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Abstract—A low-cost activated carbon (AC) was produced from the broom sorghum stalk using KOH as the chemi-
cal activating agent, and then the surface of AC was functionalized with diethanolamine to enhance CO,/CH, selectiv-
ity. Characteristics of pristine and DEA-functionalized ACs were determined through different analyses such as
Boehm's method, BET, FT-IR, SEM, and TGA. The adsorption behavior of pure carbon dioxide and pure methane on
these adsorbents was investigated in a temperature range of 288-308 K and pressure range of 0-25 bar using an appara-
tus based on a volumetric method. Results indicated that amine functionalization significantly improved the selectivity
of CO,/CH,. The enhancement of CO, ideal adsorption selectivity over CH, from 1.51 for the pristine AC to 5.75 for
the AC-DEA was attributed to adsorbate-adsorbent chemical interaction. The present DEA-functionalized AC adsor-
bent can be a good candidate for applications in natural gas and landfill gas purifications.
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INTRODUCTION

There has been a significant increase in the production of natu-
ral gas as an efficient and clean fuel supply due to stringent envi-
ronmental regulations [1-3]. Natural gas, which is rich in methane,
typically 80 to 95%, is a promising source of global energy for the
foreseeable future [4]. However, carbon dioxide (CO,) is often found
as a major impurity in raw natural gas extracted from many reser-
voirs. Carbon dioxide is an acidic and corrosive gas that causes
some problems in natural gas storage and transportation, and its
presence can reduce the energy content of natural gas [5,6]. Apart
from these negative effects, on the basis of methane conversion to
valuable products, enhancement in CH, purity is necessary for any
improvement in process efficiency [7].

The consumption of natural gas is expected to grow by 50%
over the next 20 years and the energy shortage situation is becom-
ing more and more serious. As a result, methane from landfill gas
is a rapidly growing source of natural gas [8]. Landfill gas is a by-
product of the anaerobic decomposition of the biodegradable con-
stituents of the landfill waste which are mainly composed of meth-
ane and carbon dioxide, with a mole percent of methane ranging
from 45 to 65 [9]. Furthermore, natural gas as an energy resource
has become the center of interest since it solves both the energy
crisis and environmental pollution. Removal of CO, from CH,is a
requisite step for purification of CH, from the landfill gas emissions
[10]. There are several methods for CO, separation, including physi-
cal-chemical absorption, pressure swing adsorption (PSA), mem-
brane separation and cryogenic distillation [4,11]. The most widely
used technology for removal of CO, from CO,/CH, gas mixtures
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is amine scrubbing. However, some drawbacks are associated with
using liquid amine solutions for CO, separation. High energy con-
sumption, equipment corrosion, solvent degradation in the pres-
ence of oxygen and loss of amine during regeneration are reasons
which make it vital to look for other alternative processes [12].

Pressure swing adsorption technology has gained much atten-
tion in comparison to other techniques, particularly for CO, re-
moval due to its low energy requirement, easy operation and low
capital investment costs [8,13,14]. Therefore various porous mate-
rials such as activated carbons [15], zeolites [16], carbon molecular
sieves [7] and metal-organic frameworks [17] have been investi-
gated as sorbents in order to separate gas mixtures of CO, and CH,.
The most important aspect of the adsorption process is to develop
a low cost adsorbent with a high adsorption capacity and selectiv-
ity. Activated carbons (ACs) occupy a prominent position among
current adsorbents as a favorable option for use in gas purification.
High surface area, large pore volume, favorable pore size distribu-
tion, the degree of polarity; lesser sensitivity to moisture and the
possibility of easy recovery are the advantages of ACs that render
them as efficient adsorbents for separation processes [18,19]. AC is
mainly produced by thermal decomposition associated with physi-
cal/chemical activation of a wide range of different carbon contain-
ing source materials. Recently; low-cost and available lignocellulosic
biomass residues such as cotton stalk, rice husk, corn cobs and fruit
stone have proven to be potential precursors for synthesizing AC
[20-23]. Broom sorghum stalk, one of these low cost agricultural
wastes which has a reasonably high content of carbon, can be also
utilized as raw material for AC preparation.

Although AC adsorbents show relatively high CO, adsorption
capacity; the selectivity of these materials in the presence of other
gases is poor [24]. To prevent this negative phenomenon, surface
modification of ACs by a variety of methods has been greatly paid
attention in recent years [25,26]. A further development of ACs is
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either to control the pore size distribution (modification of pore
size) or to modify its surface chemistry [22]. Due to acidic nature
of CO,, it has been recognized that increasing the alkalinity of ACs
can strongly affect their selectivity. Therefore, promoting basic spe-
cies such as amine groups on the surface of ACs is expected to be
desirable for their application in the case of CO,/CH, separation
[27]. Alkanolamines are well-known amines with industrial im-
portance for the removal of acidic gas components from several
types of gas mixtures. Generally, they can be divided into three major
groups: primary amine such as monoethanolamine, secondary
amine such as diethanolamine, and tertiary amine such as trietha-
nolamine. Distribution of alkanolamines on the surface of ACs
enhances the benefits of the absorption process. An added advan-
tage is that solids are easy to handle and do not give rise to corro-
sion problems caused by the circulation of very basic solutions [28,
29]. Surface functionalization of ACs with several types of amine
functional groups and its application for CO, capture has been
recently reported by other authors [13,30-32]. However, there are
relatively few studies on the applications of these materials in CO,
separation. To the best of our knowledge, there is no report on the
preparation of amine modified broom sorghum based-AC for CO,/
CH, adsorptive separation. As a part of our continuing effort in
adsorptive separation of CO,/CH, [33], the main scope of the pres-
ent work is the preparation of a cheap CO,-philic adsorbent by
amine functionalization of the AC synthetized from broom stalk.
In this research, AC was prepared from the broom sorghum stalk
by chemical activation with KOH and then functionalized with
diethanolamine. The different properties of pristine AC and DEA-
functionalized AC were characterized through Boehms method,
BET, SEM, FT-IR and TGA analyses. The equilibrium adsorption
capacity for CO, and CH, on unmodified and modified samples
was determined as a function of pressure at different temperatures
and then analyzed in terms of suitable model isotherms. The ad-
sorption kinetics and thermodynamics were also evaluated to assess
the effectiveness and thermal behavior of adsorption process.

MATERIALS AND METHODS

1. Materials

Broom sorghum stalks were used as a cheap and locally avail-
able raw material for AC preparation. The precursor was collected
from broom farms of Amirkola in the northern region of Iran.
Hydrochloric acid 37% (HCI), potassium hydroxide 85% (KOH),
anhydrous ethanol 99% (CH,Os) and Nitric acid 65% (HNO;)
were obtained from Merck Company. Diethanolamine (DEA) was
purchased from Daejung Company. Carbon dioxide, methane, nitro-
gen and helium gases with a purity of 99.99% were supplied by
Technical Gas Services, UAE.
2. Preparation of AC

Broom stalks were properly washed with distilled water and then
dried in an oven at 383K for 24 h. The dried stalks were crushed
and sieved in the range of 0.3-0.6 mm. The carbonization system
used to prepare the carbonaceous material consisted of a stainless
steel vertical reactor surrounded by an electrical furnace. The as-
sieved particles were carbonized under N, atmosphere at 623 K
for 30 min to make a char easily mixable with activating solution.
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After cooling in a nitrogen flow; the obtained char was impreg-
nated in a solution of potassium hydroxide (KOH) with the impreg-
nation mass ratio of 1.5 (mass of dried stalks to agent). The liquid/
solid mixture was stirred continuously for 6 h at 358 K. This mix-
ture was then oven-dried at 383 K for 48 h. Impregnated precursor
was placed in the pre-described carbonization furnace and pyro-
lyzed at 1,073 K, holding time of 1 h and heating rate of 10 K min™'
under a nitrogen flow rate of 150 mL min " STP. Following the acti-
vation process, the sample was cooled to room temperature under
the same nitrogen flow and then removed from the reactor. The
product was washed with 0.05 M HCI solution under agitation for
1 h to remove the activating agent from the material. The AC was
separated from the solution by filtration and rinsed several times
with hot and cold distilled water, respectively, until a neutral pH
was achieved in the filtrate. Finally, the prepared AC was dried over-
night at 383 K and placed in a desiccator.
3. Chemical Functionalization of AC

Grafting amine containing compound on the surface of pre-
pared AC was performed using a two-stage modification. At the
first stage, 1 g of pristine AC was added to 100 ml of nitric acid 5 M
in order to increase the amount of oxygen surface groups. The solu-
tion was refluxed under magnetic stirring equipped with reflux
condenser, thermometer and oil bath for proper heat distribution
at 363 K for 3h. After cooling the solution to room temperature,
the sample was washed several times with distilled water after fil-
tration until its pH increased to neutral value. The oxidized AC
was then dried in an oven at 353 K for 8h. At the second stage of
modification, 1 g of oxidized AC was added to 50 mL of dietha-
nolamine solution. After that the mixture was refluxed at 343K
under stirring for 72 h, the final product was filtered, washed with
ethanol to remove excess amine and then oven-dried at 353K for
8 h. The amine functionalized AC was represented as AC-DEA.
4. Characterization

The chemical composition of broom sorghum stalk and pre-
pared ACs was determined using CHNS elemental analyzer. The
moisture, volatile matter and ash content of the broom stalk and
prepared AC were characterized by standard test procedures ac-
cording to ASTM D2867, ASTM D5832-98 and ASTM D2866-94,
respectively. The morphology of both ACs including pristine AC
and AC-DEA was analyzed by scanning electron microscopy (SEM)
at an accelerating voltage of 15kV. The surface chemistry of the
adsorbents was evaluated by FTIR spectrometer using KBr pellet
technique in the frequency range of 400-4,000 cm ™. The N, adsorp-
tion/desorption isotherms were measured at 77 K using an adsorp-
tion apparatus (BELSORP, BEL Japan Inc.) to determine textural
characteristics of the samples. The specific surface area was de-
termined by the Brunauer-Emmett-Teller (BET) method. Total pore
volume was calculated based on the liquid nitrogen adsorbed vol-
ume at the relative pressure of 0.99, and the micropore volume was
obtained according to the t-plot method. The mesopore and microp-
ore size distribution were determined by applying the Barrett-
Joyner-Halenda (BJH) and micropore (MP) method, respectively.
Thermogravimetric analysis (TGA) was carried out under nitro-
gen atmosphere at the heating rate of 25 °C min™', between 25 and
800 °C to study the thermal stability of the adsorbents. Boehm
titration [34], the acid-base titration method, was used to determine
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Fig. 1. Schematic diagram of the volumetric adsorption apparatus.
1. Pressure cell
2. Adsorption cell

the concentration of different functional groups present on adsor-
bents’ surfaces. A 0.2 g mass of each sample (unmodified and amine
modified) was placed in a 50-ml Erlenmeyer flask containing
25ml of 0.025 N NaOH, 0.025 N Na,CO,, 0.025 N NaHCO, and
0.025N HCL The flasks were sealed and agitated at 120 rpm for
24 h at temperature of 298 K and then filtered; 10 ml of the filtrate
was pipetted and titrated with HCI (0.025 N) or NaOH (0.025N)
solutions. The numbers of acidic sites were determined under the
assumption that NaOH (0.025 N) neutralizes carboxylic, lactonic,
and phenolic groups, and Na,CO; neutralizes carboxylic and lac-
tonic groups, and NaHCO; neutralizes only carboxylic groups. The
numbers of total basic sites were measured from the amount of
used HCI (0.025N).
5. Gas Adsorption Measurement

The volumetric adsorption set up used for the amount of gas
adsorption on the AC, before and after amine functionalization,
was similar to that used in our previous works [35-38]. Fig. 1 shows
a schematic representation of the experimental set-up. Basically; it
consisted of two high-pressure stainless steel cells called as pres-
sure and sample cells, a set of valves and a couple of high pressure
transducers with the maximum pressure 60 bar connected to the
computer to record the changes in pressure during various stages
of adsorption. Both cells were put in a water bath to keep the tem-
perature constant during the gas adsorption. Prior to the adsorp-
tion study, adsorbents were degassed at 393 K for about 24 h and
the system was evacuated by vacuum pump. In addition, the He
gas was used as non-adsorbing gas to determine the dead vol-
ume. The gas adsorption experiments were performed using high
purity CO, (99.99%) and methane (99.99%) at pressures ranging
from 0 to 25bar at different temperatures (288, 298 and 308 K).
The choices of temperature and pressure ranges were based on the
actual industrial consideration. Because CH,/CO, separation by an

3, 4. Temperature probe
5, 6. Pressure transducer

7, 8. Temperature digital indicator
9, 10. Pressure digital indicator

adsorption column, typically a PSA unit, needs adsorption at high
pressure (5-25bars) and desorption at reduced low pressures.
However, a precooling system is needed to lower the flue gas tem-
perature for an effective separation. The amount of gas adsorbed
on prepared adsorbents was calculated by the SRK equation of
state in MATLAB program.
6. Adsorption Isotherms

Equilibrium data are of the most important parameters which
provide the basis for the design of an adsorption system. There are
many well-established isotherm models for predicting the equilib-
rium adsorption data in a wide range of pressure at a constant tem-
perature. In this study, the gas adsorption data were fitted by means
of three common and practical adsorption isotherms models, Lang-
muir [39], Freundlich [40] and Langmuir-Freundlich (Sips) [5],
which are widely used for modeling of gas-separation processes.
The models equations with their parameters are shown in Table 1.
7. Equilibrium Selectivity

Equilibrium selectivity is a predominant scientific basis for ad-
sorbent selection, and diffusion rate is generally secondary in im-
portance. Equilibrium selectivity of the adsorbent as a measure of
its ability in adsorption process at the pressure and temperature
range of operation is defined by the following equation:

Table 1. Isotherm equations with their parameters

Model Equation Parameters

Langmuir a K, P Qn (mmol g, K; (bar™")
=9k p

Freundlich q= KFPU" Kr (mmol g’1 bar' "), n (-)

Sips (Ksp)”“ q,» (mmol g’l), Ks (bar™), n (-)

"1+ (K¢P)""

Korean J. Chem. Eng.(Vol. 34, No. 2)
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Table 2. Ultimate and proximate analysis of the raw material and pristine AC

Ultimate analysis

Proximate analysis

Sample Carbon  Hydrogen  Nitrogen  Sulfur ~ Oxygen” Moisture ~ Volatile mater =~ Ash  Fixed carbon’
Broom stalk 4647 5.69 1.09 0 46.75 6.63 81.81 1.09 10.47
Pristine AC 74.01 4.71 1.87 0 19.41 4.29 30.8 2.71 62.2
“Calculated by difference
§ 5= 2 M aH =R SER ©
Xp/Yp d(l/T)LL

where component A is the stronger adsorbate and B is the weaker
adsorbate. X, and X are the molar fractions of components A
and B in the adsorbed phase, Y, and Yj are the molar fractions of
components A and B in the gas phase. If the isotherms are linear
or pressure is small enough to keep the isotherms in the linear
range, ideally; the selectivity is described by the ratio of the adsorbed
amount of pure components [41]:

S=— ()

8. Adsorption Kinetics

Adsorption kinetics is an important factor for evaluating adsorp-
tion performance of a sorbent. A wide variety of kinetic models
have been proposed to quantitatively describe the adsorption pro-
cess and to identify the adsorption mechanism. In this study, for
modeling the adsorption kinetics, three types of models were used:
pseudo-first-order, pseudo-second-order and pseudo-nth-order
[3842]. It is thought that instead of assuming the order of the
reaction as 1 or 2, the direct calculation of the order of the adsorp-
tion reaction is a more appropriate method. Thus, nth-order kinetic
model was utilized. The fractional order of this model describes
the complexity of the reaction mechanisms and therefore can be an
evidence for the occurrence of more than one reaction pathway:

Above mentioned kinetic models are given by the following equa-
tions:

—kyt

q=q,(1-¢e ™) Pseudo-first-order
_ kzqﬁ
ST Pseudo-second-order
1+k,q,t

1/1-n

9r=9.— [(qe)l'" +(n-1)k,t] Pseudo-nth-order kinetic

where K; (s '), K, (g mmol ' s™') and K,, (s ') are rate constants, n
is the order of kinetic equation, q, (mmol g ') and q, (mmol g ')
represent the adsorption capacities of the sorbent at a specific time
(s) and equilibrium time (s), respectively.
9. Adsorption Thermodynamic

One of the basic quantities in adsorption studies is the isosteric
heat, which reflects the enthalpy change before and after the adsorp-
tion process. The isosteric heat of adsorption is a measure of the
strength of interaction between gas molecules and the surface of
adsorbent. The isosteric heat for gas adsorption can be determined
as a function of surface loading by obtaining the slopes of the plots of
InP versus 1/T at a constant amount of adsorbed gas (q in mmol
g ") according to the Clausius-Clapeyron equation [43]:
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where AH,, (k] mol ) is isosteric heat of adsorption, P (bar) is the
pressure at a constant equilibrium uptake, T' (K) is the temperature
and R (J mol 'K ") is the ideal gas constant.

RESULTS AND DISCUSSION

1. Characterization Results
1-1. Chemical Characterization

Table 2 shows the results of ultimate and proximate analysis
performed on the broom sorghum stalk and the pristine AC. As a
starting material for AC preparation, materials with high volatile
organic compounds and carbon content but low in ash content,
are desirable. As can be seen from Table 2, broom sorghum stalk
has suitable carbon content, high volatile matter and low ash con-
tent. As a consequence, it can be an appropriate precursor for the
preparation of AC. After carbonization and activation steps the
volatile matter content of AC decreased and percent of fixed car-
bon increased. In addition, the elemental analysis of AC indicates
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an increase in carbon level and decrease in oxygen content. This is
due to the degradation of organic materials and partial decompo-
sition of volatile compounds (mainly cellulose and hemicellulose)
under carbonization condition, leaving a high purity carbon.
1-2. Porosity Analysis

Fig. 2 shows the N, adsorption-desorption isotherms of the AC
before and after amine functionalization. According to the TUPAC
classification, these isotherms can be classified as a hybrid between
types I and IV with most of the adsorbed volume contained in the
micropores. However the presence of mesopores in the structure
of the prepared ACs is proved by the hysteresis loop at P/P,>04,
which resulted in a gradual increase in adsorption after the initial
filling of the micropores and a more rapid increase near satura-
tion [44,45]. There were many available empty pores in the struc-
ture of the pristine AC which could be used to adsorb the N,
molecules. Whereas, after amine functionalization some pores had
been blocked by the amine creating enormous active sites and there
was not enough space for N, molecules adsorption. This caused a
significant reduction in nitrogen uptake through physisorption.

The size distributions of ACs before and after amine modifica-
tion derived from (a) a micropore (MP) plot and (b) a Barrett-
Joyner-Halenda (BJH) plot are shown in Fig. 3. For both samples,
the volume distribution (dVp/drp), especially near to the microp-
ore region, increases, which demonstrates that the prepared ACs
have mainly micropores with sizes in the ranges of 0.2-1.2 nm and
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also have some mesopores.

Table 3 lists the main pore characteristics of unmodified and
amine modified ACs, including BET surface area, meso, micro
and total pore volume and average pore diameter. Based on the
data presented in Table 3, amine functionalization caused a dras-
tic reduction in the surface area and total volume of the pristine
AC, which could be explained by blocking behaviors of the amine
functional groups. However, the average pore size was increased
after amine functionalization. Small pores were filled during func-
tionalization while large pores remained, leading to an increase in
the average pore size.

1-3. SEM Analysis

Fig. 4(a) is showing the image of 2 pm pristine AC particle
magnified 10,000 times. It is observed from the figure that the
structure of the pristine AC has a wide surface porosity with dif-
ferent size, indicating relatively high surface areas. It is estimated
that the porous structure of the AC resulted from the evaporation
of potassium hydroxide (KOH) during carbonization, leaving the
empty space previously occupied by the KOH. Fig. 4(b) shows the
image of 2 pum DEA-functionalized AC particle magnified 10,000
times. According to the image, diethanolamine has covered most
parts of the surface area and reduced the porous structure of the
sorbent. Significant differences were observed between the surface
morphologies of the unmodified and DEA-modified ACs, which
indicated that DEA was successfully attached into AC structure.
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Fig. 3. Micropore (a) and mesopore (b) size distributions of raw AC and functionalized AC obtained by MP and BJH.

Table 3. Textural parameters of the prepared samples

BET surface area Micropore volume

Mesopore volume

Total pore volume

Samples rfac re v eV re v Mean pore diameter
(m"g") (cm™g™) (cm’g™) (cm™g™) (nm)

Pristine AC 1619 0.671 0.239 0.910 224

AC-DEA 473 0.208 0.105 0.3134 2.64

Korean J. Chem. Eng.(Vol. 34, No. 2)
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Fig. 5. FTIR spectra of (a) pristine AC and (b) AC-DEA.

1-4. FT-IR Analysis

The FT-IR spectra of the unmodified and amine-functionalized
ACs are compared in Fig. 5. For both samples the band in the 1,500-
1,600 cm™" region is assigned to C=C bond in aromatic rings. In
spectrum (a) pertaining to pristine AC, the peak at 1,000 cm ™" is
assigned to C-O-C stretching vibration. Spectrum (b) is related to
the AC functionalized by diethanolamine (AC-DEA). In this spec-
trum, the peak at 1,734 cm ™" denotes the existence of amide (-CO-
NH-) groups. The peaks at 2,871 and 1,233 cm™ are assigned to C-N
bond stretching. The peak at 1,085 cm™" indicates the C-O stretch-
ing vibration in alcohols, ether or ester groups. These observations
indicated that DEA was successfully appended into AC structure.
Similar analyses were reported in the literature pertaining to the
development of carbonaceous adsorbents [46-49].
1-5. TGA Analysis

Thermo-gravimetric analysis (TGA) gives useful information
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Fig. 6. TGA curves of AC before and after functionalization with
DEA.

about the functionalized AC because most of the organic functional
groups bonded to the adsorbent surfaces are decomposed before
the onset of AC weight loss. Fig. 6 shows the TGA analysis curves
of the pristine and amine-functionalized AC. TGA curve of the
unmodified AC exhibited two main weight loss regions. The first
weight loss that occurred below 100 °C was mainly caused by the
volatilization of physically adsorbed H,0, and the second weight
loss was due to the decomposition of carbon in the adsorbent struc-
ture, whereas, thermal degradation of amine modified AC was a
multistage process because of the different functional groups included
onto the surface of the adsorbent. For DEA modified sample, the
first weight loss region that occurred below 100 °C was attributed
to the volatilization of physically adsorbed H,O similar to unmod-
ified AC. For AC-DEA, the second weight loss peak emerged above
150 °C, corresponding to the decomposition of attached amine
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Table 4. Results of the Boehm titrations

ACsample  Carboxyl (meqg')  Lactone (meqg')  Phenol (meqg')  Total acidity (meqg™')  Total basic (meq g ')
AC 0.225 0.175 0.78 1.18 0.81
AC-DEA 0.09 0.28 0.89 1.26 1.607

functional groups. Then, at the final step decomposition of the car-
bon structure occurred. However, AC-DEA remained stable below
150 °C, which is suitable for the whole adsorption and desorption
processes [50-52].
1-6. Boehm Titration Analysis

The acidic and basic functional groups of AC samples were char-
acterized by the classical Boehm method. Table 4 presents the Boehm
titration results of AC samples before and after amine functional-
ization. As expected, nitric acid oxidation introduces a significant
number of oxygen containing groups onto the carbon surface. Fur-
thermore, the surface basicity of AC-DEA, which provides chemi-
cal adsorption sites for CO, molecules bonding, was enhanced as
a result of reaction between the carboxyl groups with amine. Addi-
tionally, some lactone and phenol groups could react with amino
groups forming amide. The AC-DEA had 1.98 times more total
surface basic sites compared to the pristine AC [53].
2. Gas Adsorption Results
2-1. Pure Carbon Dioxide and Methane Adsorption Isotherms

Comparison of CO, and CH, adsorption capacities between pris-
tine AC and AC-DEA samples at different pressures up to 25 bar
and three temperatures, 288, 298 and 308 K; is given in Fig. 7. It is
clear that the amount of CO, and CH, adsorption increased by
decreasing the temperature and increasing the pressure. Decrease
of gas adsorption by increasing the temperature can be related to
the fact that adsorption phenomenon on both adsorbents is an
exothermic process. Observing Fig. 7, at all temperatures, pristine
AC exhibited a higher adsorption capacity of CO, over CH, but
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Table 5. Polarizabilities, quadrapole moments and the critical diam-
eters of methane and carbon dioxide

Gas Polarizability Quadrapole Critical diameter
(x10” cm?) (x10* cm?) (nm)

CH, 25.9 0 0.38

CO, 29.1 -13.71 0.33

this difference is not significant. The higher adsorption amount of
CO, can be ascribed to its smaller molecular size, large quadru-
pole moment and high degrees of polarizability. That is, the inter-
active forces between CO, and pristine AC are bigger than those, the
interactive forces, for CH,. Table 5 shows the quadrupole moment,
polarizability and critical diameter of CO, and CH, [54].

After amine functionalization, the AC-DEA sample showed a
low adsorption capacity for CH, and a high adsorption capacity for
CO, compared to the raw AC. As expected, the amine functional-
ization increased the basicity and nitrogen content of the pristine
AC. However, it drastically reduced the surface area and the pore
volume as previously observed by other authors [27,32,33,55]. Note
that the textural properties are the main parameters which influ-
ence CH, adsorption. After amine modification the surface area
and micropore volume decreased from 1,619 to 475m’ g ' and
0.671 to 0.208 cm’ g, respectively, due to the pore blockage. The
lower CH, adsorption capacity of the modified sample compared
to the pristine one can be related to the reduction of surface area
and micropore volume, which limited its physisorption. In the case
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Fig. 7. Pure CO, and CH, adsorption data and the fitted curves by Sips isotherm model on the pristine AC and AC-DEA at different tem-

peratures.
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Table 6. Langmuir, Freundlich and Sips isotherm constants for the adsorption of CO, and CH, on the unmodified AC

288K 298K 308 K
Sample Equation Parameters

CO, CH, CO, CH, CO, CH,

Qorax 13.577 9.169 12.011 8.751 10.815 8.298

Langmuir K, 0.154 0.143 0.127 0.113 0.109 0.078
R’ 0.9906 0.9926 0.9918 0.9928 0.9934 0.9950

K 2.926 1.897 2.254 1.477 1.761 0.986

AC Freundlich n 2.372 2.338 2.223 2.115 2.077 1.826
R’ 0.9983 0.9979 0.9984 0.9980 0.9984 0.9979
Qs 28.796 18.775 25.938 18.543 24.141 18.001

Sis K 0.0189 0.0166 0.015 0.0138 0.010 0.008

P n 1.729 1.704 1.677 1.611 1.612 1.472
R’ 0.9996 0.9998 0.9996 0.9991 0.9993 0.9986

Qs 15.927 3455 14.033 3.136 13.643 2.941

Langmuir K, 0.1295 0.103 0.104 0.091 0.087 0.051
R’ 0.9864 0.9932 0.9907 0.9944 0.9937 0.9975

Kz 3.039 0.545 2.183 0.433 1.760 0.279

AC-DEA Freundlich n 2.235 2.055 2.032 1.938 1.869 1.591
R’ 0.9984 0.9980 0.9972 0.9951 0.9982 0.9992

Qorax 37.24 7.780 32.817 7.039 30.537 6.557

Sis K 0.014 0.012 0.0118 0.0102 0.0111 0.009

P n 1.724 1.601 1.610 1.535 1.508 1.343
R’ 0.9995 0.9988 0.9982 0.9991 0.9987 0.9998

of CO, adsorption by AC-DEA, in spite of the decrease in the pores
characteristics, the increase in CO, adsorption occurred because
of the great chemical affinity generated between CO, molecules as
a Lewis acid and amine functional groups. Therefore, a combina-
tion of physical properties and chemical adsorbate-adsorbent inter-
action may play a role in CO, adsorption. As a consequence, the
difference in the adsorption capacity between CO, and CH, was
enlarged, which resulted in a high ideal adsorption selectivity for
CO,/CH, on amine modified AC.

In this study, equilibrium adsorption data was modeled by means
of standard isotherm models: Langmuir, Freundlich and Lang-
muir-Freundlich (Sips). The values of models parameters were ob-
tained through a nonlinear fit of experimental data at a specific
temperature and are shown for both adsorbents in Table 6. The
comparison of the correlation coefficient values (R*) from Table 6
indicates that Sips isotherm model yields a better fit to the experi-
mental data, which demonstrates the heterogeneous nature of the
adsorbents’ surfaces. With increasing the temperature, the values
of K;, Ky and K parameters decreased for both adsorbate, indicat-
ing that the affinity between adsorbate and adsorbent had an
inverse relationship with temperature, confirming the exothermic
nature of the gas adsorption process. These results demonstrated
that the adsorption of the CO, and CH, by unmodified and DEA
modified ACs is more favorable at low temperature. The values of
Sips exponent, n, for a homogeneous system is equal to one, so
higher values of n exhibit that the system is more heterogeneous.
According to Table 6, n values decrease with the increase of ad-
sorption temperature, which reveals that at lower temperature the
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system is more heterogeneous. In addition, at the same conditions, all
calculated model parameters of CO, are obtained higher than those
of CH,, which shows more tendency of both samples for CO, against
CH,. Fitting results using the Langmuir-Freundlich model is also
shown for both adsorbents in Fig. 7 along with experimental data.
2-2. Selectivity of CO,

Considering n¢, and ngy, as the amount of CO, and CH, ad-

|

Fig. 8. Idea adsorption selectivity for CO,/CH, system on unmodi-
fied and DEA modified ACs.
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Fig. 9. CO, and CH, adsorption kinetics of pristine AC and AC-DEA at 298 K and 10 bar.

Table 7. Constants of pseudo-first, second-order and nth-order kinetic models for the adsorption of CO, and CH, on pristine AC and AC-

DEA
s | G First-order Second-order nth-order
ample as (e
P et Q@ K, R’ Q@ K, R’ Q@ K, n R’

AC CO, 6.51 6.45 0.07 0.998 7.40 0.10 0.989 6.53 0.06 1.12 0.998
CH, 430 429 0.18 0.997 4.63 0.32 0.987 431 0.18 1.04 0.998

AC-DEA CO, 8.43 8.15 0.09 0.987 9.18 0.13 0.993 8.62 0.03 1.51 0.994
CH, 1.94 1.92 0.10 0.995 2.16 0.14 0.978 1.93 0.10 1.03 0.995

sorbed at equilibrium state, Fig. 8 shows the ideal selectivity of CO,
over CH, by unmodified and modified ACs at 1 bar as a function
of temperature.

As shown in Fig. 8, the modified AC with a secondary amine
(DEA) would lead to a significant improvement in selectivity for
CO, over CH,, a requirement for successful application of the sor-
bents for CO, separation. For unmodified AC, the selectivity of
CO,/CH, (1.51) is very low, while amine modified AC possess
selectivity as high as 5.75 at 298 K and 1 bar. The stronger interac-
tion between amine groups and acidic CO, molecules, which is
not present in methane, is responsible for the higher selectivity of
CO,/CH, on amine-functionalized AC. Furthermore, the tempera-
ture increase for both adsorbents resulted in higher selectivity. With
respect to CO, adsorption properties, increasing temperature has a
stronger effect on desorption of CH, from the adsorbent surface
compared to CO,, which resulted in higher selectivity of CO,/CH,
at higher temperatures. Although, the selectivity of CO,/CH, for
AC-DEA is around 6.83 at 308 K.

2-3. Adsorption Kinetics

The kinetics of CO, and CH, adsorption before and after amine
functionalization was investigated at 298 K and 10 bar to obtain an
understanding of the adsorption mechanism, including physisorp-
tion and chemisorption. The plots of CO, and CH, adsorption cap-
acity (pure gases experiments) versus time and their correspond-
ing fits to the kinetic models for pristine AC and DEA functional-

ized AC are shown in Fig. 9.

The data obtained revealed a fast kinetics for the adsorption of
CO, and CH, on prepared ACs in which most of the adsorption
occurred at initial period of adsorption experiments and then fol-
lowed by a slower second stage. This issue is of importance for
practical industrial applications because it reduces the cycle time.
In all cases the adsorption capacity of the CO, molecule is remark-
ably higher than that of the CH, molecule, whereas, the adsorp-
tion rate of methane for unmodified and modified samples was faster
than that of the CO,. This is attributed to the fact that strongly ad-
sorbable CO, molecule needs more time to achieve a desired amount
of adsorption.

Table 7 lists the obtained parameters from the kinetic models,
pseudo-first-order, pseudo-second-order and pseudo-nth-order,
through a nonlinear fit of experimental data. It was observed that
the first-order kinetics provided an adequate description of the
physical adsorption of CH, on both adsorbents since nth-order
model produced a kinetic order close to unity. Furthermore, pseudo-
first and pseudo-second order kinetic models presented some lim-
itations with respect to the prediction of CO, adsorption on pris-
tine AC and AC-DEA. The adsorption kinetics of CO, on both
adsorbents was successfully described using nth-order kinetic model
with a reaction kinetic order of 1.12 and 1.51, respectively. The value
of n recovered by applying nth-order kinetic model indicates that
CO, uptake onto the AC-DEA may be controlled by a combina-
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Fig. 10. Isosteric heats of adsorption for methane and carbon dioxide on unmodified and amine modified ACs.

tion of physical and chemical adsorption mechanisms. The value
of adjustable parameter, n, for pristine AC indicated that physisorp-
tion was the prevailing mechanism in the CO, adsorption. After
amine modification, a possible change in the mechanism of ad-
sorption from physisorption to predominantly chemisorption hap-
pened according to the higher n value compared to pristine AC.
2-4. Adsorption Thermodynamics

In Fig. 10, the isosteric heats of adsorption of CO, and CH, for
pristine AC and AC-DEA are plotted as a function of loading. The
negative isosteric heats of adsorption obtained confirmed the exo-
thermic nature of the adsorption processes for both adsorbates. As
shown, the isosteric heats of adsorption varied with the surface
loading, thereby indicating a heterogeneous adsorption system. For
both adsorbents the g, value for CO, was higher than that for CH,,
which demonstrates that CO, is significantly strongly adsorbed than
the CH,.

With an increase in loading, the isosteric heats for CO, exhibit
an increasing trend which can be attributed to the adsorbate-ad-
sorbate interactions, followed by a decrease due to active sites fill-
ing at the higher surface coverage. This phenomenon can be justi-
fied by knowing that strong adsorption sites are occupied first at

low coverage due to the high affinity between CO, molecules and
the adsorbent. Along with the increase of loading, the weaker
adsorption sites will be occupied, and the isosteric heats thus decline.
For all surface coverage, the amount of heat of adsorption for AC-
DEA was higher than pristine AC because of the stronger interac-
tion between CO, and AC-DEA adsorbent. The isosteric heat of
adsorption of CH, decreases as the loading increases. At high sur-
face coverage, a weak interaction between CH, and adsorbent oc-
curred due to pore filling, thereby decreasing the heat of adsorp-
tion. It is generally accepted that the enthalpy change of physisorp-
tion falls within the range 2-21 kJ mol ", while the chemisorption
involves an enthalpy change between 80 and 200 k] mol " [53]. From
this point of view; both physisorption and chemisorption contrib-
ute to the adsorption of CO, onto unmodified and amine modi-
fied samples, while it is understood that CH, is only physically
adsorbed onto both sorbents.
3. Comparison of CO,/CH, Adsorption Performance with Other
Adsorbents

Table 8 compares the adsorption capacity and equilibrium selec-
tivity for CO, and CH, on different adsorbents reported in the lit-
erature with the adsorbent developed in the present study. For the

Table 8. Comparison of adsorption capacities and equilibrium selectivities for CO, and CH, on different adsorbents at 1 bar

Adsorbent P(bar) T(K)  qeo, (mmolg™) Qe (mmol g7) Selectivity (CO,/CH,) Ref.
DEA functionalized AC 1 298 213 0.37 5.75 This study
[Zeolite 1 303 1.29 0.32 4.03 [56]
Hf-zeolite 1 303 1.35 0.35 3.85 [56]
Palm shell activated carbon 1 298 0.48 0.13 3.56 [15]
PEI-oil palm shell AC 1 298 2.28 0.7 3.26 [15]
Microwave activated carbon 1 298 2.13 0.98 217 (8]
MOE-5 1 298 191 0.61 3.13 (4]
Cu,(BTC), 1 298 2.50 091 2.74 (4]
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sample of AC-DEA the selectivity of CO,/CH, can reach as high as
5.75, which is much higher than that of other adsorbents shown
in Table 8. The high selectivity of CO,/CH, on AC-DEA makes it

a promising adsorbent for recovering CH, from natural gas and
landfill gas.

CONCLUSION

A new type of AC adsorbent was prepared for the adsorptive
separation of carbon dioxide and methane. Broom sorghum stalk
was utilized as a lignocellulosic solid waste that contains high
amounts of carbon for AC preparation. AC was produced from
chemical activation of broom stalk by KOH and then was func-
tionalized with diethanolamine (DEA). The effect of activated car-
bon surface modification through amine functionalization on ad-
sorptive separation of CO, and CH, was studied from 288-308 K
and 0-25 bar. The DEA functionalized AC showed different chemi-
cal and textural characteristics with a significant reduction in the
surface area and pore volume. In spite of lower porosity; the incor-
poration of DEA improved the ideal selectivity of CO,/CH, com-
pared to the pristine AC, and the optimum selectivity of CO,/CH,
could reach as high as 5.75 at 1 bar and 298 K. Such high adsorp-
tion selectivity of CO, can be ascribed to chemical adsorbate-ad-
sorbent interaction. The Langmuir-Freundlich isotherm fitted the
experimental pure data with the most accuracy for both adsor-
bates, which indicated the heterogeneous nature of the adsorbents
surface. The arbitrary nth-order model was successfully utilized to
describe the experimental kinetic data in which the fractional order
of reaction was considered as an adjustable parameter. Also, ob-
tained values of isosteric heat of adsorption evaluated by a set of
isotherms based on the Clasius-Clapeyron equation indicated the
sorption of CO, onto the studied ACs is a rather complex process,
the mechanism of which may include both physisorption and
chemisorption mechanisms, while CH, only is physically sorbed on
both sorbents. Finally, the results of the present study are promis-
ing in terms of improvement in the economy of adsorbent pro-
duction for applications in natural gas and landfill gas purifications
as well as solid waste management.
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