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Abstract
In this study, a novel bio-based adsorbent was developed for biohydrogen purification by an adsorption process. 
Palm shell activated carbons were immersed in the chitosan solutions at the concentrations between 0.1–2 g/L.
The results showed that the impregnation of chitosan onto activated carbons at every concentration under the 
investigation changed the BET surface areas, pore size distribution, CO2 adsorption capacity and the CO2/H2 
selectivity. The chitosan impregnated activated carbon that was the most suitable for carbon dioxide/hydrogen 
separation was the one impregnated in the 0.1 g/L chitosan solution yielding 0.12 g chitosan per 100 gram  
activated carbon. The modified activated carbon was found to have 11% higher CO2 adsorption capacity than 
the native activated carbon even though its BET surface area was reduced by 3% due to the impregnation  
process. From a lab-scale pressure swing adsorption process using the modified activated carbon as the adsorbent  
(under an adsorption pressure of 4 bar and the feed flow rate of 2 L/min 50-30-20 mixture of CO2, H2 and N2 
for a period of 2 min per cycle), the CO2 concentration in the effluent was not detected for at least 5 cycles. 
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1 Introduction

As our world is facing both energy and environmental 
management problems, renewable energy has received 
special attention in recent years. Renewable energy 
can reduce the dependence on petroleum and other 
fossil fuels and furthermore it is more environmentally  
friendly. Hydrogen is an alternative energy that is clean 
and has the potential to replace fossil fuel. Hydrogen  
contains high energy value and releases only water 
when combusted. The heating value is 282 kJ per 
mole of H2O generated [1]. A well known method for 
hydrogen production is a steam reforming process 
which yields a gas mixture with a typical composition  
of  hydrogen 87 %, carbon dioxide 11%, carbon monoxide  
0.5–1% and methane 1–2%. An alternative hydrogen 

production is by a biological process which yields a 
gas mixture with a typical composition of hydrogen 
(H2 50–60% v/v), methane (CH4 10–20%), carbon 
dioxide (CO2 30–40%) and few percentages of water. 
The separation of carbon dioxide from hydrogen is 
a necessary step to upgrade biohydrogen. Purified 
hydrogen can be acquired by a gas separation process 
such as pressure swing adsorption. There are variety 
types of adsorbent for the adsorption process. Some 
of them are available naturally while the others are  
synthesized such as zeolite, silica gel, activated alumina  
and activated carbons. 

Activated carbon offers an attractive and  
inexpensive adsorbent for removing several solutes 
from aqueous solutions as well as from gaseous  
environment. The activated carbons may differ mainly 
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in pore size distribution and surface polarity [2]. In the 
literuature, chemical modification of the adsorbent 
surface was performed in order to enhance selectivity 
and chelating ability. The reactive adsorption allows 
both the separation of target gases from a gas mixture 
and the capture and storage of the target gases. Surface 
of the adsorbnet can be modified by various methods, 
such as ammonia treatment [3], chemical oxidation 
[4], carbon chemically activated with H3PO4 [5] and 
chemical impregnation [6], [7]. These methods can 
create the selectivity based on the chemical interactions  
between polar molecules and the adsorbents. An 
impregnation process has been successfully used as 
a method to introduce amines-based molecules onto 
the surface of AC. Amine-impregnation is a convenient  
method for increasing CO2 adsorption especially at  
elevated temperatures [8]–[11]. The amine-impregnation  
was found to increase the selectivity of the adsorbent 
towards CO2 because amino groups provide specific 
adsorption sites with stronger intercations than van der 
Waals forces [9]. In addition, it has been reported that 
the energy required for regeneration of the adsorbent 
in the chemical adsorption process is less than the 
energy required for regeneration of the solvents in the 
chemical absorption process [12].

In our previous work [13], the activated carbon  
with modified surface polarity was prepared with 
an environmentally friendly material, chitosan a 
biopolymer or poly-[β(1→4)-2-amino-2-deoxy-D-
glucopyranose]. Chitosan is mainly produced by  
alkaline deacetylation of chitin [14]–[16]. The structure  
of chitin and chitosan is similar to cellulose except that 
the C-2-hydroxyl group of cellulose is replaced by an 
acetamido and amino group, respectively. Chitosan is  
insoluble in most organic solvents but it dissolves in acidic  
solutions [17]. Chitosan is expected to have high affinity to  
CO2 because its amine groups are specific for CO2 
chemisorption via the carbamate-forming reaction [8]–[11]. 

In this study, modified activated carbon was prepared  
by impregnating chitosan onto activated carbons. The 
effect of the amount of chitosan impregnated onto  
activated carbon (AC) on the surface characteristics 
of the adsorbent was investigated. The static CO2 
adsorption and the dynamic separation of CO2/N2/H2 
gas mixture, in which N2 was used to represent CH4 in  
biohydrogen, were investigated on the modified activated  
carbon. Potential uses of the modified activated carbon 
for CO2 capture and storage were discussed.

2 Materials and Methods

2.1  Activated carbon and chitosan

Palm shell activated carbon produced by physical 
activation process with steam as the activating agent 
was obtained from C. Gigantic Carbon Co., Ltd.  
(Thailand). The characteristics of the activated carbon 
are reported in Table 1. 

Table 1: Properties of the palm shell activated carbon 
(the native activated carbon, AC)

Characteristics Measurement Method Value
Bulk density ASTM D2854 0.59 g/cm3

Particle size 
distribution ASTM D2862 91% (PASS 

200MESH)

Iodine absorption ASTM D4607 862.0 mg/g

pH value ASTM D3838 10.1

Ash content ASTM D2863 6.1%

Gases CO2, H2 and N2 were of analytical grades 
(99.995%). The chitosan was provided by Taming  
Enterprises Co., Ltd. (Thailand) and its characteristics  
are as follows: degree of deacetylation = 93.8%;  
molecular weight = 17,010 Da; moisture content = 7%;  
ash content = 0.95%; protein content = 3.01%; viscosity =  
27.40×10-3 Pa s. Chitosan solution (2% w/v) was 
prepared by mixing 2 g of chitosan in 900 mL of 1 M  
acetic acid. The solution was mixed at 200 rpm for 24 h.  
One hundred mL of  1 M sodium acetate was added 
and agitated for 1 h.

2.2  Chitosan impregnation onto activated carbon

The activated carbons were washed with deionized 
water to remove fines and dirt and then oven dried 
at 378 K for 24 h before the impregnation process 
was conducted. The AC was sieved to sizes ranging 
from 3–4 mm and divided in 2 g portions and placed 
in separate Erlenmeyer flasks and 50 mL of chitosan 
solutions with initial concentrations of 0.1–2.0 g/L 
were added. The AC together with the chitosan  
solution was then agitated in an orbital shaker at 180 rpm  
at 298 K for 3 days.

The AC was separated from the chitosan solution 
by filtration. Chitosan concentration was indicated by an  
absorbance value measured by UV-vis spectrophotometer  
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(Thermo Scientific, Genesys 10S UV-Vis, USA) at 
the wavelength of 202 nm. The percentage amount of 
chitosan impregnated onto the activated carbon was 
calculated by equation (1).

%wt = (Co–Ce)V
m  × 100 (1)

where %wt is the equilibrium amount of chitosan 
impregnated onto activated carbon. Co and Ce is the 
initial and equilibrium concentration (g/L) of chitosan 
in solution. V is the volume (L) of the chitosan solution. 
m is the weight (g) of activated carbon.

The chitosan impregnated activated carbon  
(CHI/AC) was oven dried at 378 K for 24 h. The amount 
of chitosan impregnated on the activated carbon was 
cross-checked by a calculation of the difference  
between the weight of chitosan before and after the  
impregnation process. In addition, before each adsorption  
test, all adsorbent was heated at 378 K for 24 h.

2.3  Characterization

All the adsorbent samples were characterized by N2  
(77 K) adsorption using a BELSORP-mini II adsorption 
apparatus (Japan). The BET surface area was measured 
from the adsorption isotherms using Brunauer–Emmett– 
Teller equation. The Dubinin–Radushkevich (DR) 
equation was used to calculate the micropore volume.  
The total volume (Vt) was obtained at a relative pressure  
of  0.99. Pore size distribution was obtained from Horvath- 
Kawazoe (HK) analysis. Prior to the measurement,  
the samples were degassed at 393 K for 12 h in the 
degas port of the apparatus. 

The elemental composition of palm shell activated  
carbon and the modified activated carbons were 
obtained by a CHNS/O analyzer (PE2400 Series II, 
Perkin-Elmer, USA). Images of the adsorbent surfaces 
were investigated by Scanning Electron Microscope 
(SEM, LEO 1455 VP, United Kingdom). Functional 
groups on the material surfaces were investigated by 
FTIR Spectrometer (Perkin Elmer, System 2000R, 
USA). The KBr compression method was used for 
preparing samples for FTIR analysis. Each sample was 
ground together with potassium bromide (KBr) to fine 
powder and the mixture was pressed by a hydraulic 
press to form a KBr pellet. The zeta potentials were 
determined by laser droppler electrophoresis using 
a Zetasizer (Nanoseries ZS model S4700, Malvern  

Instrument, UK). Thermogravimetric Analyses (Perkin 
Elmer, Thermogravimetric Analyzer TGA 7, USA) was 
used to assess the mass change, or thermal degradation, 
of the native and the modified activated carbon as a 
function of temperature.

2.4  Adsorption analysis

2.4.1 Apparatus

The experimental apparatus used in both the static 
and dynamic adsorption was previously reported in  
Phalakornkule [13]. The main components of the 
apparatus were a single stainless steel column with a 
diameter of 1.9 cm, height of 80 cm and total volume 
of 200 cm3 packed containing 160 g of the adsorbent. 
The column was equipped with three automatic  
solenoid valves (SV1-SV3). SV1 controlled the feed 
stream, SV2 the raffinate stream and SV3 the extract 
stream. Two temperature detectors were positioned at 
the column inlet and outlet to measure any temperature  
variation due to the adsorption process. Two flowmeters  
(Dwyer, measuring ranges 0–10 L/min at STP and 0–5 
L/min at STP) was installed at the inlet and outlet to 
record the flow rate and a pressure gauge (a maximum 
pressure of 103 kPa) was installed at the column to  
measure the pressure variation. A vacuum pump (30 kPa,  
GAST Manufacturing Corp., USA) was employed to 
desorb the gas before and after each experiment.

2.4.2 Static Adsorption

The one column pressure swing adsorption system 
was used for static volumetric gas adsorption. First, 
valve SV3 was opened, while the other valves were 
closed, allowing the system to be evacuated. When 
the necessary vacuum was achieved, valve SV1 was 
opened momentarily, allowing the gas to flow from 
the feed tank until the adsorption pressure of 400 kPa 
was achieved. The flow rate was measured by the 
flowmeter and the total quantity of feed gas can be 
determined from the ideal gas law:

nfeed =  Pads ∫Vt dt
RT 

.
 (2)

where Pads is the feed pressure (Pa or bar), 
.

Vt is the 
volumetric flow rate at an instantaneous time (m3/s 
or L/min), t is the time that the valve SV1 is opened  
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(s or min), R is the universal gas constant (8.314 m3·Pa/
mol·K or 0.08314 L·bar/mol·K), T is the operating 
temperature (K) and nfeed is the total quantity of feed 
gas (mole). 

Pressure drop was monitored during the adsorption  
process in which some quantity of gas was adsorbed 
by the adsorbent and was removed from the gas phase. 
As the equilibrium pressure (Pe) was achieved, the 
quantity of gas (ne) remaining in the gas phase can be 
calculated from the ideal gas law:
  
ne =  Pe Vcolumn

RT 
 (3)

where Pe is the equilibrium pressure (Pa or bar), Vcolumn 
is the column volume accounting for the true volume 
of the adsorbent sample (m3 or L), R is the universal 
gas constant (8.314 m3·Pa/mol·K or 0.08314 L·bar/
mol·K), T is the operating temperature (K) and ne is 
the quantity of gas remaining in the gas phase (mole). 

Once ne was determined, the quantity of gas adsorbed  
(nads) by the sample at Pe can be calculated as follow:

nads = nfeed – ne (4)

This established a point on an isotherm. After 
that, valve SV3 was opened while the other valves were 
closed to desorb the gas from the adsorbent sample.  
The process was repeated for other Pe by dosing higher 
nfeed which can be obtained by using higher feed flow 
rates. The process was repeated until the analysis  
pressure was near saturation pressure. 

The modified activated carbon samples were 
subjected to adsorption of CO2, H2 and N2. Equilibrium 
selectivity for a binary gas was obtained by the ratio 
of maximum equilibrium adsorption capacity of each 
gas on the same adsorbent sample.

2.4.3 Dynamic adsorption

The dynamic adsorption was carried out by passing 
the standard gas mixtures (50/30/20% CO2/H2/N2 
v/v) through the adsorption column at 298 K. The 
controlled room temperature was chosen because 
most of the pressure swing adsorption (PSA) systems 
were operated at an ambient condition [2]. Before 
each experiment, the gas was evacuated to 30 kPa by 
the vacuum pump during the vacuum step. The three-
step adsorption cycle was operated: 1) pressurization,  

2) adsorption and 3) depressurization, via three  
automatic solenoid valves operated according to  
Phalakornkule et al. [13]. 

The pressure during the pressurization and  
adsorption steps was 400 kPa. The feed flow rate  
during the pressurization step was 2 L/min at STP for  
2 min. During the adsorption step, the system was  
holding constant for 15 min to ensure that equilibrium 
was achieved. During the depressurization, the gas 
exits at the end of the column and the gas composition  
was determined by a gas chromatograph (GC)  
equipped with a thermal conductivity detector (GC-2014;  
SHIMADZU, Japan), a stainless steel packed column 
and an argon carrier gas with a flow rate of 50 mL/min. 
During the depressurization step, the gas was desorbed 
by a reduction in pressure from the adsorption pressure 
to atmospheric pressure. The cycle was repeated until 
a breakthrough of CO2 was reached.

2.5  Data analysis

In this study, the measurements were repeated three 
times. The standard errors were all within 10% of the 
mean value. A test of significant difference based on 
the paired t-statistic was performed using the Excel 
Solver Add-in. The difference was regarded as not 
significant if the paired t-statistic showed probability; 
P > 0.05 and significant if P < 0 .05.

3 Results

3.1  Comparative characteristics of the native and 
modified activated carbon

A series of percentage weights of chitosan on the  
activated carbon, 0.12, 0.25, 0.56, 0.66 and 0.76 wt%, 
was obtained from the impregnation of the AC in the 
50 mL chitosan solution with initial concentrations 
between 0.1, 0.5, 1.0, 1.5 and 2.0 g/L. The amount 
of chitosan impregnated on the activated carbon 
was relatively high, compared to the amount of  
polyethyleneimine (PEI) on activated carbon [12]. 
The adsorption of PEI molecules with average  
molecular weight between 600,000–1,000,000 g/mol 
was approximately 0.26 wt%. A possible explanation 
was that the large molecular size of PEI prohibited  
infiltration into most of the micropores of the activated 
carbon with almost 100% microporous.
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Figure 1(a) shows the adsorption-desorption  
isotherms of the native activated carbon and 0.12 wt% 
and 0.76 wt% CHI/AC. The isotherm of the native 
activated carbon is of type IV according to the IUPAC 
classification. Type IV isotherms describe adsorption 
in mixed situations of micropores and mesopores [18]. 
A hysteresis loop can be found when the mechanism of 
filling by capillary condensation in mesopores differs 
from that of mesopore emptying. The activated carbon 
with a significant mesopore volume may be suitable 
for the impregnation by large molecules like chitosan 
because this large molecular weight biopolymer may 
not be able to penetrate into the micropores easily 
due to steric effects. The molecular weight average 
and molecular weight distribution of the oligomer 
chitosan in this study were found to be 17,010 Da and 
5.48, respectively. Therefore, mesopores should have 
a significant contribution to the impregnation process. 
It can be observed from Figure 1(a) that the chitosan 
impregnated samples had the lower N2 adsorption 
than the native activated carbon, suggesting that some 

adsorption areas were lost due to the impregnation.
Figure 1(b) shows the pore size distributions of 

the native activated carbon and 0.12 wt% and 0.76 
wt% CHI/AC. With the chitosan impregnation onto 
the native activated carbon, the peaks of the pore size 
distribution curves of 0.12 wt% and 0.76 wt% CHI/AC 
shifted to the left, indicating that some of the micropore 
mouths narrowed down and more ultra micropores  
(< 0.7 nm) were developed. 

Table 2 reports the surface characteristics of 
the native and the impregnated activated carbon. It is 
evident that the BET surface area and the micropore 
volume of the modified activated carbon were reduced 
by the impregnation process. For the 0.12 wt% CHI/
AC, the BET surface area marginally decreased by 
3% indicating that a slight portion of the micropores 
was blocked. Chitosan impregnation at higher ratios 
of 0.25%, 0.56%, 0.66% and 0.76% led to the BET 
surface area reduction by 12%, 12%, 9.5% and 12.4%, 
respectively. The reduction in nitrogen adsorption was 
due to excess constriction of pore size in the samples 

Figure 1: Surface characteristics of the native and modified activated carbons (a) adsorption-desorption isotherm 
(b) pore size distribution.

Table 2: Surface characteristics and elemental composition of the native and the chitosan impregnated activated carbon

Samples BET Surface Areaa 
(m2/g)

Micropore Volumeb 
(cm3/g)

Mean Pore  
Diameter (nm)

Total Pore 
(cm3/g)

Element Analysis
C H N Other

AC 868.29 199.49 1.9182 0.4164 70.02 1.33 0.00 28.18
0.12 wt% CHI/AC 840.79 193.18 1.9414 0.4081 - - - -
0.25 wt% CHI/AC 764.06 175.55 1.9109 0.3650 - - - -
0.56 wt% CHI/AC 764.83 175.72 2.0363 0.3873 - - - -
0.66 wt% CHI/AC 786.01 180.59 2.1144 0.4155 - - - -
0.76 wt% CHI/AC 760.70 174.77 1.8915 0.3617 70.32 2.91 0.41 26.31

Remarks: a Multi-point BET surface area using N2 as adsorptive gas; b Micropore volume was calculated by Dubinin-Radushkevish (D-R) method
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rendering reduced accessibility of nitrogen molecule 
into the inner pores. Chitosan impregnation was also 
evident from the elemental analysis. In the case of the 
native activated carbon, the percentages of hydrogen 
and nitrogen were relatively low. In contrast, the  
hydrogen and nitrogen content in the chitosan  
impregnated samples were significantly higher. The 
hydrogen content increased from 1.33% for the native 
to 2.91% for the 0.76 wt% CHI/AC, while the nitrogen 
content increased from nil to 0.41%. The measured 
elemental compositions were closed to the elemental  
compositions calculated based on the percentage weight 
of chitosan on AC and the elemental compositions  
of AC and chitosan.
 The surface morphologies of the native and the 
chitosan impregnated activated carbon were compared 
using SEM at X 800 magnification. The order of this 
magnification was not high enough to observe the pore 
structure on the native activated carbon [Figure 2(a)].  
However, the coverage of chitosan on the surface of 
the impregnated activated carbon can be observed from 
the SEM image shown in Figure 2(b).
 FTIR spectra were collected for qualitative 
characterization of surface functional groups of the 
activated carbon before and after the impregnation 
with chitosan. Figure 3 shows the comparative FTIR 
spectra of chitosan, the native activated carbon and 
the chitosan impregnated activated carbon. The IR 
assignments of functional groups were performed 
using the information in the literature (Table 3). The 
characteristic bands of chitosan can be observed at 
3363, 1658, 1598, 1423, 1384 and 1323 cm–1 which 
can be attributed to –NH2 and –OH groups stretching 
vibration and amide I (N-acetyl glucosamine units), 
N–H angular deformation (N-acetyl glucosamine 
amide II), C–N axial deformation of the amino groups, 
CH3 symmetrical angular deformation and C–N axial 

deformation of the amino groups, respectively [19], 
[20].

Table 3: Possible FTIR peak assignments for the 
functional groups on the chitosan and the native and 
chitosan impregnated activated carbon

Group of Functionality Wave Number 
Assignments (cm-1) References

alcohols O-H ~3600 [21]
phenolic groups 
O-H 
C-OH

~3390 
1400-1000

[22], [25]

carboxylic acids 3300-2500 [23]
ring vibration in a large 
aromatic skeleton 1590-1500 [22], [24]

–NH2 and –OH groups 
stretching vibration ~3449 [19]

amide I band (N-acetyl 
glucosamine units) ~1650 [20]

N–H angular deformation 
(N-acetyl glucosamine amide II) ~1565, ~1570 [20]

CH3 symmetrical angular 
deformation ~1386 [20]

C–N axial deformation of the 
amino groups ~1411 [20]

C–N axial deformation of the 
amino groups ~1324 [20]

 The FTIR spectra of the native activated carbon  
displays absorption bands at 3643 cm–1, 3387 cm–1, 
3000–2500 cm–1 which can be assigned as O-H in 
alcohols, O-H in phenols and carboxylic acids,  
respectively [21]–[23]. The band around 1590–1500 cm-1  

Figure 2: SEM images of the native activated carbon 
(a) and the 0.12 wt% chitosan impregnated activated 
carbon (b) (X 800 magnification).

(a) (b) 

Figure 3: FTIR spectra of the chitosan and the native 
and the 0.12 wt% chitosan impregnated activated 
carbon.
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is assigned to ring vibration in a large aromatic  
skeleton generally found in carbonaceous material, 
such as activated carbon [22], [24]. The absorption 
bands at 1400–1000 cm-1 can be assigned as C-O 
bonds stretching modes [25]. The FTIR spectra of the 
chitosan impregnated activated carbon were similar to 
the native activated carbon. The characteristic bands 
of chitosan cannot be observed because the amount of  
impregnated chitosan was less than 1%. However, it 
can be noticed that the bands assigned for carboxylic  
acids disappeared and the disappearance of the 
band could be attributed to the linkage between the  
carboxylicions on the activated carbon surfaces and 
the ammonium ions of chitosan. This explanation was 
supported by the zeta potential values of the activated 
carbon before and after the impregnation with chitosan. 

The intrinsic pKa of chitosan is closed to 6.5 
[26], therefore most amine groups were protonated 
under the condition of the impregnation (pH 3–4). The 
zeta potential measurement revealed that the native 
activated carbon had slightly negative surface charges 
[–6 mV on an average, Figure 4(a)]. Consequently,  
attractive electrostatic interactions were the important  
forces that lead to the assembly of chitosan onto  
the activated carbon surfaces. The zeta potential 
measurement revealed that the chitosan impregnated  
activated carbon had high positive zeta potential [36 mV  
on an average, Figure 4(b)].

The temperature effect on the activated carbon  
and impregnated activated carbon was investigated 
using thermogravimetric analysis (TGA). The TGA 
profiles obtained under inert gas condition are shown 
in Figure 5. The first weight loss around 373 K was 
observed for the native activated carbon. The weight 
loss was probably caused by thermal desorption of 
physically adsorbed material such as water vapor, 
hydrocarbon and residual volatile content [27]. The 
second weight loss was observed when the temperature 
reached 873 K and gradual and pronounced weight 
loss was continued up to 1273 K. In the latter case, the 
weight loss was caused by volatile lumps and structure 
disruption of the native activated carbon.

In the case of the impregnated activated carbon,  
the first weight loss was occurred at the same  
temperature as of the native activated carbon around 
373 K. However, the second weight loss occurred at 
the temperature range 423–473 K. The second weight 
loss was probably caused by thermal desorption of 

functional groups of chitosan. Similar to the native 
activated carbon, the final weight loss was observed 
when the temperature reached 873 K and gradual 
and pronounced weight loss was continued up to 
1273 K. The TGA suggested that the temperature for  
regenerating the chitosan impregnated samples should 
be below 473 K.

Figure 4: Zeta potential of (a) the native activated carbon  
(b) the 0.12 wt% chitosan impregnated activated carbon.

Figure 5: TGA curves (a) the native activated carbon 
(b) the 0.12 wt% chitosan impregnated activated 
carbon.
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3.2  Adsorption and equilibrium selectivity at PSA 
operating pressure

In most previous studies, adsorption and equilibrium 
selectivity were investigated at low range pressures 
(200–800 mm Hg or 26–105 kPa) using a commercial 
volumetric adsorption system [13], [28], [29]. However,  
in practice, gas separation by pressure swing adsorption  
is performed at higher pressures (> 400 kPa). Furthermore,  
it is reported in the literature that ideal selectivity of 
CO2/CH4 and CO2/N2 drops significantly from 25 to 
3.5 and from 50 to 7 when pressure is increased from 
20 kPa to 400 kPa [30]. Therefore, in this study, the  
adsorption and equilibrium selectivity were investigated  
at a high pressure range of 400 kPa. 

Figure 6(a) and Figure 6(b) shows the adsorption 
profiles of carbon dioxide and hydrogen on the native  
and chitosan impregnated activated carbons. The 0.12 wt%  
CHI/AC was found to have 11% higher CO2 adsorption  
capacity than the native activated carbon even though its 
surface area was reduced by 3% due to the impregnation  
process. Chitosan may help enhance adsorption of CO2  
by means of chemical interactions between its surface  
and CO2. The enhanced adsorption of CO2 can be 
attributed to increased nitrogen functional groups on 
surface of activated carbon. The mechanism of CO2  
chemical adsorption is shown in equation (5). Two moles  
of amine groups react with 1 mole of CO2 molecule.

CO2 + 2RNH2 ↔ NH4
+ + R2NCOO - (5)

This contribution was in a similar fashion as that 
by impregnation of PEI onto activated carbon [9]–
[11]. The experimental data shows that the 0.12 wt%  
chitosan impregnation enhanced CO2 adsorption by 
chemisorptions via reaction with numerous amine 
group adsorption sites. 

As shown in Figure 6(a), the modified activated  
carbon with the higher ratios of 0.25%, 0.56%, 0.66% 
and 0.76% had the lower CO2 adsorption capacity than 
the native activated carbon. The BET surface area  
analysis indicated that excess constriction of pore size  
occurring in these samples rendering reduced accessibility  
of nitrogen molecule into the inner pores. Since the 
kinetic diameters of carbon dioxide and nitrogen are 
comparable: 3.30 Å for carbon dioxide and 3.64 Å 
for nitrogen [31]–[33], the reason for the reduction 
in CO2 adsorption capacity was speculated to be the 

same as that for N2 adsorption capacity. It is known that 
hydrogen hardly adsorbed on carbon materials under 
typical operating pressures (< 10 MPa) [33] and the 
H2 adsorption capacities were found to be the same at 
0.32 mole per kg adsorbent for all samples under the 
investigation [Figure 6(b)].

Figure 6: Adsorption profile of the native and chitosan 
impregnated activated carbon (a) CO2 adsorption,  
(b) H2 adsorption and (c) N2 adsorption.
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The pure component selectivity of CO2/H2  
calculated from the ratio of the equilibrium adsorption 
of each gas on the same adsorbent at 298 K and 400 kPa  
was 10.53, 11.72, 9.54, 9.07, 9.22, 9.90 for the native 
activated carbon, 0.12, 0.25, 0.56, 0.66 and 0.76 wt% 
CHI/AC, respectively.

3.3  Isotherm models

The hydrogen and nitrogen adsorption data (Figure 6(b)  
and Figure 6(c)) was fitted with Toth isotherm model 
according to equation (6) and the carbon dioxide  
adsorption data [Figure 6(a)] was fitted with Multisite 
Langmuir isotherm model according to equation (7).

qi = qmi Ki P

[1+Ki P]
1
ni

 (6)

 (7)

ni = Ai + BiT (8)

where qi is the absolute amount adsorbed of component  
i (mol/kg). qmi is the maximum amount adsorbed of 
component i (mol/kg).  is the infinite adsorption 
constant (bar-1). Ki is adsorption constant (bar-1). P is 
pressure (bar). ∆Hi is the isosteric heat of adsorption 
(kJ/mol). ni is the heterogeneity parameter. Ai, Bi are 
the parameters relating the thermal variation of the 
heterogeneity coefficient (-, K-1).

 (9)

where ai is the number of neighboring sites occupied 
by component i. Ki is the equilibrium constant as in 
equation (7) (bar-1).

Table 4 and 5 reports the parameters in Toth and 
Multisite Langmuir isotherm models for the adsorption 
of H2, N2 and CO2 on the native activated carbon and the 
chitosan impregnated activated carbon, respectively.  
It can be seen that the Toth model was suitable for the 
H2 and N2 adsorption, while the Multisite Langmuir  
isotherm model was suitable for fitting the CO2 adsorption  
with R2 between 0.995–1.000.

Table 4: Parameters in Toth isotherm models for the adsorption of H2 and N2 on the native activated carbon and 
the chitosan impregnated activated carbon 

Sample Gas Species qm mol•kg-1 Ki MPa-1 -ΔHi kJ•mol-1 Ai Bi K-1 R2

AC N2 18.28×109 1.13×10-6 8.63×10-7 1.43×10-6 0.0002 0.995
H2 28.06 1.04 2.01×10-6 53.80 0.1801 0.999

0.12 wt% CHI/AC N2 785.56 1.57 2.99×10-6 0.73 0.0011 0.996
H2 32.61 1.45 3.97×10-7 1.86 0.0047 1.000

0.25 wt% CHI/AC N2 16.75×109 3.09×10-7 3.13×10-6 2.45×10-13 0.0003 0.993
H2 26.78 1.82 3.97×10-7 1.97 0.005 1.000

0.56 wt% CHI/AC N2 230.25 0.94 3.02×10-6 1.29 0.0008 0.999
H2 26.78 1.81 3.97×10-7 1.97 0.005 1.000

0.66 wt% CHI/AC N2 11.35×109 4.00×10-6 2.86×10-6 1.51×10-8 0.0002 0.997
H2 27.2727 2.83 3.97×10-7 1.75 0.0043 1.000

0.76 wt% CHI/AC N2 12.42×109 6.01×10-8 3.12×10-6 4.47×10-13 0.0003 0.996
H2 29.18 1.97 3.97×10-7 1.75 0.0043 1.000

Table 5: Parameters in Multisite Langmuir isotherm models for the adsorption of CO2 on the native activated 
carbon and the chitosan impregnated activated carbon 

Sample Gas Species qm mol•kg-1 Ki MPa-1 -ΔHi kJ•mol-1 ai R2

AC CO2 819.8 0.0020 2.84×10-6 9.35 0.974
0.12 wt% CHI/AC CO2 457.3 0.0076 ∞ 0.062 0.994
0.25 wt% CHI/AC CO2 380.0 0.0111 5.77×10-6 5.78×10-6 0.992
0.56 wt% CHI/AC CO2 373.2 0.0243 3.49×10-6 3.49 0.977
0.66 wt% CHI/AC CO2 387.4 0.0019 1.24×10-5 36.22 0.973
0.76 wt% CHI/AC CO2 395.5 0.0164 2.30×10-5 4.87 0.992
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3.4  Dynamic adsorption

In our previous study [13], the binary adsorption  
dynamics of the activated carbon bed was investigated 
by feeding CO2/H2 gas mixture (50:50 v/v) to the  
adsorption system. It was evident that the 0.12 wt% 
CHI/AC adsorbed carbon dioxide more effectively, 
leading not only to the higher H2 purity at the early 
cycles, but also the longer effective operating cycles. 
When using the native activated carbon as the adsorbent,  
high purity hydrogen in the range of 93–100% was 
achieved during cycle 1–3. However, during cycle 4–7, 
the hydrogen purity dropped significantly to the range 
of 72–84%. When using the 0.12 wt% CHI/AC as the 
adsorbent, 100% hydrogen was achieved during cycle 
1–8, and the breakthrough of CO2 occurred at cycle 9 
with a relatively steep concentration profile. 

In this study, the tertiary adsorption dynamics of 
the activated carbon bed was investigated by feeding 
CO2/H2/N2 gas mixture (50:30:20 v/v) to the adsorption 
system for 5 cycles. It was found that H2 and N2 were 
the only components in the gas effluent, and there was 
no CO2 detected in the effluent stream for the entire 
operation (see Figure 7). The results suggested that the 
chitosan impregnated activated carbon was effective 
in separating CO2 from the tertiary gas mixture as in 
the binary gas mixture.

4 Discussion

In contrast to physical adsorption of CO2 onto 
the native activated carbon, chemisorptions is the  
underlying mechanism for CO2 adsorption onto the 

chitosan impregnated activated carbon and desorption 
of carbon dioxide from the modified adsorbent requires 
heat regeneration. 

The study of carbon dioxide capture during 
hydrogen processes has gained growing attention by 
researchers worldwide. CO2 capture has been coupled 
with hydrogen production via steam gasification of 
biomass [34], steam reforming of natural gas [35], 
[36], pyrolysis of biomass [37], integrated gasification 
combined cycle [38] and coal gasification [39]. For 
these applications, the desired sorbent must be able 
to adsorb/absorb CO2 at relatively high temperatures. 
In most cases, Ca-based materials such as CaO [34], 
[37], a mixture of CaO and CaCO3 [36] have been 
employed. In the study by Wang et al. (2008, [40]), 
Ca2SiO4 was synthesized from CaCO3 and SiO4 which 
can absorb CO2 at a broad temperature gap ranging 
from 773–1073 K. 

In this study, the purification of biohydrogen 
by separating carbon dioxide from hydrogen can 
lead to the integration between high purity hydrogen 
production and carbon dioxide capture and storage. In 
a process that aims for purifying biohydrogen alone, 
three factors are considered for an ideal adsorbent:  
1) high adsorption capacity 2) high selectivity for carbon  
dioxide and 3) the easiness for adsorbent regeneration. 
Therefore, the affinity of an adsorbent for carbon dioxide  
should not be too high in that case; otherwise the 
regeneration step will negatively affect the economy 
of the process. However, for an integrated process 
of both hydrogen purification and carbon dioxide 
capture and storage, regeneration of the adsorbent 
may not be necessary as the adsorbent also works as 
carbon storage, but the affinity of an adsorbent for 
carbon dioxide should be maximized. The modified 
activated carbon developed in this study would serve 
this purpose because it has higher adsorption capacity  
and higher carbon dioxide selectivity compared to 
the native activated carbon without modification. The 
maximum of 3.76 mole of CO2 adsorbed per kg of the 
chitosan impregnated activated carbon [see Figure 6(a)]  
was found to be comparable with the maximum of  3.39 mole  
of CO2 adsorbed per kg of CaO during carbonation [36].

5 Conclusions 

Chitosan impregnated activated carbon was successfully  
prepared by immersing palm shell activated carbons 

Figure 7: Dynamic adsorption separation of 50-30-20 
mixture of CO2/H2/N2 on the 0.12 wt% CHI/AC.
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in the chitosan solutions under agitation. The zeta 
potential measurement revealed that while the native 
activated carbon had slightly negative surface charges 
(–6 mV), the chitosan impregnated activated carbon  
had high positive zeta potential (36 mV). Besides the 
surface charge property, the BET surface areas and 
pore size distributions were significantly affected 
by the impregnated chitosan. The use of chitosan  
impregnation to modify the palm shell based activated 
carbon can enhance both CO2 adsorption capacity and 
high selectivity for CO2. The maximum of 3.76 mole 
of CO2 adsorbed per kg of the chitosan impregnated 
activated carbon at 400 kPa and 298 K was achieved. 
In addition to the static adsorption, the dynamic  
adsorption of 50-30-20 mixture of CO2-H2-N2 by the 
chitosan impregnated activated carbon showed nil  
concentration of CO2 at the effluent for at least 5 cycles.
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