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In the present study, populus wood biomass (PWB), as a precursor, was first carbonized

under a nitrogen atmosphere and the obtained carbon was used to prepare graphene via

chemical activation using KOH. The graphene samples were used to study as adsorbents

for  CO2 capture. The effect of different parameters, such as various KOH/C weight ratios

(2:1–4:1 g/g), different heating temperatures (750–950 ◦C) and heating time (30–90 min), on

the  surface characteristics and CO2 uptake capacity of the as-synthesized graphene was

investigated. Various characterization techniques including elemental, TGA, BET, TEM, FT-

IR  and Raman were used. Under the experimental conditions of KOH/C impregnation ratio of

3:1,  heating temperature of 850 ◦C and heating time of 60 min, the graphene sample showed

a  BET surface area of 1317.1 m2/g, total pore volume of 0.604 m3/g, up to 94% microporoc-

ity,  and an average micropore diameter size of 1.84 nm. The measured uptake capacity of

7.2  mmol/g at a pressure of 1 bar and 293 K by sample G-3-850-60 was among the high-

est  reported values in the literature data for carbon base materials. The isosteric heat of

CO2 adsorption onto the graphene samples were computed from the Clausius–Clapeyron

equation, which was consistent with the physical nature of adsorption. Furthermore, these

nano-adsorbents exhibited a high CO2 adsorption capacity, thus proving to be good can-

didates for cost-effective CO2 capture and storage for the downstream application on an

industrial scale. In addition, the results of our laboratory investigations explore a process for

scaling-up a complete flow diagram of graphene production from populous wood biomass

and  an economic evaluation of graphene production is estimated at a cost of about $25 per
kg.

©  2017 Institution of Chemical Engineers. Published by Elsevier B.V. All rights reserved.
.  Introduction

nthropogenic CO2 emissions, the consequence of the combustion

f fossil fuels, have resulted in an environmental concern due to an
ncreased energy demand in a world marked by population growth and
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a higher standard of living. The European Strategic Energy Technology

Plan (SET-Plan) is aimed at decreasing, by 2020, greenhouse gas emis-

sions by 20% and a further reduction to 50% by 2050. It is essential to

advance technologies that will help us to use fossil fuels while decreas-

ing the emissions of greenhouse gases. It has been recognized that
unesi).

the existing commercial CO2 capture technology is costly and energy-

consuming, and, hence, improved technologies for CO2 capture seems
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necessary in order to achieve lower energy demands. Among such tech-

nologies, adsorption processes based on porous solids (e.g., carbon

materials) can be excellent candidates in economic and environmental

terms to alleviate CO2 emissions compared to the precise technology

of absorption processes based on basic solutions (Ali, 2010, 2012, 2014;

Ali et al., 2012; Ali and Gupta, 2006; Casco et al., 2014; Choi et al.,

2009; Guo and Lua, 2003). Utilizing highly porous solids as sorbents

to capture CO2 by using the pressure, temperature or vacuum-swing

adsorption system seems to be a promising option (Sevilla and Fuertes,

2012; Shaarani and Hameed, 2011). In this regard, the different porous

adsorbents such as the metal-organic frameworks (MOFs), activated

carbon, zeolites, graphene, porous carbons or organic–inorganic hybrid

sorbents have been targeted as potential alternatives for CO2 capture

(Shafeeyan et al., 2010). Graphene is known as a new nanomaterial with

a single sheet of carbon atoms arranged in a hexagonal lattice. After

the first report of synthesizing it by using the ‘Scotch tape’ approach

in 2004 (Belmabkhout and Sayari, 2009), graphene has become an area

of research attracting a lot of interest. Some enchanting characteristics

of graphene, such as high thermal conductivity (∼5000 W/mK) (Zhao

et al., 2009), high theoretical specific surface area (2630 m2/g) (Ning

et al., 2012; Wang et al., 2012), strong Young’s modulus (∼1 TPa) (Cazorla

et al., 2011) and fast charge carrier mobility (∼200,000 cm2 V−1 s−1) have

been reported. Graphene has been applied to isolate gases, recovery

of solvents, and the elimination of organic pollution. Moreover, the

application of graphene to natural gas storage can also be promising.

Recent synthetic attempts have diverged in several different directions.

For example, reduction of graphene oxide (Aaron and Tsouris, 2005),

micromechanical cleavage (Srivastava et al., 2007), chemical vapor

deposition (CVD) (Cazorla-Amorós et al., 1996), liquid-phase exfolia-

tion (Mohr and Rao, 1999), chemical synthesis (Gauden and Wiśniewski,

2007) and carbon segregation (Ghosh et al., 2008) have been improved to

generate single-layer graphene (SLG) or few-layer graphene (FLG) (Xu

et al., 2012). CVD appears to be an interesting method for growth of

graphene on copper foil because of its ability to produce a large-area

synthesis of high quality graphene single-layer in comparison with

mechanical and/or chemical treatments (Lee and Park, 2012). However,

in this application, graphene represents low CO2 adsorption resulting

in a limitation of its performance. To improve the CO2 uptake capacity,

the fabrication of porous carbons with a pore structure that can adsorb

CO2 properly can overcome the problem (Heidari et al., 2014). In the

present study, we demonstrate the CO2 adsorption ability of graphene.

The chemical activation has been conducted with KOH and the capac-

ity has been assayed under different pressures at room temperature.

Additionally, the regeneration of adsorbent was also studied.

2.  Materials  and  methods

2.1.  Biomass

Populus wood residue was collected from the Borujen County
in the Chaharmahal and Bakhtiari province of Iran, which was
utilized as precursor materials for the preparation of nano-
adsorbent. This material was initially crushed, then dried at
70 ◦C for 72 h. The precursor was ground by ball milling to
powder and sieved to acquire a particle size in the range of
0.4–0.8 mm.  The ultimate analysis of populus wood biomass
was done for elemental content (carbon, hydrogen, nitrogen
and sulfur).

2.2.  Preparation  of  graphene

The carbonization of powdered PWB  was carried out under
N2 using a heating rate of 5 ◦C min−1 for about 1 h. The car-
bonized samples were then blended with the KOH solution
based on the KOH/C mass ratio of 2–4 (2 g KOH: 1 g carbonized

PWB  to 4 g KOH: 1 g carbonized PWB). The activation, in the
presence of KOH as a chemical activating agent, was carried
out in an atmosphere of N2 at a heating rate of 5 ◦C min−1,
activation temperature ranging from 750 to 950 ◦C, activation
time ranging from 30 to 90 min  and a constant nitrogen gas
flow rate of 120 ml/min (0.198 kg/d). The prepared samples
were carefully washed several times with 10 wt% of HCl to
get rid of any inorganic salts, and then finally washed with
distilled water until neutral pH. Ultimately the samples were
dried in the oven at 110 ◦C for12 h. The as-prepared graphene
samples were denoted as G-R-T-t, where G was the abbrevia-
tion of graphene, R referred to the KOH/C weight ratio in g/g, T
referred to the target activation temperature in ◦C and t stood
for the activation time in minutes.

2.3.  Characterization  of  materials

Textural characterization of graphene samples was examined
by N2 adsorption/desorption isotherms at 77 K using an auto-
matic volumetric apparatus (Micromeritics ASAP 2020) BET
surface area and porosity analyzer. Before the N2 adsorp-
tion/desorption measurements, all samples were degassed at
200 ◦C in a vacuum for 3 h. The BET surface area was com-
puted using the BET (Brunauer, Emmet  and Teller) method
from adsorption data in the range of relative pressures (P/Po)
0.001–1. The total pore volume was calculated from the
amount of N2 gas (99.999% purity) adsorbed at P/Po of 0.99.
The micropore method (MP) was used to achieve the microp-
ore volume while the mesopore volume was ascertained by
subtracting the micropore volume from the total pore vol-
ume. The mesopore size distribution was defined by using
the Barret–Joyner–Halenda (BJH) method. FT-IR spectra of
the graphene samples were acquired by Fourier transform
infrared spectroscopy. The spectra were recorded from 400
to 4000 cm−1 and KBr pellet was utilized as a reference sam-
ple. Furthermore, Raman microscope (Almega Thermo Nicolet
Dispersive Raman Spectrometer) was used to characterize the
functional groups on the surface chemistry of as-synthesized
graphene. The chemical composition of the graphene samples
was defined using CHNS/O elemental analyzer. The Elemental
analyzer determined the nitrogen, carbon, sulfur, and hydro-
gen content of the samples. The oxygen content was then
determined by subtracting the sum of the other components
from 100. The transmission electron microscope (TEM) was
used for supplementary observation of the morphology and
textural features of as-synthesized graphene.

2.4.  CO2 adsorption  measurements

The CO2 adsorption capacity of the prepared samples was
appraised using a static volumetric apparatus. The CO2

adsorption experiments were carried out under pressures
ranging from 1 to 10 bar and at temperatures of 273–333 K.
The MATLAB software was used to determine the amount of
CO2 adsorbed by the graphene-based PWB  samples using the
Soave–Redlick–Kwong (SRK) formula. Adsorption/desorption
cycles were being tested at 20 ◦C. The recyclability of the
adsorption/desorption cycle was performed using 1 g of as-
synthesized samples. All samples were degassed at 250 ◦C
prior to the cyclic experiments. The adsorption/desorption
cycle was repeated five times.

2.5.  Adsorption  isotherm
Adsorption isotherms are essential to outline the adsorbate
and adsorbent interactions and are, therefore, helpful for opti-
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Table 1 – Chemical composition of the raw material and
the obtained graphene sample.

Sample Ultimate analysis (wt.%)

C H N S O

Raw material 39.75 6.09 1.52 <0.1 52.54
Obtained graphene 85.72 0.33 0.49 <0.001 13.46

Fig. 1 – Pyrolysis of populus wood biomass in flow nitrogen
izing adsorption process using adsorbent. The correlation
f experimental data using isotherm equations is crucial for
dsorption data interpretation as well as prediction. Two-
arameter Langmuir and Freundlich isotherm equations have
een used to examine the experimental equilibrium adsorp-
ion data of CO2. The Langmuir adsorption isotherm indicates
he occurrence of adsorption at specific homogeneous sites
nd is still the easiest and most useful, and is usually rep-
esented as (Foo and Hameed, 2010; Sreńscek-Nazzal et al.,
013):

 = qmbP

1 + bP
(1)

here, q is the adsorbed quantity (mmol  of CO2 per g of
raphene) and p the pressure of the CO2 in the bulk gas phase
bar). The parameters were determined to be qm and b, which
epresent the saturation limit (mmol  g−1) and the Langmuir
onstant (bar−1), respectively.

The Freundlich isotherm equation, an empirical relation-
hip of the equilibrium sorption, was employed to describe
eterogeneous systems. It is written as (Foo and Hameed,
010; Sreńscek-Nazzal et al., 2013):

 = Kf P
1
n (2)

here, KF is the Freundlich constant related to adsorption
apacity (bar−n mmol  g−1) and n the empirical constant associ-
ted with the adsorption driving force. The SigmaPlot Version
2 software for windows (SPSS Inc., Chicago, Il, USA) was used
o evaluate the parameters of adsorption processes by nonlin-
ar regression.

.6.  Isosteric  heat

 thermodynamic study could possibly provide valuable infor-
ation for achieving a much better understanding of the

dsorption mechanism. The key thermodynamic variable for
dsorption is the enthalpy (isosteric heat of adsorption under
sothermal conditions). Isosteric heat associated with adsorp-
ion being a function of surface coverage was determined
hrough isotherm data at various temperatures utilizing the
lausius–Clapeyron equation. This equation is written as (Guo
t al., 2006; Shafeeyan et al., 2015):

Hads = −R
(
d (lnP)

d
(

1
T

)
)
q

(3)

here, �H is the iesotericheat of absorption, P is the pressure
bar), T is the temperature (K) and R is the ideal gas constant
J/mol K).

.  Results  and  discussion

.1.  Characterization

.1.1.  Chemical  analysis
able 1 shows the results of chemical composition of PWB  and
he prepared graphene-based PWB.  From Table 1, the carbon
ontent of the populus remains about 40% after carboniza-
ion and it reaches over 85% after the activation process in the
raphene sample. Although the carbon content may promote

orous surface chemistry of the final product, the high carbon
ontent might result in a higher uptake capacity. Thus, as-
using a heating rate of 10 ◦C/min.

synthesized graphene contains more  than two times higher
carbon content than precursor.

3.1.2.  Thermogravimetric  analysis
Fig. 1 demonstrates the pyrolysis of the dried populus under
the N2 atmosphere utilizing a heat treatment at a rate of
10 ◦C/min and presenting the TG profile up to 850 ◦C. The initial
weight loss started at 100 ◦C as a result of the evaporation of
moisture adsorbed on the sample. Two main weight losses can
be observed at about 230 and 500 ◦C of the profile, in which the
volatile compounds removed from the thermally decomposed
char. Cagnon et al. (2009) reported several thermal events for
biomass carbonization; the first event of weight loss occur-
ring at about 230 ◦C due to hemicellulose decomposition, the
second at 330 ◦C because of the cellulose decomposition, and
the next one at 370 ◦C due to lignin decomposition, the major
contributor of the final mass of char. The thermal events pre-
sented in Fig. 1 are compatible with those reported earlier for
biomass carbonization. The carbon consolidation has resulted
in a gradual loss of weight from 500 ◦C.

3.1.3.  Physical  properties
Fig. 2 shows the N2 adsorption–desorption isotherms of the
synthesized samples resulting from chemical activation at
different activation temperatures ranging from 750 to 950 ◦C,
different KOH/C ratio range from 2 to 4 and carbonization time
range from 30 to 90 min. Table 2 lists the textural parameters of
the graphene samples detected from N2 adsorption isotherms,
including the total surface area, micro, meso, total pore vol-
ume  and average pore diameter. From Fig. 2, the important
effect of the activation parameters in the development of
the porosity by N2 isotherms shows a type I isotherm for
N2 adsorption on graphene according to the BDDT (Brunauer,
Deming, Deming and Teller) classification (Aaron and Tsouris,
2005). It indicates the characteristic of a mainly microporous
material. The hysteresis loop at P/P0 > 0.5 for the sample with
an activation temperature of 950 ◦C indicates the presence of
meso and microporosity in their structure. The development

of new micropores increases with an increase in the activating
agent in precursor ratio (from 2:1 to 3:1). However, an increase
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Table 2 – Textural properties of the graphene samples.

Sample BET surface
area (m2/g)

Total pore
volume (cm3/g)

Micropore
volume (cm3/g)

Mesopore
volume (cm3/g)

Micropore
volume (%)

Mean pore
diameter (nm)

Micropore
width (nm)

G-2-850-60 809.04 0.415 0.358 0.128 86.3 2.05 0.717
G-3-850-60 1317.10 0.604 0.569 0.129 94.2 1.83 0.694
G-4-850-60 757.36 0.392 0.348 0.134 88.8 2.07 0.774
G-3-750-60 1438.40 0.626 0.604 0.099 96.5 1.74 0.666
G-3-850-60 1317.10 0.604 0.569 0.129 94.2 1.83 0.694
G-3-950-60 1735.20 0.867 0.806 0.301 93 2.05 0.832
G-3-850-30 1694.90 0.751 0.728 0.138 96.9 1.77 0.701
G-3-850-60 1317.10 0.604 0.569 0.129 94.2 1.83 0.694
G-3-850-90 1668.30 0.734 0.713 

Fig. 2 – N2 adsorption–desorption isotherms of graphene

samples.

in the amount of nitrogen adsorbed at low relative pressures
led to the widening of the existing ones and the formation of
more  micropores, while a decrease in the micropore volume
and an increase in mesopore volume obtained at the impreg-
nation ratio of 4:1 (Table 2). Moreover, an increase in activation
temperature, as another variable having a high effect on pore
volume evolution, enhanced surface area and pore volumes
of the samples (Ahmadpour and Do, 1996; Casco et al., 2014).
As shown in Table 2, these samples have surface areas in the
757–1735 m2 g−1 range and pore volumes in the 0.4–0.86 range
cm3 g−1. The BJH model is applied to determine pore size dis-
tributions of the prepared samples. The average pore diameter
of the samples was found to be between 1.7–2 nm.

3.1.4.  TEM  analysis
The transmission electron microscopy (TEM) studies were
conducted to assess the morphology sample structure. TEM
samples were created by dispersing graphene powder in
ethanol to form a homogeneous suspension. The graphene
structure and morphology was studied following the dropping
of the suspension on a lacey carbon film on a 300 mesh copper
grid. The typical TEM images of the samples are illustrated in
Fig. 3. This figure illustrates a clear material with a voile-like
structure. The TEM images of graphene nanosheets derived
from PWB  shows that it seems to be mainly the few-layer
graphene.

3.1.5.  FT-IR  analysis
The FT-IR spectra of samples comprising the raw material and
synthesis graphene samples are shown in Fig. 4. Some similar-
ities have been observed in all sample spectra; the spectra of

Fig. 4b–h reveal the broad peak in the area of 3431, 3436, 3437
and 3440 cm−1, which are ascribed to O H stretching vibra-
0.127 97.1 1.76 0.696

tion of phenol, carboxylic acid and alcohol (Guo and Lua, 2003;
Shafeeyan et al., 2011). The sharp peaks at 1622, 1628, 1630,
1632, 1634 and 1637 cm−1 are attributed to carboxylic acids and
ketones (Shaarani and Hameed, 2011; Shafeeyan et al., 2010).
The spectra of Fig. 4a–h of the samples also show that the
peak intensities at 2919 and 2920 cm−1 can correspond to the
bond stretching of sp3 atoms for C H functional group, while
2922 and 2923 cm−1 can be assigned to the stretching vibration
mode of sp2 atoms for C H functional group in the rings of
the graphene structure. The absorbance peak spectra in all
samples at 1047, 1052, 1053, 1061, 1077, 1090 and 1094 cm−1

can be attributed to C OH vibration in secondary cyclic alco-
hol. In graphene samples (Figs. 4b–h), the absorbance peak at
1458 cm−1 is attributed to the C C stretching vibration in an
aromatic ring of benzene from the carbon framework (Heidari
et al., 2014; Khalili et al., 2016).

3.1.6.  Raman  spectroscopy
Raman scattering is a rapid and non-destructive technique
which gives a clear insight into the electron–phonon inter-
action, suggesting a greater responsiveness to electronic and
crystallographic structures. Therefore, it has been widely used
for the structural study of carbon materials (Dresselhaus et al.,
2002; Soldano et al., 2010). A typical Raman spectrum of
graphene grown in the current study has been depicted in
Fig. 5. The three peaks have been illustrated as the D band
at 1350 cm−1, the G band at 1599 cm−1and the 2D band at
2750 cm−1. The D peak is a result of the out-of-plane breath-
ing mode of the sp2 atoms and the presence of any defect
leads to activation. The G peak belongs to the E2g phonon
at the core of the Brillouin zone. A significant fingerprint of
graphene is dedicated to the 2D peak, which the number of
layers can noticeably affect the position, shape, and inten-
sity corresponding to the D band of the peak. The isolated
monolayer graphene reveals a symmetrical Lorentzian peak
centred on 2640 cm−1 that can change to 2655–2665 cm−1 for
loosely stacked graphene layers like SiC-templated graphene
(Faugeras et al., 2008). Another peak centerd on 1685 cm−1

appeared for two or more  layers and finally dominated the
first peak for more  than three layers. As the bulk graphite is a
complex group of bands between 2600 and 2750, it is hard to
distinguish the Raman multi-peak profile beyond five layers
(Ferrari et al., 2006).

3.2.  CO2 adsorption

In recent years, many  researchers are mainly drawn to
graphene synthesis because its chemically superior proper-

ties can change the behavior of the adsorption process. The
textual properties, surface area and concentration of surface
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Fig. 3 – TEM images of graphene sample: (a) G-3-850-60, (b)
G-3-750-60 and (c) G-3-950-60.
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xygen-containing functional groups influence the adsorp-
ion behavior of graphene and can depend on the number of
raphene nanolayer during the preparation step by a process
f synthesizing graphene. It is possible to have graphene with

 high surface area and sufficient micro- and meso-porous
tructure, superior chemical/thermal stability and rich surface
hemistry (Lee and Park, 2012).

Langmuir and Freundlich models were employed to
escribe the adsorption data of CO2 onto the graphene derived

rom populus wood biomass at different KOH/C ratios, heat-
ng temperatures and heating time, as shown in Fig. 6a–c.
All the CO2 adsorption isotherms are Type I, according to the
IUPAC classification, that are typical of microporous materi-
als. It is evident that there is a better agreement between the
experimental data and the Freundlich isotherm model, which
indicates that this model can accurately explain the correla-
tion of the adsorption equilibrium with the adsorbent. In most
of the cases, the obtained regression coefficient R2, higher
than 0.98, P < 0.0001 and 95% confidence, indicate good agree-
ment between the experimental CO2 adsorption data and the
theoretical predictions and the estimated uncertainties in the
adsorption capacity are calculated using propagation of errors
in all the determined parameters and confirmed by repeated
measurements. However, the estimated uncertainty due to
CO2 adsorption was about 5%. It should be noted that each
experimental data was repeated three times and the average
value of those data was considered as the final data.

Fig. 6a illustrates the CO2 adsorption isotherm under the
condition of 293 K and pressure of 1–10 bar for samples pre-
pared with a KOH/C ratio of 2:1–4:1. As can be seen, an increase
in the activation agent ratio from 2:1 to 3:1 enhanced the
adsorption capacity so that the maximum amount reached
9.86 mmol  CO2/g for the 3:1 ratio, and then a decrease in the
amount of CO2 sorbed at a higher activating ratio is observed.
Indeed, an increase in the amount of activation ratio leads
to enlargement with the widening of the existing pores, i.e.,
larger micropores and mesopores, and the different pores of
the samples ended the specific role of adsorption for CO2, so
that the smaller micropores seemed to contribute more  to the
adsorption capacity. This observation is in conformity with
the fundamentals of the Dubinin’s micropore filling theory.
Furthermore, it should be mentioned that a high adsorption
measurement of CO2 can be demonstrated with a narrow
range pore size at atmospheric pressure, whereas in the region
of higher pressures, the relative pressure should be replaced
with relative fugacity, where pore condensation into wide
micropores occurred (Cazorla-Amorós et al., 1996).

The CO2 adsorption isotherms under a condition of 293 K
and pressure of 1–10 bar for samples prepared at different
activation temperatures of 750–950 ◦C are shown in Fig. 6b.
As can be seen at low pressure, a maximum CO2 adsorp-
tion of 7.2 mmol/g is obtained under atmospheric pressure
for the sample prepared at 850 ◦C of carbonization tempera-
ture. However, an increase in the amount of CO2 adsorption
of 11.86 mmol/g at 10 bar is observed with an increase of
pressure for the sample prepared at 950 ◦C carbonization
temperature. Therefore, CO2 adsorption measurements at
atmospheric and high pressure (up to 10 bar) exhibited the
specific role of the pore affinity for CO2 adsorption based on
the as-synthesized graphene. This means that the present
study provides investigational fact of the importance of high
volume of narrow micropores in CO2 adsorption capacity at
atmospheric pressure, and the larger carbon micropores and
much higher surface area seems to be essential for achieving
CO2 adsorption capacity at a high pressure of up to 10 bar. This
observation is also in agreement with the fundamentals of
the theory of adsorption in micropore of nanolayer adsorbents
(Casco et al., 2014; Cazorla-Amorós et al., 1996).

Fig. 6c shows the CO2 adsorption isotherms under a con-
dition of 293 K and pressure of 1–10 bar for samples prepared
with different activation times of 30–90 min. Results showed
that a maximum amount of CO2 was adsorbed (12.68 mmol/g)
by the sample prepared with a maximum carbonization time,

while a minimum amount of CO2 adsorbed was  observed
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Fig. 4 – FTIR spectra of (a) raw material, (b) G-3-850-60, (c) G-4-850-60, (d) G-2-850-60, (e) G-3-850-30, (f) G-3-850-90, (g)

G-3-750-60 and (h) G-3-950-60.

when the carbonization time was 1 h. It means the pores are
getting wider as the carbonization time increases.

The CO2 adsorption capacities of the prepared sample (G-
3-850-60) were perused at four temperatures (0 ◦C, 20 ◦C, 40 ◦C

and 60 ◦C). Fig. 6d shows the adsorption equilibrium isotherms
at different temperatures. As can be seen, the amount of
CO2 adsorbed decreased with an increase in the temperature.
Adsorption capacities at different temperature and pressure
of 1 and 10 bar are shown in Table 3. The adsorption capaci-

ties at temperatures of 273 K, 293 K, 313 K and 333 K at 1–10 bar
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Fig. 5 – Raman spectrum of graphene samples: (a)
G-3-750-60, (b) G-3-850-30, (c) G-3-850-60, (d) G-3-950-60,
(e) G-4-850-60, (f) G-2-850-60 and (g) G-3-850-90.

Table 3 – Adsorption capacities (mmol  CO2 g−1) at
different temperatures and pressure.

Adsorbents Pressure (bar) Temperature (K)

273 293 303 313

Graphene 1  9.4 7.2 6 5
10 13.2 10.36 9.72 8.35

a
6
t
o
t
e
t
t
h
t

t
r
T
fi
F
B
p
t
w
i
e
G
9
1
a
t
c

r
b
a
f
r
o
a

Fig. 6 – The effect of different (a) KOH/C mass ratio, (b)
heating temperature, (c) heating time and (d) adsorption
temperature of the G-3-850-60 sample onto graphene-based
PWB  for the CO2 adsorption isotherm study.
re in the 9.4–13.2 mmol  CO2 g−1, 7.2–10.36 mmol  CO2 g−1,
–9.72 mmol  CO2 g−1and 5–8.35 mmol  CO2 g−1 ranges respec-
ively. As expected for an exothermic process, the amount
f adsorption increased with a decrease in the adsorption
emperature. This is because adsorbed gas obtains sufficient
nergy to overcome the van der Waals forces and move back
o the gas phase and molecules already in the gas phase tend
o stay there due to their high vapor pressure. Owing to their
igh vapor pressure, molecules in the gas phase tend to stay
here (Zhou et al., 2012).

The data of CO2 adsorption on graphene samples were fit-
ed to the Langmuir and Freundlich isotherm models by linear
egression. Their adsorption equation constants are given in
able 4. According to Table 4, concerning the regression coef-
cients, there was a small deviation from the Langmuir and
reundlich model trends of the isotherm data for samples.
oth models were fitted with CO2 adsorption data of the sam-
les, but the Freundlich model seemed to fit the data better
han the Langmuir model. It shows that the surface of samples
as  mainly formed by heterogeneous adsorption. The max-

mum adsorption capacities computed from the Langmuir
quation for G-2-850-60, G-3-850-60, G-4-850-60, G-3-750-60,
-3-850-60, G-3-950-60-, G-3-850-30, G-3-850-60 and G-3-850-
0 were 8.34 mmol/g, 10.80 mmol/g, 7.6 mmol/g, 9.7 mmol/g,
0.80 mmol/g, 12.21 mmol/g, 10.90 mmol/g, 10.08 s mmol/g
nd 12.1 mmol/g at 293 K, respectively. According to Table 4,
he n values of the Freundlich model are greater than 1 indi-
ating a favorable adsorption.

The CO2 capture capacities of the graphene samples
eported here are among the highest ever reported for carbon-
ased adsorbents. This is evidenced by comparing our CO2

dsorption data at room temperature and 1 bar with those
ound in literature for other carbon-based adsorbents. The
esults of the comparison are given in Table 5. To the best of
ur knowledge, we  confirm that the sample prepared under

ctivation conditions at KOH/C 3, activation time of 60 min
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Table 4 – Equilibrium model constants for CO2 adsorption by graphene samples.

Adsorbents Langmuir Freundlich

R2 b (g/mmol) qm (mmol/g) R2 1/n Kf, [(mmol g−1) (bar−1)1/n]

G-2-850-60 0.9652 0.59 8.34 0.9855 2.84 3.36
G-3-850-60 0.9933 5.33 10.08 0.9994 8.92 8.03
G-4-850-60 0.9936 6.44 7.60 0.9972 9.35 6.14
G-3-750-60 0.9618 2.10 9.69 0.9966 4.45 6.03
G-3-850-60 0.9933 5.33 10.08 0.9994 8.92 8.03
G-3-950-60 0.9549 1.76 12.21 0.9979 3.97 7.14
G-3-850-30 0.9392 9.40 10.91 0.9886 7.20 8.58
G-3-850-60 0.9933 5.33 10.08 0.9994 8.92 8.03
G-3-850-90 0.9683 5.05 12.09 0.9996 5.98 8.78

Table 5 – Summary of carbon-based adsorbents and their performance in CO2 capture at room temperature and 1 bar.

Adsorbent Treatment Adsorption capacity (mmol/g) Temperature (K) Refs.

Carbon aerogels Surface modification (Nil) 3 298 Robertson and Mokaya (2013)
N-doped porous carbons N-doped 3.86 298 Fan et al. (2013)
N-doped porous carbons N-doped 2 298 Wang et al. (2014)
Porous carbon Loaded CuO 0.30 298 Kim et al. (2010)
Biomass residue based AC Ammonia, 400C 2.20 298 Plaza et al. (2009)
Commercial AC Ammonia, 400C 1.72 299 Przepiórski et al. (2004)
Chitosan-graphene oxide – 4.15 298 Alhwaige et al. (2013)
Graphite – 1.16 303 Hong et al. (2013)
Polyindole-reduced GO – 3 298 Saleh et al. (2013)

Graphene-based
PWB by chemical
activation with KOH

2:1 2.96 293 This  study
3:1 7.19
4:1 5.36
750 4.99
850 7.19
950 5.71
30 7.01
60 7.19

6.82

Fig. 7 – The van’t Hoff plot of isosteric heat of adsorption
for CO2 on the graphene sample G-3-850-60.
90 

and an activation temperature of 850 ◦C exhibits the high-
est CO2 uptake capacity of 7.2 mmol/g at a pressure of 1 bar
that is ever measured for a porous carbon at room tempera-
ture. Correspondingly, the sample prepared under activation
conditions at the KOH/C ratio of 3:1, activation time of 90 min
and an activation temperature of 850 ◦C had a relatively higher
adsorption capacity of 12.7 mmol/g at a pressure of 10 bar and
room temperature.

3.3.  Isosteric  heat  of  adsorption

The isosteric heat of adsorption of a gas determining the
extent of enthalpy changes before and after adsorption is the
main thermodynamic parameter for the design of practical
gas separation processes (Mohr and Rao, 1999). The isosteric
heats were obtained from the slopes of the lines in a plot
of lnP  against 1/T  at different fixed adsorption amount. In
the present study, the van’t Hoff plot of the experimental
isotherms at the four temperatures of 273, 293,313 and 333 K
are given for the prepared graphene (Fig. 7).

In the temperature range investigated, the obtained linear
behavior from equilibrium adsorption measurement showed
that the isosteric heat depends only on the surface cover-
age due to lateral particle–particle interactions. In fact, the
experimental measurements of temperature independence of
the enthalpy of adsorption was demonstrated to be valid for
the pressure and uptake capacity estimations (Esteves et al.,
2008) especially, consistent with the exothermic character of

the adsorption process, while the negative �Hads values were
attained at 273–333 K, indicating a decrease of entropy in the
system. An examination of the molecular-scale interactions,
between the adsorbate molecules and the adsorbent, can be
carried out by the isosteric enthalpy changes accompanying
adsorption. Furthermore, information regarding the amount
of the adsorption enthalpy and its surface coverage depen-
dence can be used as criteria for determining the energetic
heterogeneity of a solid surface (Belmabkhout and Sayari,
2009). Until interaction occurs between adsorbed molecules,
and the surface is energetically homogeneous, the isosteric
heat is independent of the surface coverage. However, the exis-

tence of different levels of surface energy and heterogeneity
of the adsorbent surface can be indicated by a variation in the
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Fig. 8 – A variation of the isosteric heat of adsorption with
the amount of CO adsorbed by G-3-850-60 sample.
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Fig. 9 – CO2 adsorption–desorption cycles obtained for
graphene sample at 20 ◦C and pure CO2.

Table 6 – Estimated capital cost for synthesis graphene
from populus wood biomass.

Equipment Cost ($)

Stationary crusher 2600
Ball milling 3500
Tree-Rotary dryer 100,000 each
Two-Rotary kilns 150,000 each
Rotary cooler 50,000
Four-Rotary mixer (base tank) 3000 each
Sieve 2000
Total equipment cost 670,100
Equipment installation 67,010
Instrumentation 67,010
Piping and material transport (augers) 67,010
Electrical installation 67,010
Buildings, yard improvements,

construction expense, contractor’s
fee

1,000,000

Service facilities, engineering and
supervision

100,000

Contingency 33,375
Total capital costs $14,014,155
2

sosteric heat with the surface loading in this system (Ning
t al., 2012; Shafeeyan et al., 2015). Fig. 8 describes the variation
f �Hads (calculated using the Clausius–Clapeyron equation)
s a function of the amount of CO2 adsorbed by the graphene.

As shown, the isosteric enthalpy of adsorption of graphene
hanged with surface loading. The results showed that with an
ncrease in the amount of adsorbed CO2 from 5 to 15 mmol/g,
he value of the adsorption heat on the graphene decreased
lightly from 1.85 to 0.61 kJ/mol, suggesting the physisorption
ange (<80 kJ/mol), which indicated the ease of desorptions.

ith an increasing loading, the observed decrease can be
ttributed to the high degree of heterogeneity of the adsorbent
urface (Belmabkhout and Sayari, 2009; Shafeeyan et al., 2015).

hen the adsorption process started, only the complete cov-
rage of the solid surface was occupied, the activation energy
as low and the heat of adsorption was high. When surface

overage increased, less active sites of adsorption were found
o be filled, the energy of activation increased and the heat of
dsorption decreased (Shafeeyan et al., 2015; Zhao et al., 2009).

.4.  Sorbent  regeneration

fficient CO2 capture requires a sorbent that not only demon-
trates a large CO2 uptake, but it must also be easy to
egenerate (Sevilla and Fuertes, 2011). The capacity of regener-
tion of prepared graphene was tested by means of adsorption
CO2 at 1 bar) and desorption (under helium) cycles carried
ut at room temperature (20◦ C). The results of these exper-

ments are presented in Fig. 9. It can be seen that the captured
O2 is quickly desorbed after the gas carrier is switched from
O2 to He. In fact, >95% of the CO2 is desorbed within 3 min
nder these conditions. This adsorption–desorption cycle was
epeated six times and no noticeable changes were observed
n the desorption kinetics or CO2 uptake. Thus, the graphene
eported here can quickly, easily, and totally regenerate over

ultiple cycles without any loss of adsorption performance.

.5.  Cost  analysis

he graphene used for CO2 capture in the present study
as synthesized from a low-cost pyrogenic carbon precur-

or through a high potential and efficient method. Hence,
conomic evaluation was performed for determining the man-
facturing cost based on laboratory investigations and actual

xperiences of the product in the marketplace, then the flow
iagram of the process is illustrated for scaling-up a manufac-
turing process, as shown in Fig. 10. Overall, this study provides
detailed information on the approximate estimation of capi-
tal costs and annual operational costs for preparing graphene
from PWB,  as shown in Tables 6 and 7. The items of cost
included the precursor (PWB), yard, building and construction,
equipment, instulation, activating agent (NaOH), HCl, water,
nitrogen, and electrical, labor and employee, administration
and taxation. Moreover, to gain a better insight into the market
at a reasonable price, these costs and estimated fixed capital
investment and annual production costs are summarized in
Table 8. The first step is to locate the cost estimates. The man-
ufacturing equipment must be chosen, designed, constructed
and maintained to suit the operations that are to be performed
in appropriate size in order to reach maximum production effi-
ciency and minimize production costs. Thus, it is considered
an underestimated yield of 17% for production of graphene
in which feasibility is ensured, and then the cost estimation
was obtained for 300 days/year and a staff size of 5 people per
shift (two shifts) for 24 h/day. Incidentally, it is estimated that
$25 will be needed for producing 1 kg of graphene. Therefore,
about 81 MJ of average energy was consumed to produce 1 kg of
graphene. When it comes to energy consumption of the crush-

ing of biomass residue, ball milling of the crushed biomass
to fine powder and the carbonization of powdered PWB,  the
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Fig. 10 – Process flow diagram for the production

Table 7 – Annual operating costs for synthesis graphene
from populus wood biomass.

Item Annual cost ($)

Raw materials
Populus wood biomass 12,000
Potassium hydroxide 177,000
HCl 47,400

Utilities
Lab 60,000
Water 500
N2 gas 15,000
Electricity 2000

Labor
Operating labor 100,000
Maintenance labor 25,000
Supervision 80,000
Fringe benefits 25,000

Supplies
Operating supplies, maintenance supplies 133,500

General works
General and administrative 8000
Property insurance and tax depreciation 54,000

2600
Total cost $742,000

Table 8 – Summary of costs for synthesis graphene from
populus wood biomass.

Purchased equipment cost $670,100
Capital cost $1,401,415
Total fixed capital investment $2,071,515
Total annual operating cost $742,000
Estimated annual production of graphene 30,000 kg
Estimated cost for graphene $25 per kg

temperature. In addition, graphene sample prepared under
proportions are about 5.25, 6.13 and 40%, respectively. Further-
more, a definite amount of N2 gas is necessary for the thermal
conversion of PWB  to graphene. On the basis of the yield of 17%
graphene, 600 kg of PWB  requires 19.4 kg N2 to form 100 kg of
graphene. Thus, 1 kg of PWB  requires 0.033 kg N2. For every 1 kg
of G-3-850-60 sample produced, about 12 kg of HCl (10 wt%)

and 5.6 kg of KOH are required. Additionally, by comparing the
 of graphene from populus wood biomass.

proposed cost for production of the graphene in our study and
commercial graphene sorbents which are available in the mar-
ket, it can be deduced that if this low-cost pyrogenic carbon
could be used as a precursor, it will provide sorbents at lower
cost. Therefore, the as-synthesized graphene in this research
work has a twofold advantage of reducing greenhouse gas
emissions. Firstly, it is more  appropriate to deliver a system at
scaling-up technology and secondly the cost-effective adsor-
bent, if developed, can act as CO2 capture and storage at a
reasonable cost. Therefore, it can be concluded that the high
adsorption efficiency of CO2 by the graphene prepared from
populus wood biomass introduces the first large-scale appli-
cation of nanoadsorbent technology and can lower the costs
of fabrication in large scale-up technology by utilizing waste
resources.

4.  Conclusions

Graphene samples were produced from chemical activation of
PWB  using the KOH treatment and used for CO2 adsorption.
The characteristics of synthesized samples were analyzed
with N2 adsorption isotherms, FT-IR, TEM and Raman spec-
troscopy. The synthesized graphene had a very high CO2

adsorption capacity at room temperature compared with lit-
erature data. The equilibrium data of CO2 adsorption onto
various graphene samples were evaluated by a volumetic
method at different temperatures ranging from 0 to 60 ◦C
and at pressures ranging from 1 to 10 bar using the Lang-
muir and the Fruendlich isotherm models.The performance
of CO2 adsorption onto PWB  based graphene was evaluated
at different temperatures. The amount of CO2 adsorbed onto
graphene increased with a decrease in the temperature. The
CO2 adsorption data of graphene samples were fitted to the
Langmuir and Freundlich models. The results showed that the
graphene sample prepared with a KOH/C weight ratio of 3:1,
activation time and temperature of 60 min  and 850 ◦C, respec-
tively, exhibited the highest CO2 uptake value of 7.2 mmol/g at
a pressure of 1 bar ever measured for a porous carbon at room
activation conditions with a KOH/C weight ratio of 3:1, activa-
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ion time of 90 min  and temperature of 850 ◦C had a relatively
igher adsorption capacity of 12.68 mmol/g at a pressure of
0 bar. The thermodynamic analysis indicated that the CO2

dsorption of the graphene samples were exothermic. Fur-
hermore, these adsorbents exhibited a high CO2 adsorption
apacity and they can easily be regenerated. Kilogram-scale
ynthesis of graphene from PWB  via a cost-effective method
as considered in our study. The main equipments accord-

ng to mass and energy balances, total capital investment
nd production cost were considered. Finally, such a process
an be developed for large scale synthesis of graphene-based
WB  biomass, estimating the cost of production to be $25 per

 kg. The adsorption ability of graphene for CO2 gas at atmo-
pheric pressure used in the power plants flow gas and flare
as recovery is anticipated to be easily carried out, making
ow-cost gas available for the industry. High adsorption capac-
ty of this adsorbent makes it a suitable candidate for CO2

apture and storage (CCS) technology. Furthermore, cost effec-
ive production of graphene from biomass opens a wide area
f research for the investigation of biomass based nanoadsor-
ent to achieve even higher CCS to compete with commercial
equirements.
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