Journal of Particle Science and Technology 5 (2019) 33-45

JIPS|T

http://jpst.irost.ir

Journal of

Particle Science and Technology

IROST

Adsorption of CO, and SO, on multi-walled carbon nanotubes: experimental data and
modeling using artificial neural network

Naghmeh Iraji*, Mohammad Hojjat*", Seyedfoad Aghamiri* , Mohammad Reza Talaie*®, Elham Molyanyan®*

* Department of Chemical Engineering, Faculty of Engineering, University of Isfahan, Isfahan, Iran

b Chemical Engineering Department, Faculty of Chemical, Oil and Gas Engineering, Shiraz University, Shiraz, Iran

HIGHLIGHTS

GRAPHICAL ABSTRACT

* An experimental approach for CO,
and SO, capturing by using multi-
walled carbon nanotubes (MWCNT).

* Modification of MWCNTs via
functionalization and then studied
the effects of oxygen and nitrogen
functional groups on the adsorption
performance of the adsorbents.

* Designing an ANN model to predict
the equilibrium adsorption of CO,
and SO..

» Assessment of the ability of an
artificial neural network model to
predict adsorption experimental data.

* Comparison of ANN model with
well-known adsorption isotherms.

H CO —Si—OCH,
OH ‘
OH OH ocCH,

R =~~NH “ NH .~NH,

ARTICLE INFO

ABSTRACT

Article history:
Received 27 November 2018

Revised 22 January 2019
Accepted 29 January 2019

Keywords:

Adsorption

MWCNT

Isotherm carbon dioxide
Artificial neural network

Multi-walled carbon nanotubes (MWCNTSs) containing hydroxylgroups (OH-MWCNT)
were modified by functionalization with 3-[2-(2-aminoethylamino)ethylamino]propyl
trimethoxysilane (TRI). Adsorption isotherms of pure CO, and SO, on the pristine
MWCNT, OH-MWCNT, and amine functionalized MWCNT (amine-MWCNT) were
measured at two temperatures of 313.2 K and 323.2 K and pressures up to 2.1 bar by a
static volumetric method. Capacities of all three types of adsorbents for CO, adsorption
are greater than those of CO,. The performance of amine-MWCNT in adsorpting CO, is
higher than the other two adsorbents. The average saturated capacity of amine-MWCNT
for adsorption of pure CO, at 313.2 K are about 38.6% and 20.8% higher than OH-
MWCNT and pristine-MWCNT, respectively. Corresponding values for adsorption of
pure CO, are about 51.3% and 89.65%. Also, the equilibrium adsorption capacity of
pristine MWCNT and amine-MWCNT for mixtures for CO,, nitrogen, and water vapor
at 299.2 K was obtained. The equilibrium adsorption of CO, increases as the water
content increases in the presence of diluting gas (nitrogen). Freundlich and Langmuir
equations were fitted on experimental adsorption isotherms. The Freundlich equation
predicts experimental data better than the Langmuir equation. A multi-layer perceptron
artificial neural network (ANN) model has been also proposed for predicting adsorption
experimental data. The average and maximum difference between experimental
data and values predicted by ANN model are about 3% and 24%, respectively.
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1. Introduction

Emission of greenhouse gases from fossil fuel
combustion causes serious adverse effects on the
environment including global warming and acid rains
[1-5]. About 60% of the atmosphere temperature rise
is attributed to carbon dioxide emission [6,7]. Another
harmful product of fossil fuel combustion is SO,, which
is also considered an important air pollutant [8-11].
Absorption, adsorption, cryogenic, and membrane
separation are potential methods for CO, capture [2,
3,5,12-18]; while, wet scrubbing and dry sorption
processes are common technologies for SO, removal
[9,10,19,20]. Adsorption on porous solid material such
as carbon nanotubes (CNT) [21-23], activated carbons
[10,17,18,24-28], zeolites [3,15,18,29-32], and MOFs
[33-36] is a developing technology for removing
gaseous pollutants. Effective application of adsorption
strongly depends on the characteristics of the adsorbent
such as good chemical and thermal stability, sufficient
adsorption capacity, high selectivity, convenient
regeneration and cost [7,15,17,27,28,32,37-
42]. Porous carbon materials have been proved to be

low

effectively applicable in gas storage and separation.
CNTs are a suitable choice among available carbon-
based materials [18,43,44]. Due to their unique physical
and chemical propertiecs, MWCNTs have recently
attracted a great deal of interest among researchers
[23,45,46]. CNTs have the capability of removing
a diversity of air pollutants [47,48]. Since external
layers of CNTs are chemically inactive they are not
generally desirable for specific applications [44,49,50].
Functionalization of carbon nanotubes is an effective
method that improves their adsorption capacity [18,
51-53]. The functional groups containing oxygen and
nitrogen atoms could be introduced on the surface of
CNTs through chemical treatments. Insertion of amine
groups on CNTs improves their catalytic activity and
basicity which increases their adsorption capacity and
selectivity of acid gases such as CO, and SO, [17, 54-57].

In recent years, data driven models based on
experimental results, such as artificial neural network
(ANN) and fuzzy logic, have been applied to find
general models for adsorption equilibria and kinetics.
Abdul Kareem et al. [58] measured supercritical CO,
adsorption on 13X and 5A zeolites at two different
temperature of 323.15 and 343.15 K (their experimental
data modeled via ANN). Equilibrium data of carbon

dioxide adsorption on activated carbon were modeled
by using a multi-layer feed-forward neural network
and compared with predicted values of Sips and
Langmuir models by Rostami e al. [59]. They found
that the efficiency and accuracy of the ANN model was
significantly higher than the Sips and Langmuir models. In
addition, unlike the Langmuir model, the neural network
is not limited to isothermal conditions. Saucedo-Delgado
et al. [60] had experimentally investigated the adsorption
of fluoride from water on a protonated clinoptilolite. They
also proposed a model on the basis of ANN, Langmuir
and pseudo-second order equations. Results show that
this hybrid model is in good agreement with the kinetics
and isotherms experimental data. Modelling adsorption
of dyes from aqueous solutions using ANN was also
reviewed by Ghaedi and Vafaei [61].

In this research adsorption isotherms of CO, and
SO, gases on three kinds of MWCNTs, i.e. pristine,
hydroxylated, and amine functionalized MWCNTs, at
two different temperatures of 313.2 K and 323.2 K are
experimentally investigated and modeled by a simple
single multi-layer perceptron ANN model. This may
be the first step in finding models that have the ability
to predict the behavior of multi-component adsorption
systems. Also,twowell-known Langmuirand Freundlich
models were fitted on experimental data. These models
were compared with the resulting ANN model.

2. Experimental methods
2.1. Materials

Specifications of materials used in the present work
are shown in Table 1. All components have been used
as received.

The SEM images of as received MWCNTSs are shown
in Fig. 1.

2.2. Amine functionalization of MWCNTs

MWCNTs were functionalized according to the
method described in our previous work [62]. The
OH-MWCNTs were first placed in an oven at 393.2 K
for 2 h to dehydrate, then they were dispersed in 75 mL
of toluene and stirred at room temperature for 30 min.
After that 0.3 mL water was added to the mixture and
sonicated for 10 min, then the suspension was stirred
for 3 h. The temperature was increased to 358 K and
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Table 1. Specifications and structural properties of used materials.

Component Supplier Purity (%) Important Speciation
CO, Farafan Gas Company (Iran) 99.99 -
SO, Farafan Gas Company (Iran) 99.99 -
N, Farafan Gas Company (Iran) 99.99 -
TRI Sigma-Aldrich >99.9 CAS No. 35141-30-1
Toluene Merck Company 99 -
n-Hexane Merck Company 99 -
Pristine MWCNT Neunano Company >95 ID": 2-5 nm

OD™: <8 nm

SSA™: > 500 m?/g
OH-MWCNT Neunano Company >95 ID: 2-5 nm

OD: <€ nm

SSA: > 500 m*/g

Hxk

“ID = Inner diameter, “"OD = Outer diameter,

1.5 ml of TRI was added to the suspension and refluxed
for 16 h. The resulting suspension was filtered, and
the carbon nanotubes were washed with toluene and
n-hexane and dried in an oven at 353 K for 2 h.

2.3. Characterization of MWCNTs

X-ray diffraction results (XRD, Bruker, D8, Germany)

Fig. 1. SEM images of as received MWCNTs, a) pristine-MWCNT
and b) OH-MWCNT.

SSA = Specific surface area

were used to investigate the structural characteristics
of the CNTs. A qualitative analysis of the functional
groups on modified MWCNTs was performed by FT-
IR spectra (JASCO, Japan). Fig. 2 presents the XRD
spectra of pristine-MWCNT, OH-MWCNT, and amine-
MWCNT. Similar trends of plots indicated that the
crystalline structure of the nanotubes is not affected
by functionalization. The intensity of the C(002)
peak of amine-MWCNTs is significantly less than
that of OH-MWCNTs due to lower packing density
of amine-MWCNTs and defects resulting from the
functionalization [62,63].

The FT-IR spectra of MWCNTs are plotted in Fig. 3.
In the spectra of OH-MWCNT and amine-MWCNT a

01
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Fig. 2. XRD patterns of MWCNT, OH-MWCNT, and amine-
MWCNT.
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Fig. 3. FTIR spectra of (a) OH-MWCNT and (b) amine-MWCNT.

peak appears at 1571.7 and 1576.52 cm™!, respectively,
which is the result of C=C bonds in the nanotubes [6].
Due to the existence of hydroxyl (-OH) stretching
vibration and C=0 bonds two peaks appear at 3421
and 1714 cm’', respectively [6,64,65]. The presence of
a COOH functional group causes these two peaks to
appear simultaneously [6, 66].

The peak at 3429.78 cm™ in the amine-MWCNT is
the result of NH, stretch of amine group which overlaps
with the stretching vibration of the hydroxyl group. As a
result of asymmetric and symmetric stretching vibration
of the methylene group after amine functionalization,
two peak place at 2922.59 and 2855.1 cm™ [65]. Peaks
at 1654.62, 1186.97, and 1026.91 cm™! can be attributed
to N-H vibration, C-N bond stretching, and Si-O-Si
vibration, respectively [18,65]. Therefore the FT-IR
shows the existence of CH,, NH,, N-H, and Si-O-Si
bonds after amine functionalization which confirms that
TRI has been grafted on the surface of MWCNTs [18].

The thermogravimetric behavior of samples was
studied by a Rheometric Scientific TGA, in which the
heating rate was 10 °C/min in argon atmosphere, results
are shown in Fig. 4. The pristine MWCNT and OH-
MWCNT are thermally stable up to 800 °C but amine-
MWCNT losses about 30% of its weight between 150 to
700 °C due to organic component (TRI) decomposition.

The existence of amine functional groups on modified
adsorbents was evaluated by a CHNS elemental analyzer
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Fig. 4. TGA results of MWCNT, OH-MWCNT, and amine-
MWCNT.

(LECO Co., 932). The CHNS elemental analysis of the
nanotubes are shown in Table 2. The mass fraction of
TRI in the functionalized adsorbent is about 31.6%,
which is in accordance to TGA results.

2.4. Apparatus and procedure
2.4.1. Single-component gas adsorption

The amount of CO, and SO, adsorbed on MWCNTs
were measured by the volumetric method. The
experimental setup is shown in Fig. 5. It consisted of
two cells adsorption and loading cells with volumes of
27.9752 and 75.2755 mL, respectively. The pressure
in each cell was measured by a pressure transducer
(M5156-11700X-070BG, Sensys Co., Korea) with an
uncertainty of +1 kPa. The temperature of the adsorption
cell was controlled by a circulating system (Arian Azma
Co., Iran) and measured by a PT-100 thermocouple with
an accuracy of = 0.1 K. The experiment is performed as
follows:

A specific amount of the adsorbent was loaded in
the adsorption cell, then the loading cell was filled by
either CO, or SO, gases up to the desired pressure. After
this, the captured gas in the loading cell is allowed

Table 2. Elemental analysis of OH-MWCNT and amine-MWCNT.
Element

Mass percent

OH-MWCNT  amine-MWCNT
Carbon 91.47 66.49
Hydrogen 0.35 4.03
Nitrogen 0.04 7.96
Sulfur 0.00 0.00
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—

Fig. 5. Schematic diagram of the experimental apparatus; 1)
gas storage, 2) valves, 3) pressure transducer, 4) loading cell 5)
thermocouple, 6) adsorption cell and 7) circulating system.

to transfer to the adsorption cell up to an anticipated
pressure while its temperature is remained constant.
When equilibrium state was achieved, adsorption
capacity was calculated by the Eq. (1).

Py PV PV

V
—+ =
(&, " (&t~ (&7,

P
+ (——
(Zr7 A

+NM (D)
where P is the pressure, 7 is the temperature, V is the
volume, R is the gas constant, M is the molecular weight,
Z is the compressibility factor, and N is the amount of
adsorption. Subscripts A and L refer to adsorption cell
and load cell, respectively. Subscripts 1 and 2 also show
adsorbent-loading state and final equilibrium state,
respectively.

2.4.2. Mixtures adsorption

A closed-loop volumetric apparatus was employed
to measure equilibrium adsorption of CO,, from its
mixture with nitrogen, in presence of water, as shown
in Fig. 6. The volume of adsorption and loading
cells were 1063.2198 and 703.6175 mL, respectively
Pressure in the vessel was measured by a pressure
transducer with an accuracy of +0.1 kPa. In order
to control the temperature, the adsorption cell was
connected to a constant temperature bath (Arian Azma
Co., Iran) which has the ability to maintain temperature
uniformity within £0.1 K. To obtain the adsorption
isotherms, experimental apparatus was purged by
nitrogen gas. The adsorbent was degassed by heating
it up to 150 °C and then placing it in the adsorption
cell. Valves 4, 5, 8 and 9 were open and the others were

Fig. 6. Schematic diagram of closed loop volumetric apparatus:
1) loading cell, 2) Adsorption cell, 3) circulating pump, 4-10)
ball valve, 11) needle valve, 12) temperature sensor, 13) pressure
transmitter and 14) RTD temperature sensor.

closed during both adsorbent loading and purging
steps. After that, valve 4 was closed and pressure
was increased to 1 bar gauge. In order to investigate
the effect of moisture on the adsorption, nitrogen was
dispersed in a water bath before mixing with pure CO,
gas. Then valves 5 and 9 were closed and the loading
cell was filled by a definite molar ratio of N, and CO,
up to a total pressure the same as the pressure of the
adsorption cell. Finally, valves 5 and 9 were opened and
the circulating pump turned on. The change of pressure
inside the adsorption cell was used to evaluate the
amount of adsorbed gas.

2.5. Isotherm modeling

Two well-known models, Freundlich and Langmuir,
were fitted on the experimental data. The Freundlich
isotherm is presented as Eq. (2).

g=K (P)s @)

where ¢ is the equilibrium adsorption capacity,
P is the equilibrium pressure, K is the Freundlich
adsorption coefficient and »n is a dimensionless
constant which is an indication of the surface
heterogeneity and is usually greater than unity [67-
69]. The Langmuir model is given by the Eq. (3).

_ 9m (K,P)
T=1¥ K, P) (3)

Where ¢,, is the saturation adsorption capacity and
K; is the adsorption equilibrium constant [70].
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3. Artificial neural network design

ANN is a powerful tool inspired by the human nervous
system which has the ability of modelling complex
functions. An ANN consists of an input, an output, and
one or more hidden layers. The number of hidden layers
depends on the complexity of the studied system, but in
most cases it is found that one or two hidden layers are
sufficient [71-75]. Each layer consists of a number of
neurons. The optimum number of neurons in the hidden
layers is often determined by trial and errors.

The performance of ANNs can be assessed based on
some statistical criteria, including mean squared error
(MSE), maximum absolute relative deviation (Max
ARD %), average absolute relative deviation (AARD
%), and correlation coefficient (7), defined as:

n
1 2
MSE:; 2 (yiexp_:)’ical) (4)
i=1

n yiexp_yical
Max ARD % = Max}—; | |——— 100 (5)
iexp
] n
AARD%=—Z Yiexo — Yicall . 199 (6)
N & Viexp
i=1
2'111—1[ (Viexp '}7 exp) (yica/ '}7 ca/) / (7)

‘/21111— 1 (}’iexp '}7 eXp)Z 21111— 1 (.Vica] '.7 cal) ?

where Yy, Viw ¥ and n are experimental data,
predicted data by ANN, mean value of data, and number
of data points, respectively.

4. Artificial neural network architecture

In present study a multi-layer perceptron neural
network was designed to model the experimental data of
CO, and SO, adsorption on pristine and functionalized
MWCNTs.

First experimental data were normalized between 0
and 1 according to Eq. (8).

Xi'X1;min
Xymorm™= X1;maX'X1;m1'11 (8)

Then the data was randomly divided into three parts;
training data set (70%), validating data set (10%),
and test data set (20%). The architecture of ANN was
determined by trial and error.

The resulting ANN consists of three hidden layers
each contains 10 neurons. The activation functions of
all hidden layers are hyperbolic tangent sigmoid and
that of the output layer is linear. The network is trained
by Levenberg-Marquardt (LM) training algorithm.
MSE (Eq. (4)) was chosen as the network performance
criteria. ANN receives pressure, temperature, critical
temperature and pressure of adsorbate, and a number
as the character of adsorbent as input parameters and
gives the amount of adsorbed gas as output.

5. Results and discussion
5.1. Artificial neural network

Fig. 7 shows the ANN predicted values of adsorption
capacityagainsttheexperimentaldata. Ascanbeseenthere
exists very good agreement between the experimental
data and the corresponding values predicted by the
ANN model. The values of statistical criteria are given
in Table 3, suggesting the accuracy of proposed ANN.

5.2. Adsorption isotherms

Adsorption isotherms of pure SO, and CO, on
pristine MWCNT, OH-MWCNT, and amine-MWCNT
at 313.2 and 323.2 K are shown in Fig. 8 (a-c). As
expected, for both gases adsorption capacity decreases
as the temperature rises. Adsorption isotherms of SO,
are more sensitive to temperature than those of CO..
It is also observed that adsorption capacity for SO,
is higher than CO, for all adsorbents over the entire
temperature and pressure ranges. This can be explained
by higher multipole moments and polarizability of SO,
compared with CO, which in turn leads to stronger
affinity of SO, with CNTs than CO, [37]. Nickmand et
al. [76] obtained the same result using the Monte Carlo
molecular simulation. As can be seen in Fig. 8(a), all
isotherms are almost linear, which may be an indicator
of a lack of active sites on pristine MWCNT. Fig. 8(b)
shows that OH-MWCNT possesses higher adsorption

Table 3. Statistical criteria of proposed ANN.

Max ARD % AARD % r
Training data 23.86 2.81 0.9984
Validating data 13.24 3.06 0.9971
Test data 17.88 3.74 0.9938
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capacity than pristine MWCNT. This may be attributed
to the functional groups and existence of active sites on
the surface of OH-MWCNT.

Fig. 8(c) shows that the initial slopes of isotherms
increased sharply which indicates active sites are
created on the adsorbent during the functionalization
step. Existence of functional groups on MWCNTs
causes the adsorption capacity to increases, especially
for SO, at low pressures. At low pressures, adsorption
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Fig. 8. Adsorption isotherms for CO, and SO, at 313.2 and 323.2
K (a) on pristine MWCNT, (b) on OH-MWCNT, and (c) on amine-
MWCNT.
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on MWCNTs is affected by the fluid-adsorbent
interaction; therefore, functional groups led to increase
fluid-adsorbent interactions. But at higher pressures,
fluid-fluid interactions become more important than
fluid-adsorbent interactions and the role of functional
groups is reduced. This is in agreement with the results
of'a molecular simulation carried out by Nikmand ef al.
[76].

Predicted values of equilibrium adsorption by artificial
neural network are also indicated in Fig. 8. It is clear
that predicted values of ANN are in a good agreement
with experimental data. The average and maximum
difference between experimental data and those
predicted by ANN are about 3% and 24%, respectively.

In Fig. 9 adsorption of CO, and SO, on three different
adsorbents at 313.2 K is compared. It is observed that
OH-MWCNT has a higher adsorption capacity than
pristine MWCNT for both gases. Since the carbon atom
in CO, has a non-bonded pair of electrons, electron-
donor functional (hydroxyl) groups are able to increase
CO, adsorption tendency. According to this figure
amine-MWCNT demonstrates the best performance for
both CO, and SO, adsorption especially at low pressures.
This capability stems from the interaction between

1.2
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Fig. 9. Adsorption isotherms of a) CO,, and b) SO, on pristine
MWCNT, OH-MWCNT and amine-MWCNT at 313.2 K.

adsorbate gases and amine groups. However, this
capability is played down at high pressures, this can be
ascribed to the fact that at higher pressures the functional
groups are entirely covered by adsorbate molecules.

The effect of humidity on adsorption behavior of
both pristine MWCNT and amine-MWCNT at 299
K and 1 bar is shown in Fig. 10. The adsorbing gas
was a mixture of CO,/N,/H,O containing 15 mol%
of CO,. This figure indicates that adsorption of CO,
on both adsorbents increases with increasing relative
humidity (RH). The ratio of adsorption capacities of
amine-MWCNT to pristine-MWCNT decreases as the
relative humidity increases. As explained by Su ef al.
[18] this observation may be justified by two reasons.
First, CO, can be dissolved in the water adsorbed on
the surface of MWCNTSs. Second, the carbonate ion
that resulted from the reaction between CO, and surface
amine groups may form bicarbonate (HCO;) as a
result of further reaction with CO, and H,O. A direct
reaction between amine groups CO, and H,O that forms
HCOj5 is also possible. The decrease in the slope of CO,
adsorption taking place at high RHs could be attributed
to competitive adsorption of CO, and H,O at the same
sorption site of adsorbents. Fig. 11 indicates the water
adsorption isotherms for both adsorbents in the same
conditions of Fig. 10. It is observed that the capacity of
functionalized MWCNT is higher than that of pristine
MWCNT.

5.3. Isotherms parameters

Tables 4 and 5 show the
Freundlich and Langmuir equations for adsorption

fitted parameters of

isotherms of CO, and SO,, respectively. Itis observed that

1.8
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=
< 03 -
0 ;
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Fig. 10. The effect of relative humidity on CO, adsorption by
MWCNTs at 299.2 K, mixture contains 15% CO,.
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Fig.11. Adsorption isotherms of water vapor in presence of CO, and
N, at 299.2 K, mixture contains 15% CO,.

the parameter n in the Freundlich model (Eq. (2))
of amine-MWCNT for both gases is significantly
greater than unity, which means that the isotherms
have a nonlinear nature, and the surface is highly
nonhomogeneous. The parameter k; in the Langmuir
model (Eq. (3)) of amine-MWCNT, especially for SO,,
is higher than that of other MWCNTs, which implies a

strong bond between gas molecules and adsorbent due
to existence of amine groups.

The Freundlich equation is in better agreement with
the experimental data than the Langmuir equation. For
amine-MWCNT, this is evidence that the heterogeneity
of amine-MWCNT surface increases as a result of
functionalization. The AARD% of predicted values
of the artificial neural network are also presented for
comparison. It is evident that the ability of ANN to
predict experimental data is much better than that of the
Freundlich and Langmuir models. In addition, ANN is
not restricted to isothermal conditions.

6. Conclusion

The surface of MWCNT was modified through
functionalization with TRI. The adsorption equilibrium
isotherms of SO, and CO, on pristine MWCNT, OH-
MWCNT, and amine-MWCNT were obtained at
two different temperatures of 313.2 and 323.2 K.
The adsorption capacity of SO, was higher than CO,

Table 4. Parameters of Freundlich and Langmuir isotherms of CO, adsorption on MWCNTs.

Models Parameters Pristine MWCNT OH-MWCNT amine-MWCNT
313.2K 323.2K 313.2K 3232K 313.2K 3232K
Freundlich k, (mmol/g)/(bar'™) 0.3813 0.3043 0.5140 0.4106 0.7064 0.5522
n 1.0833 1.0686 1.2528 1.0810 1.8370 1.6326
R’ 0.9990 0.9991 0.9957 0.9991 0.9612 0.9883
AARD % 10.6 9.0 14.9 10.4 11.0 6.9
Langmuir q,, (mmol/g) 7.2045 6.5472 3.2464 6.1402 1.0285 1.1254
k; (1/bar) 0.0558 0.0487 0.1893 0.0718 2.6015 1.0591
R’ 0.9990 0.9991 0.995 0.999 0.9007 0.9578
AARD % 13.7 22.2 14 22.2 16.9
ANN AARD % 1.3 1.7 3.6 2.1 1.5 1.1

Table 5. Parameters of Freundlich and Langmuir isotherms of SO, adsorption on MWCNTs.

Models Parameters Pristine MWCNT OH-MWCNT amine-MWCNT
313.2K 3232K 313.2K 3232K 3132 K 3232K
Freundlich k, (mmol/g)/(bar'™) 1.3538 0.9988 1.5564 1.1302 1.8469 1.5833
n 1.1540 1.0686 1.3239 1.0810 2.7055 1.9213
R’ 0.9996 0.9997 0.9981 0.9989 0.9935 0.9960
AARD % 6.7 33 8.5 4.5 7.1 6.5
Langmuir q,, (mmol/g) 11.8454 20 7.3461 20 3.9647 4.4329
k; (1/bar) 0.1307 0.05276 0.2750 0.06002 0.9539 0.5848
R 0.9993 0.9994 0.9953 0.9989 0.9726 0.9856
AARD % 12.3 5.0 17.2 6.7 19.4 16.2
ANN AARD % 0.9 1.1 2.7 2.0 8.3 10.0
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for three kinds of adsorbents in the following order
amine-MWCNT > OH-MWCNT > pristine MWCNT
at both of temperatures. The adsorption capacity of
CO, on pristine MWCNT, OH-MWCNT, and amine-
MWCNT at 313.2 K and 0.2 bar are 0.098, 0.154, and
0.385 mmol/g, respectively, and for SO, are 0.336,
0.5, and 0.808 mmol/g, respectively. Results show
that adsorption capacity is significantly improved
through functionalization with amine, especially at
low pressures. The effect of relative humidity (0-20 %)
on CO, adsorption by pristine MWCNT and amine-
MWCNT were also investigated. It is observed that
the CO, adsorption increases by increase in RH. The
two well-known isotherms, Freundlich and Langmuir,
equations were fitted on experimental data. A multi-layer
perceptron artificial neural network has been developed
to predict the equilibrium adsorption of CO, and SO,
on MWCNTs. The average and maximum differences
between predicted values and experimental data are
about 3 and 24%, respectively. A single ANN model was
capable o the equilibrium adsorption of both adsorbates
on all adsorbents at all temperatures with much higher
accuracy than Freundlich and Langmuir models.
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