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tivated carbon from
Dipterocarpus alatus fruit and its application for
methylene blue adsorption†

Chantakorn Patawat,a Ketsara Silakate,a Somchai Chuan-Udom,b

Nontipa Supanchaiyamat, c Andrew J. Hunt c and Yuvarat Ngernyen *a

Activated carbons were prepared from three parts of Dipterocarpus alatus fruit (wing, endocarp and

pericarp), an abundant and renewable waste in Southeast Asia, by chemical activation using ZnCl2, FeCl3,

H3PO4 and KOH and physical activation using CO2 and steam. This study indicated that activated carbon

prepared from Dipterocarpus alatus fruit could be employed as a promising adsorbent for the removal of

methylene blue from aqueous solution. ZnCl2 activation led to an activated carbon with a surface area of

843 m2 g�1 and was able to remove methylene blue from aqueous solution. Adsorption studies were

performed and analysed using Langmuir and Freundlich isotherm equations. Adsorption data

demonstrated an excellent fit with the Langmuir isotherm model, with the maximum adsorption capacity

of 269.3 mg g�1 at equilibrium. Pseudo-first order and pseudo-second order kinetic models were used

in this study to describe the adsorption mechanism. The results show that methylene blue adsorption is

pseudo-second order, indicating that liquid film diffusion, intra-particle diffusion and surface adsorption

coexisted during methylene blue adsorption on the activated carbon. The activated carbon prepared

from Dipterocarpus alatus fruit is a low cost and effective adsorbent with a fast rate for the removal of

methylene blue from aqueous solutions when compared with a number of activated carbons studied in

the literature.
1 Introduction

An increase in the world's population has led to greater demand
for various industrial products. Dyes are extensively utilised by
many industries such as textiles, leather tanning, paper
production, printing, food technology, plastics, hair colourings,
etc.1Up to 15% of the dye is lost in the effluent during the dyeing
process, thus causing environmental problems.2 Signicant
numbers of dyes are considered toxic to aquatic life and stable
to light, making them difficult to degrade and persistent in the
environment.3 Methylene blue (MB) is a basic or cationic dye
with commonly used in various applications such as colouring
and dyeing cotton, wool and silk.4 MB has various harmful
effects on human beings, including increased heart rate, vom-
iting, shock, cyanosis, jaundice, quadriplegia and tissue
y, Department of Chemical Engineering,
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necrosis.5 Therefore, it is importance for dyes to be removed
from wastewater to ensure local human populations and also
the environment remain healthy.

Various treatment methods have been used for the removal
of dyes from industrial wastewater, including membrane
ltration, electrochemical degradation, bioremediation,
biodegradation, coagulation/occulation, chemical precipita-
tion, chemical oxidation, ozonation and photocatalysis.6–9

However, adsorption process is a well-established and powerful
technique for treating industrial wastewater due to high effi-
ciency, exibility and simplicity of design, convenience of
operation and low cost of appropriate adsorbent materials.6,10

Activated carbon have found use in a wide variety of appli-
cations including used as an adsorbent, electrodes for super-
capacitor,11,12 catalysts,13 additives,14 synthesis of 5-
hydroxymethylfurfural,15 or for bitumen modication16 to name
but a few. In addition, activated carbon is amongst the most
used adsorbent utilised due to its high surface area, pore
volumes, fast adsorption rate and high adsorption capacity. In
general, preparation of activated carbon is carried out by
physical or chemical activation. Physical activation method
consists of two steps; carbonisation of raw material and then
activation with CO2, steam or air. Chemical activation is a single
step that activation of raw material with a chemical activating
agent such as ZnCl2, FeCl3, H3PO4, H2SO4, NaOH or KOH.
This journal is © The Royal Society of Chemistry 2020
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Frequently commercial activated carbons are coal derived and
are of higher cost, as such agricultural by-products and waste
materials have been used as raw materials in producing acti-
vated carbons.7,17

Dipterocarpus alatus is a tropical forest tree that can grow in
many countries of Southeast Asia such as Thailand, Laos,
Myanmar, Vietnam and Philippines. Fruit is a winged nut of
1.5–2 cm in diameter. The wings develop from the persistent
sepals that are 11–14 cm long and 1.5–2 cm wide. The colour of
fruit is pink red when young, yellowish when mature and when
ripe, the colour change to brown and falls from the tree. The nut
compose of seed enclosed with endocarp and has pericarp at
outer. Many parts of this tree had benets such as oil is used as
biodiesel, wood used in construction or bark can used as herb.18

However, the falling fruits are lignocellulosic wastes with no
current method of utilisation. Importantly, to date no studies
have been reported on the preparation of activated carbon from
Dipterocarpus alatus fruit (DF). The use of this waste as feed-
stock not only leads to a range of new activated carbonmaterials
but may also be adventurous in terms of availability and cost.

Herein, activated carbons from DF have been prepared by
chemical activation with ZnCl2, FeCl3, H3PO4 and KOH and
physical activation with CO2 and steam. The porous properties,
chemical functionality surface morphology of the prepared
activated carbons were performed by N2 adsorption, FTIR, SEM,
and pHpzc. Activated carbons of DF were tested in the removal of
methylene blue dye from aqueous solutions. The inuence of
contact time and initial concentration on the adsorption is
investigated, in addition to adsorption isotherms of MB on the
prepared activated carbons. The kinetic and equilibrium data of
the adsorption were analysed to study mechanisms of
adsorption.
2 Materials and methods
2.1 Preparation of the precursor material

The Dipterocarpus alatus fruits (DF) used in this study were
collected on the Khon Kaen University, Thailand. Fruits were
separated into wing, endocarp and pericarp and then cutting
into small pieces (see Fig. 1). The various parts of the DF were
sieved with a 4 mm (mesh no. 5).
Fig. 1 Photographs of (a) ripe DF; each part of DF: (b) before cutting;
(c) after cutting.

This journal is © The Royal Society of Chemistry 2020
The thermal behaviour of DF was measured with a ther-
mogravimetric analyser (Shimadzu, TGA-50). 10 mg of sample
was heated from 25 to 700 �C at a ramping rate of 10 �C min�1

under N2 atmosphere with the ow rate of 200 mL min�1.
2.2 Synthesis of activated carbons

Biomass (about 10 g) was immersed in an aqueous solution
containing 30 wt% of ZnCl2, FeCl3, H3PO4 or KOH for 24 h with
the impregnation ratio of biomass:chemical activator of 1 : 2 by
weight, followed by carbonized at 500 �C in N2 (200 mL min�1)
for 1 h. The resulting activated carbons were then washed with
distilled water for several times to remove residual chemical
until the pH of the ltrate reaches 7. The samples were then
dried at 120 �C for 6 h in an oven to obtain the activated carbons
that ready to use.

The physically activated carbons were synthesised with a two
steps process: the precursor was carbonized at 400 �C in a N2

stream (200 mL min�1) for 1 h, the resulting biochar was then
activated at 850 �C in CO2 (200 mL min�1) or steam (12
mL min�1) for 1 h.

The activated carbon production yield was calculated as
follows:

Yieldð%Þ ¼ mf

mi

� 100 (1)

where mf is the weight of the produced activated carbon and mi

is the weight of the raw precursor.
2.3 Characterisation of activated carbon

The specic surface area and pore structure parameters of the
prepared activated carbons were evaluated by N2 adsorption–
desorption isotherm using a surface area and porosity analyser
(ASAP2460, Micromeritics) at 77 K. The BET surface area (SBET)
was calculated by the Brunauer–Emmett–Teller equation. The
micropore volume (Vmic) was determined by t-plot method. The
total pore volume (VT) was determined from the amount of N2

adsorbed at the relative pressure (P/Po) around 0.99. The mes-
opore volume (Vmeso) was calculated by subtracting Vmic from
VT. The average pore diameter (DP) was calculated from the
Barrett–Joyner–Halenda (BJH) method.

Surface morphology of activated carbon was observed by
using a scanning electron microscopy (SEM, Leo 1450 VP). A
working voltage of 17 kV and the magnication of �1000 was
utilised. Surface functional groups of the activated carbon
sample were detected by Fourier Transform Infrared (FTIR)
spectroscopy (TENSOR 27, Bruker) using a potassium bromide
(KBr) pellet. The spectrum was recorded between 4000–
600 cm�1.

The pH at the point of zero charge (pHpzc) was determined
using the pH dri method. A series of 0.01 M NaCl solutions
were prepared at different initial pH between 2 to 12. Dilute
solutions of 0.1 M HCl and NaOH were used for adjustment of
pH values. 0.15 g of activated carbon was added to 50 mL of
NaCl solution and then the sample was shaken using an orbital
shaker (GALLENKAMP) at 120 rpm for 48 h. The nal pH values
were measured with pH meter (OHAUS, STARTER3100) and
RSC Adv., 2020, 10, 21082–21091 | 21083
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Fig. 2 TG curves for DF.
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plotted against initial pH of the solution. pHpzc is determined as
the point where the curve pHnal vs. pHinitial intersects the line
pHinitial ¼ pHnal.

2.4 Adsorption experiments

The prepared activated carbon with highest surface area was
used in adsorption studies. For the adsorption kinetics experi-
ments, the MB solution of 6.0 mg L�1 was used. MB solution of
50 mL was placed in 250 mL Erlenmeyer ask and approxi-
mately 10.0 mg of activated carbon was put into this solution.
The sample was shaken with an orbital shaker (GALLENKAMP)
at a constant speed of 120 rpm for the allotted contact time (10–
300 min). Activated carbon and MB solutions were separated by
centrifuging (Hettich ROTOFIX 32 A) at 3500 rpm for 10 min.
Dye concentration in the solution was measured at 665 nm
using UV-visible spectrophotometer (Analytik-Jena AG). Blank
containing no dye was used as controls and a calibration curve
of absorbance versus concentration was constructed.

Equilibrium adsorption studies were carried out by mixing
10.0 mg of activated carbon samples with 50 mL solutions of
various MB concentrations ranging from 6.0 mg L�1 to
450.0 mg L�1 without adjusting pH (between pH 6.0–6.5). Flasks
were shaken until equilibrium was reached. Dilutions were
made when absorbance from UV-visible spectrophotometer
exceeded 1.2.

Adsorption capacity at time t (qt, mg g�1) and equilibrium
adsorption capacity (qe, mg g�1) were determined by eqn. (2)
and (3), respectively:

qt ¼ ðC0 � CtÞV
m

(2)

qe ¼ ðC0 � CeÞV
m

(3)

where C0 is the actual MB initial concentration (mg L�1), Ct is
the MB concentration at time t (mg L�1), Ce is the MB equilib-
rium concentration (mg L�1), m is the actual amount of adsor-
bent (g) and V is the volume of dye solution (50 � 10�3 L).

3 Results and discussion
3.1 Initial characterisation of DF

Table 1 presents the proximate analysis of the each part of DF. It
can be observed that DF presents low ash and high volatile
matter content, similar to other biomass residuals that have
been reported in literature for the production of activated
Table 1 Proximate analysis (wt%) of DF

Parameter Method

Moisture ASTM D2867: 150 �C, 3 h
Volatile matter ASTM D5832-98: 950 �C, 30 min
Fixed carbon By difference
Ash 800 �C for 2 h (ref. 27)

21084 | RSC Adv., 2020, 10, 21082–21091
carbon.19–22 The xed carbon content of DF (16.0–17.3%) is also
comparable with other biomass wastes feedstock for production
of activated carbon materials such as walnut shell (15.9%),23

almond tree pruning (16.0%),23 sugarcane bagasse (16.4%),24

barley straw (17.3%),19 rice-straw (17.8%),25 peach stone
(17.9%),26 and paulownia wood (18.9%).22

TGA analysis of the DF is presented in Fig. 2. The initial
weight loss occurring between 25–200 �C could be attributed to
water loss and some organic compounds. The main weight loss
in the second stage from 200 to 500 �C may be associated with
the thermal decomposition reaction of hemicellulose, cellulose
and lignin.28,29 The nal weight loss at 500–700 �C was insig-
nicant, implying that the decomposition reactions were
almost completed. Therefore, the suitable temperature for
preparation of activated carbon should be at least 500 �C.
3.2 Porous properties of activated carbons

The DF activated carbons (AC) were prepared by chemical
activation with ZnCl2, FeCl3, H3PO4 and KOH and physical
activation with CO2 and steam. The chemically activated
carbons were prepared by direct carbonised of the precursors
impregnated with chemical agents. Nitrogen gas adsorption–
desorption isotherms for the prepared activated carbon are
shown in Fig. S1.† The types of the activating agent seem to have
a signicant inuence on the shape of isotherms. The
isotherms were of Type I and IV according to IUPAC classica-
tion, with a hysteresis loop suggesting amixedmicroporous and
Dipterocarpus alatus fruit

Endocarp Pericarp Wing

8.3 8.7 8.1
73.0 72.4 72.1
16.0 16.7 17.3
2.7 2.2 2.5

This journal is © The Royal Society of Chemistry 2020
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mesoporous structure.30 The presence of hysteresis loop is
associated with the capillary condensation of N2. The sample
prepared from DF wings with ZnCl2 presents a maximum
uptake of nitrogen.

Porous characteristics of activated carbons obtained from
the nitrogen gas adsorption–desorption isotherms were
summarized in Table S1.† It was observed each part of DF (wing,
endocarp and pericarp) and activating agent inuenced the
porosity of the resulting activated carbon. DF activated carbon
contained both micropore and mesopore volume. According to
IUPAC classication, adsorbent pores are classied into three
groups: microspores (<2 nm), mesoporous (2–50 nm) and
macrospores (>50 nm). As seen in the Table S1,† the average
pore diameters of prepared carbons are in the range 2.05–
2.90 nm. Therefore, there is a mixture of microporous and
mesoporous carbon adsorbents. The maximum BET surface
area was demonstrated through ZnCl2 activation of DF wing,
843 m2 g�1, micropore volume was 0.256 cm3 g�1 correspond-
ing to 54% of total pore volume and the mesopore volume,
calculated by difference, was equal to 0.217 cm3 g�1, which
corresponding to 46% of total pore volume. This indicates the
presence of a mixture of micropore and mesopore features
within the activated carbon. The presence of mesoporous in
combination with microspores is expected to play a signicant
role in the adsorption of large molecules of adsorbates
including dye molecules.21 Therefore, this carbon was used in
removal performance of MB dye from the aqueous solution.
Moreover, this activated carbon demonstrated an average pore
diameter of 2.24 nm. The average pore size denes the ability of
the adsorbate molecules to penetrate inside the activated
carbon. Thus, for the adsorbate molecules to be able to pene-
trate the adsorbent, the pores must have a diameter larger than
the molecular diameter of the adsorbate.30 Since MB has
molecular diameter of nearly 1.43 nm,4,31 the average pore size
Table 2 BET surface area comparison of DF activated carbonwith other b

Precursor

Dipterocarpus alatus fruit (this study)
Black wattle bark30

Posidonia oceanica bres32

Coffee residue33

Coffee residue34

Corncob35

Almond shell36

Walnut shell36

Apricot stone36

Hazelnut shell36

Buriti shell37

Waste tea38

Waste tea39

Sugarcane bagasse40

Fruit of Catalpa bignonioides41

Pineapple leaf42

This journal is © The Royal Society of Chemistry 2020
presented by this activated carbon is suitable for MB
adsorption.

The yield of activated carbon from a given precursor is an
important measure of the feasibility of preparation. The effects
of activating agent on the yields are shown in Table S1.† The
activation with ZnCl2, FeCl3, H3PO4, CO2 and steam resulted in
carbon yields in the range of 30–50 wt%. On the other hand,
KOH activation yield activated carbons with very low amount
around 15–20 wt%.

Table 2 shows a comparison of the SBET of the highest
surface area DF activated carbon with other reported values of
carbons from biomass waste in literatures. According to the
results, DF has surface areas consistent with other biomass
waste carbons,30,32–42 thus making it a suitable candidate for use
as precursor in the preparation of activated carbon. Moreover,
raw material used in this study can utilise lower carbonization
temperatures and short pyrolysis times when compared with
the production of other activated carbons from biomass. For
example, the carbonization temperature and time for 30 wt%
ZnCl2 activation of almond shell, walnut shell, apricot stone
and hazelnut shell were 750–850 �C and 2 h,36 respectively, while
DF used 500 �C for 1 h. Carbonization of black wattle bark30 and
buriti shell37 aer ZnCl2 activation used temperature of 700 �C
for 1 and 1.5 h, respectively. Coffee residue,34 Posidonia oceanica
bres32 and Catalpa bignonioides41 fruit used carbonization
temperature of 700 �C for 1 aer ZnCl2 activation. As such, the
carbonisation method employed in this work leads to reduction
in energy usage and cost for DF activated carbon materials.
3.3 Properties of optimum activated carbon

Fig. S2† demonstrates the pore size distribution as calculated by
BJHmethod for DF wing activated carbon with ZnCl2 activation.
The pore distribution is dened as the degree of heterogeneity
porous within the materials and is directly related to the
iomass waste based chemically activated carbon reported in literatures

Chemical Activating
agent SBET (m2 g�1)

ZnCl2 843
ZnCl2 415
ZnCl2 503
KOH 763
H3PO4 946
H3PO4 696
ZnCl2 890
H3PO4 700
ZnCl2 736
ZnCl2 774
ZnCl2 783
ZnCl2 793
ZnCl2 843
CH3CO2K 854
H3PO4 880
H3PO4 873
ZnCl2 896
ZnCl2 915

RSC Adv., 2020, 10, 21082–21091 | 21085
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Fig. 3 SEM micrograph of ZnCl2 activated carbon. Fig. 5 Determination of point of zero charge for ZnCl2 activated
carbon.
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adsorption equilibrium and kinetics properties of activated
carbons.37 It can be observed that the greatest proportion of
pores are distributed in the region of 1.9–3.5 nm and fall into
the range of micropore and mesopore, which is in agreement
with the average pore diameter (2.24 nm). This means that this
activated carbon include both micropores and mesopores.
Therefore, DF wing activated carbon is suitable for adsorption
of molecules smaller than 2.24 nm like methylene blue (1.43
nm).

The surface morphology of ZnCl2 activated carbon was
characterized by SEM. As shown in Fig. 3, irregular and porous
surface activated carbon was observed. It can be deduced that
activation with ZnCl2 attacks on DF wing surface caused
discontinuous surface with the formation of various sized
cavities, whichmake up distinct micropores andmesopores. On
the basis of this fact, it can be suggested that this activated
carbon presents an adequate morphology for methylene blue
adsorption.

Functionality of the activated carbon surface was identied
with FTIR (Fig. 4). The broad band located in the region of 3100–
Fig. 4 FTIR spectra of ZnCl2 activated carbon.

21086 | RSC Adv., 2020, 10, 21082–21091
3400 cm�1 related to O–H stretching vibrations existed. The
band located at 1567 cm�1 could be attributed to C]C vibration
in aromatic rings.30 The bands at 1160 and 1093 cm�1 are
attributed to C–O stretching in carboxyl acids, alcohols, phenols
and esters.43 The peak observed at 1093 cm�1 can be attributed
to aromatic C–H in-plane deformation.44 Importantly, spectra
did not exhibit a signicant number of absorption peaks, this
attributed to black body nature of the carbonization DF.

The pHpzc is dened as the pH value at which the net surface
charge is zero. The plot to determine the pHpzc for ZnCl2 acti-
vated carbon is depicted in Fig. 5. The pHpzc of the optimum
activated carbon is 6.5 and pHpzc < 7 shows dominant of acidic
groups over basic groups.30 This indicating that this activated
carbon is a more efficient adsorbent for the removal of cationic
dyes, such as methylene blue. When solution pH < pHpzc, acti-
vated carbon adsorbent will act as a positive surface, while it will
act as a negative surface when solution pH > pHpzc. Therefore,
under low pH conditions, the electrostatic repulsion between
the positively charged activated carbon surface and cationic MB
dye molecules will inhibit the adsorption of MB and the pres-
ence of excess hydrogen ions may compete with MB molecules
for adsorption sites. As the pH increase, the surface of activated
carbon become negatively charged due to the deprotonation of
the surface, which will facilitate the adsorption of MB, thus, the
adsorption amount of MB increased. Foo and Hameed45 studied
the effect of pH (between pH 2–12) on MB adsorption with
orange peel based activated carbon with pHpzc 6.33. They found
that the MB removal rose continuously with increasing pH of
solution. In this current research study pH of solution was not
adjusted to better mimic real applications and pH used was
Table 3 Proximate analysis (wt%) of ZnCl2 activated carbon

Property Moisture Volatile matter Fixed carbon Ash

wt% 12.12 23.08 56.39 7.69

This journal is © The Royal Society of Chemistry 2020
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Fig. 6 The effect of contact time on the MB adsorption of ZnCl2
activated carbon.
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between 6.0–6.5. This is within the permitted pH of wastewater
for the Thailand Standard, which must be in the range of 5.5–
9.0, the neutral conditions were more suitable for MB removal
by DF activated carbon in practical application. However, it is
expect that the amount of MB adsorbed will increase when
solution pH higher than 6.5. Moreover, the electrostatic inter-
actions was not the only mechanism for MB removal, some
Fig. 7 (A) Pseudo-first order, (B) pseudo-second order and (C) intrapar
carbon.

This journal is © The Royal Society of Chemistry 2020
other factors such as pore size of adsorbent also play important
roles in MB removal.

The results for proximate analysis of the activated carbon
sample are tabulated in Table 3. As expected, activated carbon
has higher content of xed carbon and lower content of volatile
matter when compare with raw material, as previously
demonstrated in Table 1, due to loss of volatiles during the
carbonization process. The low volatile matter and ash content
of activated carbon is best suited for industrial purpose.46 High
ash content can lead to a decrease in adsorptive properties and
increase hydrophilicity causing restructuring process during
regeneration of used activated carbon.46 DF carbon had low ash
content around 7.69 wt%, which suggests that the wing of DF
used can be a good source for production of activated carbon.
The similar trends of all properties have also been reported in
literatures.22,47,48
3.4 Methylene blue adsorption

3.4.1 Effect of contact time and adsorption kinetics. Batch
adsorption experiments have been achieved to detect methylene
blue (MB) adsorption potential by activated carbon from DF.
The effect of contact time on the removal of MB is shown in
Fig. 6. The adsorption of MB on ZnCl2 activated carbon was
increased rapidly in rst 120 min and then increased slowly
until the equilibrium was reached. Adsorption equilibrium time
was observed at 180 min and this time was chosen to study
adsorption isotherm. For the adsorption of MB onto activated
ticle diffusion kinetic models for MB adsorption onto ZnCl2 activated
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http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0ra03427d


Table 4 Parameters of pseudo-first order and pseudo-second order kinetic models

qe,exp (mg g�1)

Pseudo-rst order Pseudo-second order

qe (mg g�1) k1 (min�1) R2 qe (mg g�1) k2 (g mg�1 min�1) R2

29.968 22.151 0.0173 0.9897 33.003 1.099 � 10�3 0.9983

Fig. 8 Model fit of adsorption isotherm of MB adsorption onto ZnCl2
activated carbon.
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carbons with different sources, various equilibrium times have
been reported in the literature. For example, equilibrium time
was found to be 250 min for activated carbon prepared from
Jute bre.49 Hameed et al. reported that contact time necessary
for MB dye removal using bamboo-based activated carbons
reach equilibrium is 6 and 24 h.50 Tan et al. also shown that
using oil palm bre activated carbons to adsorb MB were reach
equilibrium within 1, 6 and 24 h.1 Moreover, date pits activated
carbon can remove MB until equilibrium within 4.5 h.5 This
indicated that activated carbon prepared from DF wing can
remove MB faster than some activated carbons.

The adsorption kinetics of MB onto ZnCl2 activated carbon
was investigated by pseudo-rst order and pseudo-second order
models. The pseudo-rst order kinetic model can be written in
the linear form by:

ln(qe � qt) ¼ lnqe � k1t (4)

where qe and qt are the amount of MB adsorbed on the activated
carbon in mg g�1 at equilibrium and at any time t (min),
respectively, and k1 is the rate constant of the rst-order model
(min�1). If the rst-order kinetic model is applicable, the linear
plot of ln(qe � qt) versus t must give linear plot and the value of
k1 and qe can be determined from the slope and intercept of the
plot, respectively.

The linear form of pseudo-second order kinetic model has
the form:

t

qt
¼ 1

k2qe2
þ t

qe
(5)

where k2 is the rate constant of the second-order model (g
mg�1 min�1). If the model is applicable, the plot of t/qt against t
gives a linear plot and the values of qe and k2 can be calculated
from the slope and intercept, respectively.

The effect of intra-particle diffusion resistance on adsorption
can be determined by the Weber–Morris kinetics equation:

qt ¼ kintt
1/2 + C (6)

where kint is the intraparticle diffusion rate constant (mg g�1

min�1/2) and C is the constant related to the boundary layer
effect of adsorption (mg g�1). Fig. 7 demonstrates the results of
all three kinetic models.

The rate constants and qe values for both kinetic models are
given in Table 4. The feasibility of the models is dependent on
the closeness of theoretical and experimental qe value and the
highness of regression coefficients (R2) to unity. It was shown
that high R2 values were obtained for both models but a more
closeness of theoretical and experimental qe values were
21088 | RSC Adv., 2020, 10, 21082–21091
achieved for pseudo-second order. This indicating that MB
adsorption process onto activated carbon from wing part of DF
activated with ZnCl2 was better explained by pseudo-second
order kinetic model. These facts suggest that the overall rate
of dye adsorption process appears to be controlled by the
chemisorption process involving covalent forces through
sharing or exchange of electrons between surface functional
groups of adsorbent and the positive charged of MB ions.17,51,52

This model also explains the external liquid lm diffusion,
surface adsorption and intra-particle diffusion processes coex-
isted during adsorption.53 This conrm by intraparticle diffu-
sion model (Fig. 7). If the plots of qt versus t

1/2 yields a straight
line and pass through the origin, intraparticle diffusion is the
controlling step. The linear plot in this study exhibit multi-
linearity and did not pass through the origin suggesting that
intraparticle diffusion was not the only rate controlling step but
some other mechanism would be involved in the adsorption
process.54 The rst sharper linear portion is the instantaneous
adsorption or external surface adsorption. The second linear
portion is the gradual adsorption stage, where the intraparticle
diffusion is the rate limiting. The third plateau linear portion is
the nal equilibrium stage where intraparticle diffusion starts
to slow down due to extremely low adsorbate concentrations le
in the solutions.5 Many researches also conrmed that
adsorption of methylene blue by using activated carbons from
lignocellulosic materials follow the pseudo-second order kinetic
model.1,7,17,51,52

3.4.2 Adsorption isotherms. Equilibrium data, which is
generally known as the adsorption isotherms, is use to describe
This journal is © The Royal Society of Chemistry 2020
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Table 5 Langmuir and Freundlich adsorption constants for adsorption of MB on ZnCl2 activated carbon

Langmuir Freundlich

qm (mg g�1) KL (L mg�1) R2 1/n KF ((mg g�1) (L mg�1)1/n) R2

269.3 0.032 0.991 0.289 48.380 0.974
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the adsorption mechanism. Adsorption isotherms describe how
molecules or ions of adsorbate interact with adsorbent surface
sites and optimize the use of adsorbent by predicting the
maximum adsorption capacity.20 In this study, two adsorption
isotherms, Langmuir and Freundlich isotherms, were applied
to experimental data for the adsorption of MB onto ZnCl2
activated carbon.

The Langmuir isotherm assumes monolayer coverage of
adsorbate over a homogeneous adsorbent surface and
expressed as follows:

qe ¼ qmKLCe

1þ KLCe

(7)

where qe is the amount of MB adsorbed per unit mass of acti-
vated carbon under equilibrium (mg g�1), qm is the maximum
adsorption capacity (mg g�1), KL represents the Langmuir
constant (L mg�1), and Ce stands for the equilibrium concen-
tration of MB (mg L�1). The Freundlich isotherm is based on
a heterogeneous surface and used for the multilayer adsorption.
The Freundlich equation is represented as follows:

qe ¼ KFCe
1=n (8)

where KF and n are Freundlich constants.
The Langmuir and Freundlich adsorption isotherms are

shown in Fig. 8 and the isotherm constants values were given in
Table 6 Comparison between DF activated carbon and other acti-
vated carbons prepared from biomass waste used for methylene blue
adsorption

Precursor qmax (mg g�1)

Dipterocarpus alatus fruit (wing) 269.3
Rice husk55 33.9
Ficus carica bast51 47.6
Coconut leaves6 66.0
Cashew nut shell56 68.7
Black wattle bark30 98.6
Euphorbia rigida wood57 114.4
Safflower seed press cake21 128.2
Paspalum scrobiculatum (millet husk)58 166.3
Coffee ground59 181.8
Vigna mungo L (black gram husk)58 198.8
Hazelnut husk7 204.0
Cocoa shell52 212.8
Citrullus lanatus rind (watermelon rind)8 259.7
Coffee husk60 263.0
Buriti shell37 274.6
Oil palm bre1 277.8
Rattan sawdust17 294.1
Fruit of Catalpa bignonioides41 299.4

This journal is © The Royal Society of Chemistry 2020
Table 5. It can be seen that Langmuir isotherm model tted the
experimental data better than that of the Freundlich isotherm
with a high correlation coefficient (R2 ¼ 0.991). It has been
observed that the maximum adsorption capacity (qm) was found
to be 269.3 mg g�1. The 1/n value from Freundlich model is
0.289 or n ¼ 3.46, which n is greater than 1, indicating that the
adsorption of MB on this activated carbon is favourable.35,39

Several reports have corroborated that MB adsorption by acti-
vated carbons from lignocellulosic materials demonstrate
a strong correlation with the Langmuir isotherm
equation.1,7,17,29,51

The maximum adsorption capacity of MB onto DF activated
carbon along with that of other activated carbons, prepared
from diverse biomass precursors are summarized in Table 6.
Literature data was used as a basis for comparison of adsorp-
tion capacities (although they were obtained under different
experimental conditions). The results in this table showed that
the DF activated carbon can be effectively used for the removal
of cationic dye from aqueous solution, in which its adsorption
capacity is higher than many activated carbons derived from
biomass waste.

The regeneration ability is also an important factor for an
excellent adsorbent. Aer spent the activated carbon as MB
adsorbents, Pathania et al.51 used 1% of HCl, H2SO4 and NaOH
to studied desorption and investigated recycling efficiency. They
found that NaOH was to be an efficient desorption medium and
adsorption efficiency reduced to 45% from 90% aer six cycles.
Future work will focus on developing methods for regeneration
and reuse of the adsorbents in this study.
4 Conclusions

In this work, activated carbons were prepared from three parts
of Dipterocarpus alatus fruit: wing, endocarp and pericarp by
chemical and physical activation for methylene blue adsorp-
tion. The properties of the activated carbons are strongly
dependent on the type of activating agents. The optimal acti-
vated carbon produced from wing part by chemical activation
with ZnCl2 attained maximum value of BET surface area as 843
m2 g�1. The equilibrium data of methylene blue adsorption
onto optimal activated carbon followed the Langmuir isotherm
model, showing the maximum monolayer adsorption capacity
of 269.3 mg g�1. The rate of adsorption was determined to
follow pseudo-second order kinetic model and the parameters
calculated from this model are close to experimental data. The
adsorption of Dipterocarpus alatus fruit activated carbon of
methylene blue was better than many other activated carbons
made from biomass wastes in the view of adsorption capacity
RSC Adv., 2020, 10, 21082–21091 | 21089
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and rate of adsorption. Consequently, Dipterocarpus alatus fruit
activated carbon can be used as a low cost adsorbent for solving
many environmental pollution problems and other
applications.
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