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A B S T R A C T

A series of activated carbons (ACs) were prepared from Eucalyptus camaldulensis wood by chemical

activation with H3PO4, ZnCl2 at different impregnation ratios as well as by pyrolysis, followed by

activation with KOH. The porosity characteristics of these ACs were determined by N2 adsorption

isotherms. Through varying the H3PO4/biomass ratio from 1.5 to 2.5, the prepared ACs displayed BET

surface areas in the range of 1875–2117 m2/g with micropores content of 69–97%. For the ZnCl2

activated series, BET surface areas varying from 1274.8 to 2107.9 m2/g with micropores content of 93–

100% were obtained from impregnation ratios of 0.75–2.0. The AC obtained by KOH had the largest BET

surface area of 2594 m2/g and the high micropore content of 98%. In addition, the FTIR and SEM analyses

conducted for characterizing the ACs and the CO2 adsorption onto all series of the eucalyptus wood based

ACs at pressures ranging from 0 to 16 bar using a volumetric method were investigated. Also the effect of

temperature (15–75 8C) on the amount of CO2 adsorbed by the ACs that was prepared with H3PO4, KOH

and ZnCl2 was studied. The CO2 adsorption capacity on the AC prepared with KOH was up to 4.10 mmol/g

at 1 bar and 303 K, having an increase of about 63% in comparison with the commercial AC.

� 2013 Taiwan Institute of Chemical Engineers. Published by Elsevier B.V. All rights reserved.
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1. Introduction

Activated carbon is an extremely versatile carbonaceous
material that is widely used as adsorbent, catalyst and catalyst
support in industries [1,2]. Moreover, its large surface area and
micropore volume, favorable pore size distribution, surface
chemistry including the oxygen functional groups, the degree of
polarity and the active surface area lend AC appropriate as
adsorbent for a variety of environmental applications, i.e.
purification and storage of gases, removal of organic materials
and metals from aqueous solution [3,4]. The adsorption efficiency
of AC relies strongly on its special surface and structural
characteristics. For example, AC utilized for the adsorption of
gases and vapors should consist of pores with effective radii,
significantly smaller than 16–20 Å [5,6].

Activated carbon is mainly produced by thermal and chemical
activation. Thermal or physical activation involves the primary
carbonization of a carbonaceous precursor (below 700 8C) followed
* Corresponding author. Tel.: +98 0122 625 3101 3; fax: +98 0122 625 3499.
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by the activation of the obtained char with oxidizing gases such as
air, CO2 or steam at high temperature in the range of 700–1100 8C.
Chemical activation consists of the impregnation of raw material
with chemical agents such as H3PO4, ZnCl2 or KOH followed by
carbonization at temperatures between 400 and 800 8C under a
nitrogen atmosphere [4,7,8]. It is well-known that AC can be
prepared by pyrolysis from a wide range of different carbon-
containing source materials [7]. An enormous range of lignocellu-
losic materials including rice husk [9], corn cobs [9,10] fruit stone
[11,12], date stone [13], almond shell [14], coconut shell [15], sugar
cane bagasse [16], palm shell [3], pistachio-nut shell [17,18] and
cotton stalk [7] have been used as activated carbon precursors.
Eucalyptus camaldulensis wood is a kind of lignocellulosic material
which has a reasonably high content of carbon, utilized also as raw
material for AC [19,20]. In this study, the potential of E.

camaldulensis wood as precursor for the preparation of AC by
chemical activation was investigated. Over the past years, a few
reports have been published on preparation of AC from different
parts of the Eucalyptus species; Patnukao [19] prepared AC with E.

camaldulensis Dehn bark using phosphoric acid activation.
Tancredi et al. [21] used Eucalyptus grandis sawdust for production
of AC with CO2, CO2–O2 and steam activation. Elyounssi et al. [22]
al of CO2 on highly microporous activated carbons prepared from
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Table 1
Some preparation parameters of activated carbon.

Samples Activating

agent

Impregnation

ratio, agent-to

raw, by weight

Carbonization

temperature

(8C)

Carbonization

time (h)

Heating

rate

(8C/min)

H1.5 H3PO4 1.5 450 1 4

H2 H3PO4 2 450 1 4

H2.5 H3PO4 2.5 450 1 4

HK KOH 3.5 900 1 5

Z0.75 ZnCl2 0.75 500 2 15

Z1.5 ZnCl2 1.5 500 2 15

Z2.5 ZnCl2 2.5 500 2 15
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improved the charcoal yield by two-step pyrolysis of eucalyptus
wood. In addition, Ngernyen et al. [20] reported the production of
AC from eucalyptus wood by CO2 activation.

Techniques are employed for producing effective AC from
agriculture waste, which include physical treatment; heat
treatment, ammonia gas treatment (amination and ammoxida-
tion) and chemical treatment; impregnation (prior to carboniza-
tion) of chemicals. The main objective of present was to prepare
AC from Eucalyptus camendalisis wood with highly microporous
and large specific surface area that considered highly potential
adsorbent for CO2 adsorption. Therefore, we reported the
synthesis of AC with high specific surface area and high micropore
volume from agricultural waste materials. We carried out the
experiments based on the impregnation procedure since the
lower temperatures and shorter time needed for activating
carbon. Moreover, the adsorptive capacity of the AC can be
efficiently increased by chemical impregnation which together
with the surface area, pore size distribution and surface chemistry
of AC. Previously, it has been reported by Romanos et al. [23] that
AC with high specific surface area, porosities, nanometer pore
volumes achieved by the chemical impregnation methods of KOH
and H3PO4. In addition, it has been found by Khalili et al. [6] that
the effect of impregnation of AC from paper mill sludge with ZnCl2

promoted microporosity of AC by controlling the amount of zinc.
Besides that, a few works studied the synthesis of AC from
Eucalyptus wood with phosphoric acid. However, to our
knowledge, there is a lack of information in the literature about
the preparation of AC from Eucalyptus wood by the chemical
impregnation of ZnCl2 and KOH as activating agent and also their
application for CO2 adsorbent.

Carbon dioxide, a major green house gas emitted by the
combustion processes of fossil fuels (coal, oil and natural gas) in
industrial plants [24], has received much attention recently due to
its adverse impacts on climate change and global warming
[25,26]. Presently, a wide range of techniques including absorp-
tion, adsorption, and membranes have been suggested to
sequestrate CO2 from fuel gases [25,26]. Therefore, adsorption
is regarded as a promising and economic technique due to its low
energy requirement, cost effectiveness and ease of use at wide
variety of temperatures and pressures [26]. A lot of absorbents
have been studied for CO2 adsorption including zeolites, carbon
nanotube, activated carbons, silicas, hydrotalcites, metal oxides,
MOFs, etc. [27–30]. Among the many well-known adsorbents, AC
is widely employed for CO2 adsorption due to its large surface
area, porous structure, lesser sensitivity to moisture, availability,
low cost and easy regeneration with low energy requirement
[25,31,32]. Activated carbon is an outstanding adsorbent and
commonly used for adsorption of CO2 [26,31,33,34]. However,
most ACs displayed low CO2 adsorption capacity, making it
inappropriate for this application [26,31,32,35]. A technique that
has been investigated to improve the CO2 uptake capacity is to
make porous carbon with a tailored pore structure, appropriate
for CO2 adsorption.

The main objective of the present work is to prepare porous
activated carbon from eucalyptus wood with a narrow pore size
distribution and a large surface area for CO2 adsorption by
chemical activation of H3PO4, ZnCl2 and extra activation with KOH.
The influence of different impregnation ratios of ZnCl2 and H3PO4

on the pore structure and the CO2 adsorption capacity of the
prepared AC was investigated. In addition, for creating a AC
adsorbent with a large number of nanometer pores and a large
surface area and for increasing the CO2 adsorption capacity, an AC
sample with a large surface area activated with KOH in a multi-step
activation process, along with its pore characteristics was studied.
Furthermore, the effect of temperature on the CO2 capture capacity
onto AC from eucalyptus wood was examined.
Please cite this article in press as: Heidari, A., et al., Adsorptive remov
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2. Materials and methods

2.1. Materials

Eucalyptus wood was used as raw material for the preparation
of AC. The eucalyptus wood (E. camaldulensis) was obtained from a
waste dump of a wood factory in the north of Iran. The collected
eucalyptus wood was crushed to pulp, then dried in an air oven at
70 8C and finally smashed and sieved to particle size of 0.4–
0.8 mm.

2.2. Preparation of activated carbon

Activated carbon was prepared by mixing a known weight of
the eucalyptus wood (0.4–0.8 mm) with two different concentra-
tions of H3PO4, with impregnation ratios of H3PO4: eucalyptus
wood of 1.5, 2, and 2.5 g/g. After mixing both together, the acid
impregnated material was dried overnight at 90 8C, then a weighed
sample was carbonized in a quartz tube furnace at temperature of
450 8C, holding time of 1 h and heating rate of 4 8C/min. After
carbonization, the sample was cooled down to room temperature
in a flow of nitrogen and then removed from the reactor. In order to
remove impurities in the synthesized, AC, it was dispersed in a
solution of HCl and distilled water at 60 8C for 2 h. After that, the
sample was washed sequentially with hot and cold distilled water
until the wash water reached to pH of 6–7 and it was divided into 3
parts. Finally these samples were air dried at 70 8C, weighed and
kept in bottles for subsequent use, designated as H1.5, H2, and H2.5.

The preparation of AC with KOH was according to the method
reported for corn cob [23]. In fact, the AC was prepared in a multi-
step activation process with H3PO4 and KOH. In the first step, the
activation process was done with H3PO4 as described above. In the
second activation step, the resulting char was mixed for 1 h with
KOH solution, using KOH:C weight ratio of 3.5. After that, the slurry
was dried at 70 8C for 24 h. The dried sample was then pyrolyzed in
a ceramic tube furnace at temperature of 900 8C, holding time of
1 h and heating rate of 5 8C/min. The obtained AC was washed with
hot and cold distilled water until pH of 6–7 was attained. Finally, it
was dried at 70 8C and labeled HK.

The preparation of AC from eucalyptus wood, using ZnCl2 as
activating agent followed the procedure reported by [6] for a paper
mill sludge. In a similar manner, a known mass of ZnCl2 was first
mixed with the eucalyptus wood in a way to provide ZnCl2 to
biomass impregnation ratios of 0.75, 1.5, and 2.5 g/g in 3 samples.
The obtained slurry was kept at 85 8C for 7 h to ensure a complete
reaction between them. For removing residual water, the treated
samples were then dried overnight at 110 8C. After that, samples
were pyrolyzed in a quartz tube furnace at temperature of 500 8C,
holding time of 2 h and heating rate of 15 8C/min. The resulting
char samples were washed according to the method mentioned
above for H3PO4 activated samples. They were then labeled as Z0.75,
Z1.5, and Z2.5. Table 1 summarizes pyrolysis parameters for
activated carbon prepared from Eucalyptus wood.
al of CO2 on highly microporous activated carbons prepared from
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2.3. Characterization of the AC samples

The textural characterization of the prepared AC included the
surface area, the extent of micro- and mesoporosity, while the pore
size distribution was conducted using N2 adsorption/desorption at
77 K using Micromeritics ASAP 2010. The specific surface areas
were calculated from the N2 adsorption isotherm with Brunauer,
Emmet and Teller (BET) equation at the relative pressure in the
range of 0.001–0.3 bar. The total pore volume was determined
from the amount of N2 adsorbed at P/P 0 0.99. The volume of
micropores was estimated using the MP method, calculated by
subtracting the micropore volume from the total pore volume. The
mesopore volume distribution was calculated according to BJH
method. It should be mentioned that prior to all adsorption
measurements, the AC samples were degassed at 250 8C under
vacuum for 2 h.

The surface functional groups of the AC samples were detected
by Fourier Transform Infrared (FTIR) spectroscope (FTIR – AVATAR
370, Thermo Nicolet) using a potassium bromide (KBr) pellet
prepared by mixing 0.033% of dried AC sample in KBr (Fluka Co.).
The spectra were recorded between 4000 and 400 cm�1. The
surface morphology of the AC was examined using a scanning
electron microscopy (SEM). The AC sample was covered with gold
by a gold sputtering device to provide a better visibility of the
surface morphology. Thermogravimetric analysis (TGA) of the
eucalyptus wood was conducted by using a thermogravimetric
analyzer (Rheometric Scientific STA 1500) under N2 atmosphere,
from room temperature to 800 8C at the heating rate of 10 8C/min.

2.4. CO2 adsorption measurement

The CO2 adsorption experiments on the AC were performed by
using a volumetric adsorption set up. Fig. 1 shows the schematic
diagram of the volumetric apparatus. It included two stainless steel
sample cells (an adsorption cell and a gas cell), a set of valves and a
couple of high precision pressure transducers (maximum pressure
60 bar). The gas and adsorption cell volumes were 144 ml and
30 ml, respectively. In order to keep the temperature constant
during the gas adsorption experiment, the gas cell and the
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Fig. 1. Schematic diagram of the
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adsorption cell were placed in a thermostatic water bath along
with a water circulating system (77960 Seelbach, Julabo Co,
Germany). Furthermore, before starting each CO2 adsorption
experiment, the set up was leak tested using helium gas (He) at
35 bars pressure.

Prior to each adsorption experiment, the adsorption cell was
cleaned and 1 g of the adsorbent, degassed at 150 8C for about 24 h,
was put in it. The system was evacuated for 2 h with a vacuum
pump. The adsorption experiments were carried out at pressures
ranging from 0 to 16 bar at four different temperatures (15, 30, 45,
and 75 8C). For determination of the dead volume of the whole set
up, helium gas was used as non-adsorbing gas and expanded to the
gas cell and then the adsorption cell. The total amount of CO2

introduced into the system and remaining after reaching adsorp-
tion equilibrium was determined by measuring the volume of the
gas cell, the CO2 pressure before and after adsorption, and the
temperature of the system. The CO2 adsorption capacity of the AC
adsorbent was calculated by using the ideal gas law and with help
of the MATLAB software.

2.5. Adsorption isotherms

The Langmuir and Freundlich models are the most frequently
employed models to explain experimental equilibrium data of
adsorption isotherms. The Langmuir model is initially designed for
the adsorption of gas molecules onto solids, assuming that the
adsorption phenomenon happens in a monolayer and all adsorp-
tion sites are similar and energetically equivalent. Therefore, the
Langmuir equation is depicted by the following Eq. (1) [36].

q ¼ qm

b p

1 þ bP
(1)

where P is the equilibrium pressure and qm and b are constant
Langmuir isotherms, indicating the maximum adsorption capacity
and the energy of adsorption, respectively.

The Freundlich adsorption equation is an empirical model that
is commonly described by the following nonlinear Eq. (2) [13].

q ¼ k pn (2)
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Table 2
Ultimate and proximate analysis of Eucalyptus wood.

Proximate analysis Wt% Ultimate analysis, dry basis Wt%

Moisture 5 Sulfur <0.1

Volatile matter 80.48 Carbon 48.2

Ash 4.8 Hydrogen 6.2

Fixed carbon 14.65 Nitrogen <0.5

Oxygen 44.1
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where k and n are Freundlich isotherm parameters, representing
the adsorption capacity and the adsorption intensity, respectively.

3. Results and discussion

3.1. Properties of raw materials

The characteristics of E. camaldulensis wood were analyzed with
ASTM techniques. The values of the ultimate (carbon, hydrogen,
nitrogen and sulfur) and proximate (moisture, volatile matter,
fixed carbon and ash content) analysis of the eucalyptus wood
sample based on the average of three samples were analyzed in
each replica. In the proximate analysis, the contents of moisture
(5%), volatile matter (80.48%), ashes (4.8%) and fixed carbon
(14.65%) were determined. In the ultimate analysis, dry wood had
and elemental composition of about 48.2% carbon (C), 6.2%
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Fig. 2. Adsorption–desorption isotherms of N2 at 77 K and BJH pore size distrib
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hydrogen (H), 0.5% nitrogen (N), 0.1% sulfur (S) and 44.1% oxygen
(O) (calculated by difference). Table 2 shows the ultimate and
proximate analysis of the used Eucalyptus wood.

The thermal behavior of eucalyptus wood biomass was
examined by TGA (figure not shown). The pyrolysis of eucalyptus
wood, like that of any other biomass comprised mainly of
hemicelluloses, cellulose, and lignin, is associated with the
pyrolysis of these polymers [37]. The TGA curve indicates three
mass loss steps; the evaporation of adsorbed moisture up to 110 8C,
the decomposition of hemicelluloses in the biomass at 250–340 8C,
and the cellulose decomposition at about 380–520 8C [20].

3.2. Pore structure development

The characterization of the pore structure of the adsorbents is
commonly determined by the adsorption of inert gases [18].
Adsorption–desorption isotherms of N2 at 77 K and BJH pore size
distribution of the AC prepared from eucalyptus wood by ZnCl2 and
H3PO4 and KOH are shown in Fig. 2. The textural properties of the
AC prepared with H3PO4, KOH, and ZnCl2, including SBET, Vmic, Vmes,
Vtotal, Rp and yield are listed in Table 3. The type of the activating
agent and the impregnation ratio seems to have a significant
influence on the shape of the N2 adsorption–desorption isotherms
(Fig. 2). According to IUPAC classification, the isotherms of
eucalyptus wood impregnated with H3PO4 and ZnCl2 at the lowest
ratio (1.5) and KOH are typical Type I adsorption isotherms, which
Pore diameter (nm)

0 1 2 3 4 5

d
V

p
 /

 d
r p

0.0

0.2

0.4

0.6

0.8

a)

Pore Diameter (nm)

0 1 2 3 4 5

d
V

/d
r p

0.0

0.2

0.4

0.6

0.8

)

ution of activated carbon prepared with (a) H3PO4 and KOH and (b) ZnCl2.

al of CO2 on highly microporous activated carbons prepared from
J. Taiwan Inst. Chem. Eng. (2013), http://dx.doi.org/10.1016/

http://dx.doi.org/10.1016/j.jtice.2013.06.007
http://dx.doi.org/10.1016/j.jtice.2013.06.007


Table 3
Textural parameters of the prepared activated carbon.

Sample Activating agent Impregnation ratio Yield (%) Textural parameters

SBET (m2/g) Vmic (cm3/g) Vmes (cm3/g) Vtotal (cm3/g) R (nm) Vmic (%)

H1.5 H3PO4 1.5 50 1875 0.949 0.027 0.976 2.083 97

H2 H3PO4 2 50 1889 1.063 0.114 1.178 2.495 90

H2.5 H3PO4 2.5 48.8 2117 1.088 0.469 1.557 2.943 69

HK H3PO4, KOH 2, 3.5 23.8 2595 1.236 0.039 1.275 1.966 98.7

Z0.75 ZnCl2 0.75 34 1275 0.568 0.000 0.553 1.73 100

Z1.5 ZnCl2 1.5 29 2108 1.046 0.013 1.059 2.01 98

Z2.5 ZnCl2 2.5 29 1794 1.109 0.075 1.184 2.64 93
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dramatically increase at low relative pressure and reach a
horizontal plateau. This indicates that the AC samples should
exhibit narrow pore size distribution on micropore range. As the
impregnation ratio of ZnCl2 and H3PO4 was raised, the slope of the
curve gradually increased and the isotherms exhibited hysteresis
loops. Thus, the isotherms appear to become a combination of Type
I and IV according to IUPAC classification and, for the isotherms of
prepared AC with the highest impregnation ratio, it moves toward
a Type IV isotherm. This can be attributed to formation of a greater
fraction of mesoporosity, which is proved by the mesopore volume
in Table 3.

The majority of the ACs prepared in this research was basically
microporous, because more than 90% of the total pore volume was
included within this range. This statement is confirmed by
analyzing the pore size distribution with the BJH theory. Fig. 2
shows also the BJH pore size distribution for the AC derived from
eucalyptus wood with ZnCl2, H3PO4 and KOH at different
impregnation ratios. It can be seen that the pore size distribution
of the AC samples are similar and more narrowly distributed and
mainly composed of micropores. It is good to mention that
adsorbent pores are classified as micropore (diameter < 2 nm),
mesopore (2 < diameter < 50 nm) and macropore (diame-
ter > 50 nm) [18,38].

According to Table 3, when H3PO4 was used as the activating
agent, an increase in the impregnation ratio increased the BET
surface area and mesoporosity. This is due to the fact that the
activating agent decreases the formation of tars and any other
liquids that cause blocking of the pores and prevent the growth of
porous structures in the AC [39]. In the case of sample HK, the AC
that used H3PO4 and KOH as activating agent had a larger BET
surface area up to 2594 m2/g compared to all of the prepared
samples. The obtained maximum BET surface area is attributed to
the decline of O2, H2, and N2 contents of the biomass during
successive activation steps, creating a nanoporous carbon adsor-
bent with high porosity and surface area for gas application [23].
Furthermore, the BET surface area and mesoporosity of the AC
samples prepared with ZnCl2, decreased with a rising impregna-
tion ratio due to transformation of the micropores to mesoporous
ones [6]. For comparison, as-prepared AC from E. camaldulensis had
relatively high surface area of from 1870 to 2100 m2/g while
Patnukao and Pavasant [19], with the same activating agent as in
this work, obtained AC from Eucalyptus bark for its adsorption
capacity for Cu(II) and Pb(II) with a maximum surface area of
1239 m2/g. Nevertheless, the BET surface area and total pore
volume values obtained in the present study were relatively high
compared with those published previously in the literature
(Table 3).

It is mentioned in the literature that the type of precursor and
the activation conditions have influence on the microporosity of
the AC [40]. The porosity is created by chemical compounds
remaining intercalated in the internal structure of lignocellulosic
materials, hindering their shrinkage [40–42]. In the case of
activation with H3PO4, the phosphoric acid and its derivates
Please cite this article in press as: Heidari, A., et al., Adsorptive remov
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(polyphosphoric acid) interact with the organic matter present in
the biomass to form phosphate linkage such as phosphate and
polyphosphate esters, which can serve to connect and crosslink
biopolymers. The pores are generated by the formation of these
linkages which expand the biomass structure [4]. The polypho-
sphate compounds have bigger size than ZnCl2, which fills a wide
range of pore sizes and leads to creation of large sized mesopores,
but then ZnCl2 and its hydrates mostly cause the small and uniform
size of the microporous ones [40].

The obtained results in this study are in agreement with the
findings of other similar research efforts. Timur et al. [40] prepared
AC from oak cup pulp by chemical activation with H3PO4 and ZnCl2.
Their results showed that zinc chloride caused the AC to have
higher micropore volume compared to activation by phosphoric
acid. In addition, researchers used H3PO4, ZnCl2, and KOH for
preparing AC from peach stone and observed that although the
three activating agents produce a high incidence of microporosity,
there is a degree of macroporosity among them, as well [43]. With
H3PO4 large mesopores and even macropores were produced,
while with ZnCl2 both wide micropores and low mesopores were
created. The results from a study also demonstrated that the
maximum limit of micropores attained by the KOH activated
cotton stalk was comparable with the smallest value for the H3PO4

treated sample [7].

3.3. SEM analysis of activated carbon

The SEM images of the AC samples derived from eucalyptus
wood with ZnCl2, and H3PO4 are shown in Fig. 3. As shown in these
figures, pores of different size and different morphology within the
structure of the AC samples, with mesopores and micropores
hiding inside the ACs. It should be noted that the external surface of
the AC samples prepared by H3PO4 have larger pore size compared
to the other AC samples. The reason could be the evaporation of
H3PO4 during carbonization leaving empty space previously
occupied by H3PO4.

3.4. Surface functional groups

The chemical nature of the functional groups on the AC surface
was identified with FTIR (Fig. 4a and b). The spectra of all the AC
samples derived from eucalyptus wood with H3PO4, ZnCl2, and KOH
have many similar features. The bands located in the regions 3427,
3435, 3438, and 3440 cm�1 for all can be attributed to functional
groups of–OH of phenol, alcohol, and carboxylic acid
[7,12,23,31,44,45]. The relatively intense bands at about 1200,
observed in all the samples activated with H3PO4 and ZnCl2, are
attributed to C–O–C stretching in ethers [7,44]. In the FTIR spectra
the peaks observed at 1577 and 1586 cm�1 for the H3PO4 and ZnCl2
activated AC samples and at 1542 for the KOH activated sample can
be attributed to C55O stretching in ketones [44,46]. The C55O
stretching in lactones can be found at 1700, 1703, and 1707 cm�1 in
the spectra of the AC samples prepared with H3PO4 and ZnCl2 [46].
al of CO2 on highly microporous activated carbons prepared from
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Fig. 4. FTIR spectra for the AC samples derived from Eucalyptus wood with (a)

H3PO4, KOH, and (b) ZnCl2.
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The FTIR spectra of KOH-carbon exhibit some differences
compared to other ACs. For example, the spectrum of the KOH-
carbon shows a peak at 2854 and 2932 cm�1 that corresponds to
the C–H bond stretching of carboxylic acids [46]. However, the
other peak at 1643 cm�1 is due to quinines [46]. The new band
located at 1026 cm�1 is ascribed to C–O–C stretching that may be
present in ethers [44].

3.5. CO2 adsorption onto the prepared AC

CO2 is the green house gas that has attracted much attention
of late [26]. Based on the literature, AC adsorbents have high
adsorption capacity for CO2 [15,26,31,47–49]. The CO2 adsorp-
tion capacity of the ACs prepared with different impregnation
ratios of the activating agents (H3PO4, ZnCl2, and KOH) from
eucalyptus wood were examined. The CO2 adsorption isotherms
of the AC samples are presented in Fig. 5a–e. The constants of the
Langmuir and Freundlich models for the CO2 adsorption are
represented in Table 4. It can be seen that the amount of CO2

adsorbed onto the AC samples prepared with ZnCl2 (Z1.5, Z2 and
Z2.5) increases as the impregnation ratio of the activating agent
to biomass decreases or, in other words, the CO2 adsorbed onto
the AC increases when the BET surface area and the mesoporosity
of the AC samples increases. The Z0.75 sample has the highest CO2

adsorption capacity due to having the maximum percentage of
micropores up to 100% (Table 4). Our results are in agreement
with the research reported in the literature [3]. They prepared
some granular AC from oil palm shell by ZnCl2 for methane
adsorption. Their results showed that increasing the ZnCl2

impregnation ratio causes a decrease in methane adsorption due
to the widening of the micropores and the formation of
mesopores (Fig. 5a).

The CO2 adsorption isotherms for AC samples prepared with
H3PO4 are shown in Fig. 5b, where it can be seen how the CO2

adsorption capacity of the AC samples increases when the
impregnation ratio of H3PO4 to biomass is increased from 1.5 to
2 g/g (H1.5 and H2 samples) and then sharply decreases at the upper
ratio 2.5 g/g (H2.5 sample). Although the H2.5 sample exhibits a
maximum BET surface area, it has a substantially low CO2

adsorption capacity, which can be attributed to the creation of
more mesopore fractions and low microporosity (Table 4).

The AC sample activated with KOH (HK) showed the maximum
CO2 adsorption capacity. The improvement in CO2 adsorption
capacity of the HK sample contributed to the abundant formation
of nanometer pores and the largest BET surface area. The reason
can be described in this manner: the specific surface area and the
micropore volume are strongly influenced by gas adsorption
[50,51]. Normally, the gas molecules in the gas–solid interaction
are adsorbed by strong van der Wals forces. Gas adsorption
potential is at the maximum in the sub-nanometer when the gas
molecules start to overlap with the reducing pore size, resulting in
a much higher binding energy emanating from the formation of
deep potential wells. Thus, it is crucial to increase the number of
sub-nanometer pores, and decrease the number of supra-
nanometer ones which automatically also leads to an increase
in the specific surface area [23,52].

In the present study, it was observed that the HK sample (the AC
by chemical activation using H3PO4 followed by chemical
activation with KOH) exhibited relatively high adsorption capacity
of up to 4.10 mmol/g at 1 bar and 303 K, compared with those
obtained AC using other adsorbents. This led to an increase of
about 63% in comparison with the commercial AC (Table 4).
Furthermore, it should be mentioned that in this study the
comparable CO2 adsorption capacity of the AC prepared with
H3PO4, ZnCl2, KOH and the commercial AC are in the following
order: HK > H2 > Z0.75 > commercial AC.
Please cite this article in press as: Heidari, A., et al., Adsorptive remov
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Langmuir and Freundlich models were employed to describe
the adsorption data of CO2 onto the AC derived from eucalyptus
wood at different impregnation ratios and temperatures, as shown
in Fig. 5c and d. All the CO2 adsorption isotherms attributed to Type
I of IUPAC classification are typical of microporous materials. It can
be seen that good agreement noticed between the experimental
data and the fitting of both models indicates that these models can
accurately explain the correlation of the adsorption equilibrium
with the adsorbent. In the most of cases, the obtained regression
coefficient R2, higher than 0.98, indicates good agreement between
the experimental CO2 adsorption data and the theoretical
predictions. The effect of temperature on the amount of CO2

adsorbed onto the ACs prepared with H3PO4, KOH and ZnCl2 from
eucalyptus wood was investigated. According to Table 4 and
Fig. 5c–e, the CO2 maximum adsorption capacity, qm, decreases
from 30.2 to 7.7 mmol/g, from 37.9 to 15.8 mmol/g and from 65.3
to 22.7 mmol/g for H3PO4, ZnCl2 and KOH, respectively, with the
increase of temperature. On the other hand, the amounts of CO2

adsorbed onto the prepared AC samples declined significantly with
the rising temperature and the lower temperature had the larger
CO2 adsorption capacity which indicated that the CO2 adsorption
onto the AC was mostly physical adsorption.

3.6. Comparison of CO2 adsorption capacities with other type of

activated carbon

Several studies reported in the literature indicate that it is
possible to synthesize ACs with their good adsorption capacity of
CO2 [15,31,32,46]. Previous studies showed that the AC adsorbents
and modified AC with amine groups showed different CO2

adsorption capacity based on the textural properties of the AC
(i.e. BET surface area, pore volume and the pore size distribution)
[32,46]. Table 5 shows the comparison of the CO2 adsorption
capacity of different ACs. As can be seen from this table, it is
obvious that HK sample shows highest CO2 adsorption capacity of
up to 4.10 mmol/g at 1 bar and 303 K, compared with those in
previous studies of making AC from the same activating agents. A
study showed that the surface modification of AC from commercial
palm shell-based granular AC with ammonia gas at 800 8C
improved the adsorption capacity of CO2 onto the OXA-800 of
up to 3.86 mmol/g at 1 bar and 303 K [31]. In other study, the
adsorption of CO2 and CH4 on AC from coconut-shells was
investigated in the pressure range of 0–2 bar [15]. This study
showed that that the modified AC with alkali solution had the
highest CO2 adsorption value of 2.55 mmol/g at 2 bar and 298 K. In
other study, the surface modification of ACs using ammonia
impregnation produced high quality AC with large surface area for
evaluation of CO2 adsorption performance [26]. This study
reported that the CO2 capture capacities of up to 2.92 and
3.22 mmol/g for origin and modified ACs, respectively, could be
obtained at 1 bar and 298 K. In the present study, we prepared a
series of ACs from Eucalyptus wood using H3PO4, ZnCl2 and KOH.
The CO2 adsorption capacity of prepared AC sample (H1.5 and H2) in
this study was highest when compared to other types of AC
reported previously in the literature (Table 5). For example, AC
from biomass residues and sewage sludge was studied for the
treatment of biomass chars by means of physical activation with
CO2 and amination and its adsorption capacity for CO2 [53]. It was
reported that a maximum CO2 adsorption capacity of about
2.24 mmol/g obtained at 1 bar and 298 K, while carbons developed
from sewage sludge showed a lower CO2 adsorption of about
0.31 mmol/g. A study investigated on the modification of AC by
using monoethanolamine (MEA) impregnation in order to improve
their adsorption properties toward CO2 [54]. Their results
demonstrated that the modification of AC decreased CO2 adsorp-
tion capacity from 188 to 1.02 mmol/g at 1 bar and 2998 K, which
al of CO2 on highly microporous activated carbons prepared from
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Fig. 5. Curve fitting with Langmuir and Freundlich models of CO2 adsorption isotherms onto activated carbon from eucalyptus wood at different impregnation ratios of (a)

ZnCl2, (b) H3PO4 and KOH at 303 K and at different temperatures of (c) H3PO4, (d) ZnCl2, and (e) KOH.
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Table 4
Parameters of Langmuir and Freundlich models for CO2 adsorption onto the AC.

Activating agent Impregnation ratio Temperature (8C) Langmuir Freundlich

Ka (l/mol) qm (mmol/g) R2 Kf n R2

H3PO4 1.5 30 0.08 26.04 0.99 2.84 1.61 0.98

2 15 0.01 30.26 0.99 3.99 1.72 0.99

30 0.08 28.01 0.99 2.75 1.57 0.99

45 0.33 10.26 0.91 3.3 2.74 0.87

75 0.35 7.70 0.99 2.6 2.85 0.97

2.5 30 0.05 25.02 0.98 1.71 1.44 0.99

ZnCl2 0.75 15 0.08 37.97 0.99 3.72 1.55 0.99

30 0.06 36.16 0.99 2.68 1.44 0.99

45 0.12 18.87 0.99 2.69 1.75 0.97

75 0.1 15.86 0.99 2.05 1.7 0.98

1.5 30 0.06 34.80 0.99 2.52 1.42 0.98

2.5 30 0.04 34.19 0.99 1.93 1.35 0.99

KOH 3.5 15 0.07 65.37 0.99 5.86 1.52 0.99

30 0.11 31.89 0.99 4.31 1.73 0.99

45 0.07 25.49 0.99 2.31 1.52 0.99

75 0.05 22.73 0.96 1.88 1.55 0.98

Commercial AC – 30 0.43 7.42 0.96 2.77 3.09 0.90

Table 5
Comparison of adsorption capacity of CO2 on different AC.

Adsorbent Adsorption

capacity (mmol/g)

Pressure

(bar)

Temperature

(8C)

Ref.

aL-A850 (40%) 0.31 1 25 [53]

L-A850 (40%)-PEI 0.31
bAOS char 2.06

AOS-NH2 2.24

AC 2.92 1 25 [25]

AAC 3.22
cP-AC 2.55 2 25 [15]

OXA-800 3.86 1 30 [30]

MSC-30 2.27 1 28 [54]

G08H 1.54

AC 1.88 1 25 [55]

AC/MEA 1.02 1

AC–MEA 1.54 1 30 [56]

Commercial AC 1.50 1 30 This study

HK 4.10

H1.5 2.36

H2 2.98

H2.5 1.88

Z0.75 1.90

Z1.5 1.61

Z2.5 1.34

a AC from sewage sludge (L).
b AC from biomass residues (AOS).
c AC from coconut-shells.
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have comparable agreement with the CO2 adsorption capacity of
Z0.75, Z1.5 and Z2.5 samples.

4. Conclusions

Activated carbons (ACs) were prepared by impregnation of E.

camaldulensis wood with H3PO4, ZnCl2 and KOH. It was found that
the activating agent and its concentration strongly influence the
textural characteristics of the eucalyptus wood based AC. The BET
surface area and porosity increased in this order: KOH > H3-

PO4 > ZnCl2. The best activating agent for preparing AC as CO2

adsorbent in terms of producing the biggest BET surface area and a
high percentage of micropore volume was KOH. The lowest value
of micropore content was attained with the high impregnation
H3PO4 ratio activated samples. AC is identified as being an
appropriate adsorbent for CO2 adsorption due to its big surface
Please cite this article in press as: Heidari, A., et al., Adsorptive remov
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area and highly microporous structure. The adsorption capacity of
CO2 at the different pressures and temperatures onto prepared AC
samples was studied. The Freundlich and Langmuir models were
used to describe the behavior of CO2 adsorption onto AC. The
results show that the lowest temperature and a high micropore
content enhanced the amount of CO2 adsorbed by AC adsorbents.
The CO2 adsorption capacity of 4.1 mmol/g obtained for the
prepared AC (HK sample) was much higher than that for
commercial AC (1.5 mmol/g) at 1 bar and 303 K.
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