MOX Gases, Berhad, Malaysia and

were of 99.99 and 98.00% purity, respectively.

Synthesis of activated carbon

In the carbonisation process, 30 g of dried sawdust was loaded into a vertical

tubular reactor made from stainless steel which was placed in a furnace. The sample

was then heated to 700 �C for 2 h under a nitrogen flow (flow rate = 150 cm3/min;

heating rate = 10 �C/min). The char produced was impregnated with KOH at

various impregnation ratios (IRs) (0.5–2.0 g/g) and dehydrated at 110 �C for 24 h in

an oven.

The microwave activation step was performed using a conventional 2.45 GHz

microwave oven that was modified to accommodate the reactor and the inlet and

outlet of gases. Microwave-induced activation of the impregnated char with KOH

was conducted at different powers: 264, 440 and 616 W, and various radiation
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times: 4, 6, and 8 min, with continuous flow of CO2 gas at 300 cm3/min. The

sample was rinsed repeatedly with deionised water and 0.1 M hydrochloric acid to

reach pH 7. The AC obtained was dried at 110 �C for 24 h.

Optimization using RSM

Standard RSM with CCD was used to optimize the effective parameters with the

least possible number of experiments, and in addition to analyse the relation

between them [31]. In this work, the variables considered were radiation power (x1),

radiation time (x2), and impregnation ratio (x3). The ranges and the levels of these

variables are listed in Table 1.

A total of 20 experiments were performed for the three factors (= 23 ? 2(3) ? 6)

which consisted of 14 experiments plus six replicate parameters to evaluate the pure

error. Because only three stages were attributed to each factor, the corresponding

model is a quadratic model, expressed by Eq. (1):

Y ¼ b0 þ
Xn

i¼1

bixi þ
Xn

i¼1

biix
2
i þ

Xn�1

i¼1

Xn

j¼iþ1

bijxixj þ ei; ð1Þ

where Y is the predicted response, b0 is the constant coefficient, bi the linear

coefficient, bij the interaction coefficient, bii the quadratic coefficient, xi and xj the

coded values of the AC preparation variables, and ei is the error. Design Expert

Software (version 6.0.7) was used for further regression analyses, analyses of

variance (ANOVA), and response surfaces.

Characterisation of PSAC

The total pore volumes and average pore diameters of the samples were determined

using a Micromeritics ASAP 2020 volumetric adsorption analyser. The BET surface

area was determined from the adsorption isotherm using the BET equation. The

surface morphologies of the samples were examined using SEM (LEO SUPRA

55VP, Germany). Proximate analyses were carried out using a simultaneous thermal

analyser (Perkin Elmer STA 6000, USA), and the elemental compositions of the

samples were determined using an elemental analyser (Perkin Elmer Series II 2400,

USA). The functional groups on the surface of the PS and PSAC were characterised

by FTIR (Shimadzu Prestige 21, Japan).

Table 1 Experimental factors
Variable (factor) Code Units Coded values

-1 0 ?1

Radiation power x1 W 264 440 616

Radiation time x2 Min 4 6 8

Impregnation Ratio (IR) x3 – 0.50 1.25 2.00
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Batch adsorption studies

Adsorption experiments were carried out by adding 0.20 g of PSAC into 250 mL

Erlenmeyer flasks containing 200 mL of MB dye solutions with different initial

concentration (25, 50, 100, 200, 250 and 300 mg/L) and agitating at 120 rpm at

30 �C until equilibrium was reached. A UV–vis spectrophotometer (Agilent Cary

60) was used to determine the concentration of each MB dye solution at wavelength

maximum of 668 nm. The interactions between the adsorbate and the adsorbent

were analysed using six isotherm equations, namely Langmuir [32], Freundlich

[33], Temkin [34], Dubinin–Radushkevich [35], Redlich–Peterson [36] and Sips

[37]. Isotherm parameters for MB dye adsorption on PSAC are listed in Table 2.

In order to find the best fit among the adsorption isotherm models, the correlation

coefficients, R2 and the Chi square (v2) tests were carried out. The correlation

coefficient R2 value, which was close to unity, showed that the model fitted the data

well, while the lower value of v2 indicated that difference was not significant [34].

The Chi square statistical (v2) equation was given by:

v2 ¼
X qe;exp � qe;cal

� �2

qe;cal

 !
: ð2Þ

Table 2 Isotherm and kinetic models

Model Type Expression

Isotherm Langmuir qe ¼ qmKLCe

1þKLCe

RL ¼ 1
1þKLCoð Þ

Freundlich
qe ¼ KFC

1
nF
e

Temkin qe ¼ B ln Að Þ þ B ln Ceð Þ
Dubinin–Radushkevich qe ¼ qD exp �BDRe2ð Þ

E ¼ 1ffiffiffiffiffiffiffiffi
2BDR

p
h i

Redlich–Peterson qe ¼ KRCe

1þaRC
g
e

Sips qe ¼ qs
KsC

ns
e

1þKsC
ns
e

h i

Kinetic Pseudo-first-order lnðqe � qtÞ ¼ ln qe � k1t

Pseudo-second-order t
qt
¼ 1

k2q2
e
þ 1

qe
t

Elovich qt ¼ 1
b ln abð Þ þ 1

b ln t

Intraparticle diffusion qt ¼ ktit
1=2

qm = maximum adsorption capacity; KL = Langmuir constant; RL = separation factor; KF and nF-

= Freundlich constants; B = RT/b is related to the heat of adsorption; A = dimensionless Temkin iso-

therm constant; BDR = the mean free energy of adsorption, qD = theoretical saturation capacity,

e = Polanyi potential, equal to RT ln (1 ? (1/Ce)); E = sorption energy; KR and aR = Redlich–Peterson

isotherm constants; g = isotherm exponent; qS = Sips capacity; KS, ns, Sips constants; k1 and k2 = rate

constants for pseudo-first- and pseudo-second-order adsorptions; a = sorption constant of the adsorbate;

b = desorption constant; kti = intraparticle diffusion rate constant
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Batch kinetic studies

Four widely used kinetic models were employed, such as pseudo-first-order (PFO)

[38], pseudo-second-order (PSO) [39], Elovich [40] and intraparticle diffusion [34]

kinetic models. Table 2 lists the equations and parameters of the kinetic models

used in this study. The suitability of each kinetic model for the description of the

adsorption process was further determined by calculating the normalised standard

deviation, Dq (%), as given by Eq. (3):

Dq ¼ 100

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiP
qexp � qcal

� �
=qexp

� �2

n� 1

s

: ð3Þ

Desorption studies

The reusability of the PSAC was evaluated using the ethanol desorption method

[41]. Once the adsorption equilibrium is reached, the amount of adsorption is

determined from the difference in initial concentration and concentration at

equilibrium. The spent AC was separated from the solution and rinsed with distilled

water to eliminate any unabsorbed MB dye. For the desorption process, the samples

were dried at 110 �C in an oven for 12 h before being added to an Erlenmeyer flask

containing 200 mL of ethanol (95 vol%). The same adsorption process was

conducted on the sample, and then these two processes were repeated four times.

The regeneration efficiency was measured using Eq. (4):

Desorption %ð Þ ¼ Cde

Cad

� 100; ð4Þ

where Cde (mg/L) is the equilibrium concentrations of MB dye in the desorption

process and Cad (mg/L) denotes the difference between the initial and equilibrium

concentrations of MB dye in the adsorption process.

Results and discussion

RSM and model fit

The experimental values for MB removal and PSAC yield are listed in Table 3. For

both responses, the quadratic model was selected and the final empirical formulas

for MB removal (Y1) and PSAC yield (Y2), in terms of the coded factors, after

excluding the insignificant terms, are given by Eqs. (5) and (6), respectively.

Y1 ¼ 94:66 � 17:2x1 � 0:91x3 � 4:15x1x2 � 5:82x1x3 � 4:07x2x3 � 17:25x2
1

� 3:35x2
2 � 3:01x2

3 ð5Þ
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Y2 ¼ 26:03 � 5:86x1 � 1:63x2 þ 3:36x2
1 þ 1:11x2

2 � 1:39x2
3 ð6Þ

The R2 value of Eqs. (5) and (6) were 0.9995 and 0.9969, respectively, from

which it can be concluded that both values are quite high, and this indicates that the

predicted values for MB removal and PSAC yield are accurate and match the real

values.

Statistical analysis and optimum conditions

ANOVA of the surface quadratic modelling results for MB removal and PSAC yield

are provided in Tables 4 and 5, respectively. The significance of the variables are

indicated by the F and P values, whereby the more significant effect of the

corresponding variable is present if the F value is larger while the P value is smaller

[34]. Values of P value\ 0.05 showed that the model was significant. Table 4

shows that a corresponding Prob.[F of less than 0.0001 for MB removal implies

that this model is significant. Radiation power and IR were found to significantly

affect MB removal, with radiation power having the greatest effect. The lack of fit

Table 3 Experimental factor condition and responses (condition: initial concentration 100 mg/L)

Run no. Type Factors Responses

x1: Radiation

power (w)

x2: Radiation

time (Min)

x3: IR Y1: MB

Removal (%)

Y2: PSAC

yield (%)

19 Fact 264 4 0.50 75.44 36.80

8 Fact 616 4 0.50 60.33 24.50

20 Fact 264 8 0.50 91.67 33.10

15 Fact 616 8 0.50 60.56 22.01

17 Fact 264 4 2.00 93.00 36.90

10 Fact 616 4 2.00 55.22 24.50

12 Fact 264 8 2.00 93.53 33.40

6 Fact 616 8 2.00 38.56 21.87

5 Axial 264 6 1.25 94.00 34.90

14 Axial 616 6 1.25 61.00 23.60

3 Axial 440 4 1.25 91.70 29.00

13 Axial 440 8 1.25 91.10 25.00

2 Axial 440 6 0.50 92.43 24.00

4 Axial 440 6 2.00 91.05 25.00

16 Centre 440 6 1.25 94.00 26.10

11 Centre 440 6 1.25 94.00 26.30

1 Centre 440 6 1.25 94.89 25.70

18 Centre 440 6 1.25 94.90 25.90

7 Centre 440 6 1.25 95.00 26.40

9 Centre 440 6 1.25 94.80 26.30
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P value of 0.3058 showed that the lack of fit was ‘not significant’ and the regression

model was effective for the MB adsorption onto PSAC. Similar results have been

reported by other researchers [42, 43].

Table 4 ANOVA for the MB-removal response

Source Sum of squares Degree of freedom Mean square F value P value

Prob.[F

Model 5812.32 9 645.81 2257.23 \ 0.0001

x1 2957.37 1 2957.37 10,336.51 \ 0.0001

x2 0.0073 1 0.0073 0.025 0.8764

x3 8.23 1 8.23 28.75 0.0003

x1x2 137.7 1 137.7 481.27 \ 0.0001

x1x3 270.63 1 270.63 945.9 \ 0.0001

x2x3 132.76 1 132.76 464.03 \ 0.0001

x1
2 817.87 1 817.87 2858.58 \ 0.0001

x2
2 30.78 1 30.78 107.57 \ 0.0001

x3
2 24.84 1 24.84 86.82 \ 0.0001

Residual 2.86 10 0.29

Lack of fit 1.77 5 0.35 1.62 0.3058

Pure error 1.09 5 0.22

Cor total 5815.18 19

Table 5 ANOVA for PSAC–yield response

Source Sum of squares Degree of freedom Mean square F value P value

Prob.[F

Model 428.24 9 47.58 352.4 \ 0.0001

x1 343.63 1 343.63 2544.98 \ 0.0001

x2 26.63 1 26.63 197.26 \ 0.0001

x3 0.16 1 0.16 1.18 0.3037

x1x2 0.54 1 0.54 4.01 0.0732

x1x3 0.036 1 0.036 0.27 0.6147

x2x3 0.00045 1 0.00045 0.333 0.9551

x1
2 31.01 1 31.01 229.69 \ 0.0001

x2
2 3.38 1 3.38 25.01 0.0005

x3
2 5.33 1 5.33 39.5 \ 0.0001

Residual 1.35 10 0.14

Lack of fit 0.98 5 0.2 2.67 0.1528

Pure error 0.37 5 0.074

Cor total 429.6 19
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The value of Prob.[F of less than 0.0001 listed in Table 5 indicates that the

PSAC yield model is significant. Radiation power was found to have the greatest

effect, followed by radiation time, while IR had an insignificant effect on PSAC

yield. The P value of lack of fit around 0.1528 verifies the high efficiency and

suitability of the model for fitting and justification of experimental data. The

statistical results show that both models (Eqs. 5, 6) are adequate for predicting MB

removal and PSAC yield within the range of variables studied.

Figure 1 shows the 3-D response surfaces that were constructed to show the

effects of the two most important variables (radiation power and IR) on MB removal

(Y1). MB removal was observed to increase as the power was increased from 264 to

440 W and decrease as the radiation power was further increased to 616 W, which

was due to small amounts of burnt-out carbon that blocked the pores of the sawdust

surface after being decomposed at higher power. The MB removal capacity of the

AC was observed to increase with increasing IR over the range of 0.5–2.00. This

phenomenon is attributed to catalytic oxidation that increasingly widens the

micropores to mesopores with increasing chemical IRs [44].

Figure 2 displays the 3-D response surface constructed to show the effect of the

two most important variables (radiation power and radiation time) on PSAC yield

(Y2). PSAC yield was found to decrease with increasing radiation power and

radiation time. The highest yield was obtained when both variables corresponded to

minima over the range studied. The decreased yield at higher radiation power and

radiation time is attributable to the impregnation of charcoal with KOH, which leads

to the breakage of C–O–C and C–C bonds [45].

Optimum conditions were obtained at a radiation power of 418 W, a radiation

time of 6.4 min, and an IR of 0.5. The predicted values for PSAC yield and MB

removal were found to be 26.78 and 94.12%, respectively. The experimental values

for PSAC yield and MB removal were 27 and 93.74%, which are in good agreement

with the predicted values, with relatively small errors of 0.82 and 0.41%,

respectively.

Fig. 1 Plot of 3-D surface for MB removal (effect of radiation power and IR, t = 4 min) by PSAC
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Characterisation results

The BET surface area, total pore volume and average pore diameter of PSAC were

found to be 914.15 m2/g, 0.52 cm3/g, and 3.19 nm, respectively. The average pore

diameter of 3.19 nm shows that the activated carbon prepared in this manner is

mesoporous, according to the IUPAC classification [46].

Figure 3 depicts the FTIR spectra of the PS and PSAC. The sawdust exhibits a

variety of functional groups on its surface. The FTIR spectrum revealed the peaks at

3611–3951 cm-1 ascribed to the presence of O–H stretching bands, which belong to

hydroxyl groups. There was a broad peak at 2720 cm-1 corresponding to C–H

stretching vibrations of aliphatic carbon. The FTIR band at around 2335 cm-1 is the

C:C stretching vibration of alkyne groups. The bands around 1689 and 1520 cm-1

were assigned to carboxyl (C=O) and aromatic ring (C=C) stretching bands,

respectively. The peak at 1269 cm-1 was related to the C–O stretching of the

phenolic group, while the bands below 1200 cm-1 can be considered as a fingerprint

region. On the other hand, the surface chemistry of PSAC can be seen to be different

from that of PS, since many peaks were lost, which was related to breakdown of the

cellulose and lignin structures during carbonisation and activation [47]. The surface

chemistry of PSAC illustrates peaks at 3647 and 3734 cm-1, which correspond to

the presence of hydroxyl (O–H) groups, while the band at 1603 cm-1 corresponds

to stretching of the carboxyl (C=O) groups.

Table 6 shows the proximate analysis and elemental compositions of the PS and

PSAC. The proximate analysis of PS showed the contents of moisture, ash, volatile

matter and fixed carbon of 9.54, 2.44, 59.2 and 28.82% (of the dry mass),

respectively. It was found that the percentage of volatile matter content was high,

while the percentage of ash content was low for PS; this is a good feature for the

production of mesoporous AC [47]. After the process of carbonisation and

activation, volatile matter content was decreased to 15.13% while the carbon

content increased to 78.31%, due to the discharge of volatile matter during chemical

activation leading to the increase in carbon content. Elemental analysis results

Fig. 2 Plot of 3-D surface of PSAC yield (effect of radiation time and radiation power, IR = 0.5)

5746 A. Khasri et al.

123



showed that carbon compositions increased significantly from 33.44 to 79.34%,

while other elements (H, S, N and O) were decreased after the activation process

using microwave radiation. This is due to the breakdown of volatile components and

the degradation of organic matter, aided by microwave radiation, to give high-purity

carbon [9].

The SEM images of the PS and the PSAC prepared under optimum conditions are

illustrated in Fig. 4a, b. The surface textures of the precursors were rough and

uneven. On the other hand, pores of different sizes and different shapes are evident

in the micrograph of PSAC. The chemical activation process had succeeded in

producing pores on the carbon surface as well as producing AC with large surface

area and a porous structure.
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Fig. 3 FTIR spectra of the PS and PSAC

Table 6 Proximate analysis and elemental compositions

Sample Proximate analysis (%) Elemental analysis (%)

Moisture Volatile Fixed carbon Ash C H S (N ? O)a

PS 9.54 59.2 28.82 2.44 33.44 6.54 0.18 59.84

PSAC 4.39 15.13 78.31 2.17 79.34 2.48 0.09 18.09

aEstimated by difference
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Effect of initial pH value

Due to the importance of monitoring the pH effect in adsorption, the initial pH

effect on MB dye removal by PSAC was studied in the range 2–12, as illustrated in

Fig. 5. In batch mode, 0.2 g of PSAC was added to 200 mL of a solution of MB dye

at a concentration of 100 mg/L at 30 �C. The pH of the solution was adjusted in the

range 2–12 by using 0.1 M HCl or 0.1 M NaOH solutions. From the figure, MB dye

removal can be seen to increase with the increase in the pH value of the MB dye

solution.

This reveals that pH affects the ionic state of the dye molecules and/or the

functional groups or charges of the activated carbon [48]. Characterisation of the

PSAC revealed the presence of hydroxyl (–OH) and carboxyl (–COOH) groups.

Figure 6a–c shows the possible mechanism of interaction of PSAC with MB dye

molecules in different pH conditions. In the neutral state, the reaction mechanism

Pores

(a) (b)

Fig. 4 Scanning electron micrographs of a PS and b PSAC at 9 1000 magnification
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Fig. 5 The pH effect on the adsorption of MB onto PSAC
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occurs via hydrogen bonding between the –OH and –COOH groups on the PSAC

surface with the nitrogen atoms of the MB dye. In the basic state, the hydroxyl and

carboxyl groups on the surface of PSAC are deprotonated and the number of

negatively charged groups increases, causing an increase in the electrostatic

interaction between the negatively charged PSAC and the positively charged MB

molecule. In contrast, under acidic conditions the hydroxyl and carboxyl functional

groups of the PSAC are protonated and become more positively charged. In this

state, the adsorption efficiency is consequently reduced because of the strong

electrostatic repulsion between the positively charged MB molecules and the

positively charged PSAC. Thus, it can be concluded that the adsorption of MB dye

by the PSAC is efficient in basic conditions. Similar trends have been observed in

the use of white pine sawdust-based activated carbon for the adsorption of MB dye

[30]. The maximum adsorption percentage of MB removal was 92.8% at pH 12.

Adsorption isotherms

Table 7 summarises parameters obtained when six isotherm models are applied to the

adsorption of MB dye on PSAC at 30 �C. With respect to R2 value (in descending

order): Redlich–Peterson[Sips[Langmuir[Freundlich[Temkin[Dubinin–

Radushkevich. With respect to v2 (in descending order): Redlich–Peterson[Lang-

muir[Freundlich[Temkin[Dubinin–Radushkevich[Sips. Based on those

results (i.e., Lowest v2 and highest R2), it was revealed that Redlich–Peterson was

the best fitting model with an R2 = 0.9998 and v2 = 0.25, followed by the Langmuir

model (R2 = 0.9946 and v2 = 0.4).
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Fig. 6 Possible PSAC–MB dye interaction under different pH conditions: a neutral, b basic, and c acidic
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The Redlich–Peterson model is a hybrid adsorption mechanism that combines

three types of parameters in its empirical isotherm and consists of elements of the

Langmuir and Freundlich models, which recognise monolayer and multilayer

adsorption. When the exponent values of the Redlich–Peterson model, g, is

equivalent to zero, the equation follows Henry’s Law, while when g & 1 it follows

the Langmuir equation [49]. As can be seen in Table 7, g = 0.996, which

approaches unity; hence, corresponding to the original Langmuir equation. By

adhering to the Langmuir isotherm model, the adsorption process occurs in a

monolayer. The RL value from the Langmuir model for all concentrations in this

study (25–300 mg/L) were in the range of 0–1, indicating that the adsorption of MB

on the PSAC occurs favourably [49]. The profiles for all adsorption models are

shown in Fig. 7.

Table 8 shows a comparison of the maximum monolayer adsorption capacities of

MB dye calculated by the Langmuir model for a variety of adsorbents. It can be seen

Table 7 Parameters of

isotherm models for the

adsorption of MB onto PSAC at

30 �C

Model Parameters Values at 30 �C

Langmuir Qm (mg/g) 357.14

KL (L/mg) 0.019

R2 0.9946

v2 0.40

Freundlich KF (mg/g)

(L/mg)1/n
9.92

nF (l/mg) 1.369

R2 0.9897

v2 6.30

Temkin A 0.289

B (L/g) 86.94

R2 0.9511

v2 106.16

Dubinin–Radushkevich E (kJ/mol) 0.354

qD (mg/g) 138.75

R2 0.7491

v2 112.75

Redlich–Peterson KR (L/g) 6.197

aR(1/mg)g 0.0054

g 0.996

R2 0.9998

v2 0.25

Sips qs (mg/g) 313.72

Ks (dm3/mmol) 0.0174

ns 0.902

R2 0.9995

v2 121.31
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that MB adsorption capacities of the absorbent used in this work (357.14 mg/g) is

relatively high, especially for systems that use microwave heating activation. The

higher adsorption efficiency could be derived from the high porosity and higher

surface area (914.15 m2/g) of the PSAC, which provide more sites for adsorption of

MB compared to other ACs (\ 900 m2/g). The high adsorption efficiency is

beneficial and indicates the potential for the AC to be used as a dye adsorbent.
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Fig. 7 Isotherm plots for MB adsorption onto PSAC (conditions: temperature 30 �C, pH 7)

Table 8 Maximum monolayer adsorptions of MB dye onto different adsorbents

Precursor Activation

method

Activating

reagent

SBET

(m2/g)

Total

pore

volume

(cm3/g)

Pore

structure

Qm

(mg/g)

References

Pentace

species

sawdust

Microwave

heating

KOH 914.15 0.520 Mesoporous 357.14 This study

Pineapple

peel

Microwave

heating

KOH 1006.00 0.590 Mesoporous 462.10 [50]

Rattan Conventional

heating

NaOH 1135.00 0.600 Mesoporous 359.00 [51]

Karanj fruit

hulls

Conventional

heating

KOH 828.30 0.360 Microporous 239.40 [52]

Macadamia

endocarp

Microwave

heating

ZnCl2 600.00 0.300 Microporous 194.70 [49]

Oil palm

ash

Conventional

heating

NaOH 615.41 0.575 Mesoporous 143.47 [53]

Chitosan

flake

Conventional

heating

NaOH 318.40 0.255 Mesoporous 121.45 [54]
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Adsorption kinetics

The experimental data obtained for the adsorption of MB using six different initial

concentrations of MB dye were fitted to PFO, PSO, and Elovich models at 30 �C.

The results of these fittings are shown in Fig. 8, which shows that rapid adsorption

occurred over the first hour at each of the six concentrations, with equilibrium

reached after 6 h, indicating that the adsorbent surface and adsorbate molecules

interact favourably.

Table 9 lists the kinetic parameters obtained from the kinetic models. As

presented, at all studied concentrations (25–300 mg/L) the qe values of the PSO
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Fig. 8 PFO, PSO and Elovich-kinetic models for the adsorption of MB onto PSAC at different initial
concentrations, Co (conditions: temperature 30 �C, pH 7)
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model are more closely correlated with the experimental values (qe,exp), indicating

that this model best describes the adsorption behaviour of MB on PSAC.

Furthermore, the average value of R2 for the PSO model (0.9997) is higher than

those of PFO and Elovich models, at 0.9657 and 0.8046, respectively. These results

show that adsorption of MB onto PSAC is best described by the PSO model, which

exhibited an R2 value close to unity, the lowest values of Dq (0.03–4.93%), and

close agreement between the qe values determined by the model and experiment.

This suggests chemisorption is the rate-limiting step in the MB–PSAC system.

The plots of the intraparticle diffusion model are shown in Fig. 9. If intraparticle

diffusion plays a role in the adsorption process, the plot of qt versus t1/2 will be a

Table 9 Kinetic parameters for the adsorption of MB-PSAC at various initial concentrations

Parameters Co (mg/L)

25 50 100 200 250 300

qe,exp (mg/g) 21.76 42.58 84.06 160.04 192.71 217.69

PFO model

k1 (1/h) 0.77 0.70 0.70 0.82 0.78 0.94

qe (mg/g) 12.08 23.28 49.52 99.59 120.02 149.26

R2 0.9511 0.9360 0.9692 0.9834 0.9796 0.9751

Dq (%) 44.48 45.33 41.09 37.77 37.72 31.43

PSO model

k2 (g/mg h) 0.12 0.87 0.35 0.18 0.13 0.10

qe (mg/g) 22.83 43.67 84.03 166.67 200.00 227.27

R2 0.9985 1.0000 0.9999 0.9999 0.9999 0.9999

Dq (%) 4.93 2.57 0.03 4.14 3.78 4.40

Elovich model

a (mg/g h) 2125.76 3439.66 5051.14 11,664.08 10,940.87 9826.07

B (g/mg) 0.43 0.22 0.11 0.06 0.05 0.04

R2 0.7835 0.8116 0.8395 0.8113 0.8220 0.7594

qe (mg/g) 23.17 45.19 88.98 170.51 205.42 234.50

Dq (%) 6.50 6.15 5.86 6.54 6.60 7.72

Intraparticle diffusion model

kt1 (mg/g h1/2) 19.55 37.54 72.65 138.31 156.04 170.31

C1 0.30 0.47 0.86 1.30 2.49 2.70

R2 0.9839 0.9890 0.9902 0.9938 0.9998 0.9828

kt2 (mg/g h1/2) 4.61 9.10 21.10 40.77 46.90 55.27

C2 12.56 23.90 41.55 81.16 100.04 115.01

R2 0.9708 0.9370 0.9860 0.9965 0.9873 0.9350

kt3 (mg/g h1/2) 0.17 0.51 1.47 1.54 1.63 2.60

C3 20.94 40.12 77.00 155.08 184.88 205.22

R2 0.9948 0.9948 0.9948 0.9948 0.9948 0.9948
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straight line, and if this line crosses the origin, then intraparticle diffusion is the rate-

limiting step [53]. However, as shown in Fig. 9, the diffusion mechanism resulted in

three straight lines for all studied concentrations, and all the three lines do not pass

through the origin. Thus, in this case, intraparticle diffusion is not the only step in

determining rates. From the figure, the diffusion mechanism can be divided into

three phases: rapid diffusion, intraparticle diffusion and final equilibrium. From the

point of origin to the third point (first 0.5 h), instantaneous diffusion, so-called rapid

diffusion, occurs and is due to strong electrostatic attraction between the MB

solution and the outer surface of the adsorbent. In the second stage (1–3 h), the

phenomenon of penetration of molecules into the inner layers of adsorbent occurs

gradually; this phenomenon is called intraparticle diffusion. The gradual smooth

transition from phase 1 to phase 2 implies the diffusion of MB dye molecules from

the macropores to the mesopores [55]. The final phase (after 3 h) is called the final

equilibrium phase, where the diffusion begins to occur slowly with reduced

concentration of MB.

Table 9 shows the parameters of the intraparticle diffusion model, where it can

be observed that for each different concentration the value of kti decreased when the

time increased. This proves that external mass transfer is inversely proportional to

time [34]. Meanwhile, the value of C increased when the concentration and time

increased, which means that the boundary layer thickness increases with concen-

tration and time. The high value of R2 shows the suitability of this model to explain

the experimental data.
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Regeneration tests

Tests of effectiveness after four cycles of regeneration of the carbon were 94.24,

92.93, 90.34 and 88.89% for adsorption and 76.82, 73.46, 68.55 and 61.07% for

desorption, respectively. The results in Fig. 10 clearly show that the PSAC can be

reused continually without a substantial loss in its MB adsorption capacity. The MB

adsorption efficiency for PSAC was reduced from 94.24 to 88.89% after four cycles

of adsorption–desorption process, which implies that the PSAC can be used

successfully at least four times for removal of MB from aqueous solution.

Conclusions

The MB dye removal and percentage yield of PSAC were found to agree

satisfactorily with the model predictions. Optimum conditions for the preparation of

PSAC were: a radiation power of 418 W, radiation time of 6.4 min, and IR of 0.5,

which resulted in a 27% yield of PSAC and a 93.74% efficiency of MB dye

removal. The adsorption behaviour of MB dye on PSAC is best described by

pseudo-second-order kinetic, intraparticle diffusion and Redlich–Peterson adsorp-

tion models. The results of this study confirm that PS is a promising and feasible

precursor for the manufacture of activated carbon with significant dye-removal

capacity.
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