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ABSTRACT: In the present work, experimental and theoretical aspects of CO, adsorption
on the amine-modified pumice, as a new adsorbent, was investigated. CO; adsorption measurements
were performed at three different temperatures (298, 328, and 348 K), and pressures up to 1 atm.
To determine the best-fitting isotherm, the experimental equilibrium data were analyzed using eight
adsorption isotherm models with two and three parameters. Four two-parameter equations, namely
the Langmuir, Freundlich, BET, and Temkin, and four three-parameter equations, namely
the Redlich-Peterson, Sips, Toth, and Dubinin- Astakhov were used. To evaluate the adequacy
of the fitting of the isotherm models, the average relative error was calculated. Furthermore, Henry's law
constant for evaluating the adsorption affinity of CO, on the adsorbent was estimated by the Virial
model. The results showed the modified pumice demonstrated better adsorption at the temperature
of 298 K. Its adsorption capacity (0.510 mmol/g) was almost twice as much as that of raw pumice.
The Freundlich model, in comparison with the other two-parameter models, and the Sips model,
compared to the other three-parameter models, showed the best correspondence with CO;
adsorption’s experimental data, with average relative errors of less than 3% observed at all
temperatures. The results suggest that the amount of E (kJ/mol) (the characteristic energy of
adsorption D-A isotherm) at 298K and 328K was lower than 8, which indicates the domination
of the physical adsorption mechanism in the process of CO; adsorption on modified pumice.
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INTRODUCTION
Global warming, which stems from the increase in the the earth’s ecosystem are amongst the biggest challenges
emissions of greenhouse gases, and its consequences for mankind is facing in the twenty-first century. Due to
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industrialization, carbon dioxide (CO2) emissions account
for around 60% of the effects of global warming [1,2].
Thus, it is necessary to develop and implement new and
efficient technologies in order to reduce CO; emissions,
and there have been good efforts to do so through carbon
Capture and Storage (CCS) [3,4]. Several studies have
been conducted on the separation processes of CO, and they
have resulted in methods such as chemical absorption [5,6],
adsorption [7,8], and membrane technology [9,10].
In the large-scale separation of CO, from the gas flow,
the process of adsorption, due to its many advantages,
is of particular interest. The advantages include: “low cost,
low regeneration energy, ease of handling, fast kinetics,
high CO; capacity and selectivity” [11-13]. A wide range
of adsorbents has been examined, characterized
by both physisorption and chemisorption mechanisms [14].
Zeolites, carbonaceous materials, metal-organic frameworks,
amine-based solid adsorbents are amongst the suitable
adsorbents for CO, which have been studied [15,16].

Despite the use of numerous materials as adsorbents
for CO, capture, their commercial use in industries is
costly. An ideal adsorbent should enjoy high adsorption
capacity, selectivity, and stability. It also needs to be cost-
effective and easy to regenerate. Considering the fact that
the adsorption stage accounts for the largest share of costs
(70%-90%) in CCS, at the moment, identifying natural
adsorbents, which are inexpensive and eco-friendly, and
not in need of complex synthesis processes is crucial
to the development of CCS [17].

The application of pumice in academic research
in the area of environmental engineering could be divided
into three categories of water and wastewater, waste, and
air treatment. A significant share of the research conducted
is into water and wastewater treatment. It includes
the efficient use of pumice to remove water hardness and
pollutants such as heavy metals and colors[18]. The studies
on the use of pumice in the area of air pollution are rare.
Two examples of such studies would be the one concerned
with removing VOCs using natural materials during
composting of poultry litter in 2009 and the one which
involved the examination of ethylbenzene adsorption
using a method called Catalytic Ozonation Process
in 2017[19, 20]. This rock is inexpensive and easy to
access throughout the world and could reduce the process
costs considerably. The cellular structure of pumice
(porous surface and irregular structure), large surface area,
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high porosity (90% on average), and containing -OH
groups, make this igneous rock a suitable choice for
the adsorption process[21].

In choosing additives for the purpose of modifying
the surface of pumice, the constituents of the adsorbent,
economic and environmental considerations of the
additive, and the modification process, and the final
product should be taken into account. Silica is a highly
porous solid that is a good choice for modifying chemical
compounds to increase the rate of CO; adsorption and has
been extensively studied [22, 23]. According to the fact
that more than 50% of pumice is made of silica, a method
of modification using well-explored amine [23] could lead
to favorable results in terms of the improvement of pumice
adsorption as the base matter. Research suggests that
the best amine compound for the selection and adsorption
of CO; is TEPA[23]. Thus, in this study, pumice and
TEPA were chosen as the base matter and the modifying
additive, respectively. For and adsorption process
to be applied in industries, cyclic adsorption should be
considered.

Cyclic adsorption processes such as Pressure Swing
Adsorption (PSA), and Temperature Swing Adsorption (TSA)
have grabbed attention. PSA and TSA are cyclic
adsorption processes with changes in temperature and
pressure during adsorption and desorption. In general, the
effectiveness of an adsorbent is defined in terms of its
capacity, mechanical resistance, sensitivity to regeneration
cycles, and reusability [24]. For and adsorption process
to be applied in industries, cyclic adsorption should be
considered. PSA and TSA are cyclic adsorption processes
with changes in temperature and pressure during
adsorption and desorption [25]. PSA is used to separate
and purify gases and is an economical replacement for
traditional adsorption processes. The main feature of this
process is the swing between adsorption and desorption
following the increase and decrease in pressure,
respectively. The effectiveness of PSA depends on the
number of adsorption beds, the size of beds, layers, and the
structure of the cycle. In practice, a Cyclic Steady State (CSS)
is needed for PSA[26].

A normal TSA consists of two adsorption columns
with a fixed bed and performs between two various
temperatures. While the adsorption process is being done
in a column, in the other one regeneration is happening.
In the first stage of regeneration, the gas is heated up and
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at the end of desorption, the bed cools down (adsorption,
desorption, and cooling down). Every TSA process gets
close to a cyclic steady state. In this state, conditions at the
end and beginning are the same[27].

However, one of the most important characteristics
of evaluating an adsorbent is its capacity. Adsorption
isotherms[14, 28], which can give information about the
adsorption capacity, adsorption mechanism, and the
quantitative distribution of the adsorbate on the adsorbent,
are used as an essential method to predict and compare the
process of adsorption. As a result, the optimization of
adsorption mechanisms and efficient design of adsorption
systems becomes possible [29-31].

Modeling of the equilibrium experimental data on the
adsorption of CO, on various adsorbents is very important.
Therefore, over the past years, several studies have been
conducted in this regard. Serafin etal. [16] , Adeloun etal .[32],
Singh et al. [33], and Rashidi et al. [34] drew on two- and
three-parameter isotherms for the adsorption of CO; on
Activated Carbon (AC). Adeloun et al. tested Langmuir,
Freundlich, Dubinin-Astakhov, Temkin, Redlich-Peterson,
Sips, and Toth isotherms and found that
the molecules of CO; bind onto the heterogeneous surface
of AC in a monolayer pattern” and, also that Redlich-
Peterson model best fitted the experimental data [32].
In a study carried out by Rashidi et al. on commercial
Norit® SX2 AC as an adsorbent, the Freundlich isotherm,
in comparison to Langmuir, Dubinin-Astakhov, and
Temkin models, was shown to perfectly fit the data from
experiment [34]. Moreover, Serafin et al. used the
equations of Langmuir and Dubinin-Astakhov for the
adsorption of CO, on AC [30]. In addition, Chowdhury et al.
experimented with the adsorption of CO, on graphene
under high and low and concluded that the Toth model was
the best option [35]. Furthermore, Noorpoor et al. used
equilibrium modeling to explain CO; adsorption on UiO-66
and grapheme oxide composite. They coupled Langmuir,
Freundlich, BET, Toth, Dubinin-Astakhov, and Maxwell-
Stefan models with vacancy solution theor y[31].

Thus, the main purpose of this study was to investigate,
for the first time, CO, adsorption behavior on amine-
modified pumice. To do so, eight isotherm models were used,
namely the two-parameter models of Langmuir,
Freundlich, BET, and Temkin, as well as the three-
parameter models of Toth, Sips, Redlich-Peterson, and
Dubinin-Astakhov. The goal was to find the best isotherm
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equilibrium model with the lowest mean relative error
between the model and the experimental data of CO;
adsorption.

THEORETICAL SECTION
Equilibrium modeling of CO2 adsorption on raw and
modified pumice
Langmuire isotherm model

The Langmuir isotherm model was defined as the most
basic model for describing the monolayer adsorption
on a homogeneous surface [36]. The Langmuir equation
is based on the following assumptions:

- The adsorbent’s surface is homogeneous;

- There is no interaction between the adsorbed
molecules;

- Molecules are fixed in their places;

- Only one layer of molecules are involved in the
process of adsorption;

- The adsorption system is in equilibrium; and

- The adsorption energy remains stable and unchanged
on each site[1, 37].

Eqg. (1) shows the Langmuir isotherm model:

q= quLP
(1+KLP)

M

Where g (mmol/g) is the amount of CO, adsorption,
gm (mmol/g) is the maximum monolayer adsorption
capacity of the adsorbent, P (kPa) is the CO; equilibrium
pressure and K. (1/kPa) is the Langmuir equilibrium

constant or the affinity constant[38].

Freundlich isotherm model

The adsorption of molecules on homogeneous surfaces
is not very common [37], so it is necessary to have a model
to describe non-ideal, reversible, and multilayer adsorption
on heterogeneous surfaces. The Freundlich isotherm
is the most famous model used to describe such adsorption
processes. In this model, the adsorption energy is
significantly decreased due to the drop in the number
of available adsorption sites[29,37]. This model is shown
in Eq. (2):

q=K, P/ 2

Where g (mmol/g) is the capacity of adsorption of CO;
by the adsorbents, Ky is the constant of the Freundlich
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isotherm (mmol/g atm'™), P (kPa) is the CO, equilibrium
pressure and n is the heterogeneity factor that represents
the deviation of the linearity of the adsorption [1,37].

BET isotherm model
In gas-solid systems, which are in equilibrium, in order to
describe monolayer and multilayer adsorption, the BET
model is used. In this model, it is assumed that the
adsorption heat is the same on different layers and equals
the condensation heat [29]. Eq. (3) shows the BET
isotherm:
d, ‘Kg P
o i TH B
(P=Py)[ 1+ (Kg=1)] —[|
L (Po J]

Where g (mmol/g) is the amount of CO;, adsorbed,
gp (mmol/g) is the maximum loading of CO; into the surface
of the adsorbent, P (kPa) is the CO; equilibrium pressure,
P, (kPa) is the adsorbate monolayer saturation pressure and
Ks (1/kPa) is the BET adsorption isotherm constant [29,39].

Temkin isotherm model

Another isotherm model helping us to explain
adsorption on heterogeneous surfaces is the Temkin
model. The Temkin model takes into consideration the
indirect effects of the interactions between the adsorbate
and the adsorbent during the process of adsorption [30].
The adsorption heat (AHags) in each layer decreases
linearly. The reason for this decrease is the coverage between
the adsorbate and the adsorbent [30,40]. The Temkin
isotherm is given below:

q :Eln K,C, (@))]
.
Where B=RT/b with b (Jmol) and Ky (1/atm)
as the Temkin constants, T(K) is the temperature and
R (8.314 J/mol K) is the universal gas constant[40].

Toth isotherm model

The Toth isotherm model is another experimental
equation developed to modify the Langmuir isotherm
model by reducing the gap between the predicted and
experimental data of the adsorption equilibrium. This
model, which is valid for the highest and lowest
boundaries of concentration, is useful for systems of
heterogeneous adsorption at all pressures. t in this model
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signals the heterogeneity of the surface. If t=1, the Toth
model turns into the Langmuir model[1, 37]. The Toth
model is shown below:

@ =————7 ©)
(1+(keP)")

Where q (mmol/g) indicates the amount of adsorbed
CO2, gs (mmol/g) is the saturation loading, P (kPa)
is the equilibrium pressure of CO; Ky (1/kPa) is
the Toth isotherm’s constant which describes the tendency
of CO; to be adsorbed on the surface of the adsorbent,
and t is the parameter signaling the heterogeneity
of the adsorbent [29].

Sips isotherm model

This model is a combination of the Freundlich and
Langmuir isotherms and is effective for predicting the
adsorption process on heterogeneous surfaces. Therefore,
it has successfully dealt with the limits, in Freundlich
model, regarding the rise in the concentration of the
adsorbate. When the concentration of the adsorbate is low,
this model is reduced to the Freundlich model and when
the concentration is high, the model predicts the monolayer
adsorption capacity of the Langmuir isotherm. The
operational ~ conditions  (pH, temperature, and
concentration) affect the parameters of the equation of this
isotherm mode 1[41,42]. The following formula presents
the Sips isotherm model:

K.’

(6)

q, =

1- aSCE

Where Ks (1/Lg) and as (1/Lg) are Sips isotherm
constants and B is Sips isotherm exponent[30].

Redlich-Peterson isotherm model

The three-parameter Redlich-Peterson model is the
combination of the two models of Langmuir and
Freundlich. This isotherm model has mixed elements from
Langmuir and Freundlich equations and, therefore, follows
the mechanism of mixed adsorption and cannot follow
the ideal monolayer adsorption. In this model, in order
to show the adsorption equilibrium over a wide range of
pressure, there exists a linear dependence on the pressure
value in the numerator and the denominator is an exponential

function [30,43].
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AC

-— (7)
1+BC,

Where A and B are Redlich-Peterson isotherm
constants (1/Lg), C. is equilibrium liquid-phase
concentration of the adsorbent (mg/L), 8 (an exponent
which lies between 0 and 1), and q is equilibrium adsorbate
loading on the adsorbent (mg/g) [30].

Dubinin-Astakhov isotherm model

The isotherm model of Dubinin-Astakhov is an
experimental model which is used to model the adsorption
equilibrium of a range of gases and vapors on
heterogeneous carbon-based adsorbents. The model’s
performance relies on the mechanism of micro-pore
volume filling. Three very important parameters in this
model are:

- The characteristics energy (E),

- The limiting volumetric adsorbate uptake (qg.), and

- The adsorbent surface-structural heterogeneity
parameter (n),

Which are estimated through linear regression analysis
of the isotherm’s data, to ensure the best fit [33,44].
The equation of Dubinin-Astakhov is presented here:

[ ™
q—qdexp|KDA[Ln(i\j | (8)
PoJ) |
Where g (mmol/g) is the amount of adsorbed CO,,
ga (mmol/g) is the isotherm’s maximum capacity, P (kPa)
is the equilibrium pressure of CO,, Po is the adsorbate
saturation pressure (kPa), and Kpa is the constant of the
Dubinin-Astakhov model. In addition, R, T, and E are the
universal gas constant (8.314 J/mol.K), the absolute
temperature (K), the isothermal work (J/mol) needed to
compress the gas from the pressure of equilibrium (P) to
its saturation pressure, (Po), respectively [29].

Error analysis

In this study, following the common approach in
previous studies, the Average Relative Error (ARE) was applied
to find the model which has been had the best fitting
with the experimental isotherm data [44,45]. This function
aims to minimize the distribution of fractional error and its
formula is:

Omeas ~ Ycalc

100 "
ARE =—%
n

©)

i=1 qmeas
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Where n is the number of experimental data, Qmeas
(mmol/g) is the amount of CO, measured, and (caic
(mmol/g) is the amount of adsorbed calculated using
the isotherm model[29].

Henry's law constant (adsorption affinity evaluation)

Henry’s law constant is an essential parameter in
adsorption studies, which shows the attraction of the
adsorbate to the adsorbent[46]. This value is determined
by calculating the slope of the adsorption isotherm at zero
load. The constant is shown below[29]:

o (ﬂ\z_ (dq)
K, = lim PAOLpJ lim PQOLdpJ (10)

Where Ky (mmol/gKPa) is Henry's law constant and
g (mmol/g) is the adsorption capacity loading [29].

In this study, to estimate Henry’s law constant for the
adsorption of CO2 on pumice, the Virial model was used,
because of the high level of accuracy, it can grant. It can
be seen below:

3
exp[2A|q+;A2q2+A3q3+”'j (11)

Where A1,A2As, are the virial model coefficient.
A polt of In(p/q) versus q represents the axis linearly with
slope 2A; and intercept —In(Kn) [29].

EXPERIMENTAL SECTION
Adsorbent characteristics

In this study, for the first time, pumice rock (Gharveh
mine in Iran) was used as an adsorbent. The pumice
surface was modified with the chemical compound
tetraethylenepentamine (TEPA). To evaluate the structure
of pumice was used X-Ray Diffraction (Philips-Xpert Pro)
device in the XRD test. To measure the amount of
adsorption and desorption, liquid nitrogen at 77 K (BET
test) was used along with the Microtrace Belsorb Mini 11
device at the preparation conditions of 120 degrees
Celsius. Also, to examine the surface and microstructure
of inner layers of pumice at the micro- and nano-
dimensions, the Scanning electron microscope SEM
(LEO1450 UP) was used. Moreover, the Perkin-Elmer
Spectrum one FT-IR spectrophotometer was used to
examine the molecule structure, and to identify carbon
compounds and modifier groups. The capacity of pure CO;
adsorption on the three samples of raw adsorbent (natural)
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was studied using Microtrac Belsorp-max (Made in Japan).

Modification of pumice surface with the chemical
compound of (TEPA)

In 2003, Xu et al. offered a method for the
modification of the surface of silica adsorbents using
amine compounds (Tetraethylenepentamine), which
became common[47, 48]. Although pumice contains SiO;
(more than 50%), because of its natural structure, the
common method cannot be used to make bonds between
its surface and amine compounds. Thus, in this study,
a new synthesis method is presented. In this method,
0.01 moles of 2-(3,4-Epoxycyclohexyl) ethyltriethoxysilane
equal to 2.88 grams (to improve adhesion) and 0.01 moles
of Tetraethylenepentamine equal to 1.89 grams were
mixed inside 50 cc beaker containing 10 mL of
isopropyl amine with Oxirene. The solution was added at
a weight percent of 6, as the modifier of pumice. The
method involved adding three 10-gram samples of pumice
powder were put in three different containers, then 10
milliliters of the solution of water and ethanol at 1:10
volume percent was added and the modifier at
the mentioned percentages was added to the beaker while
the mixture was being stirred. The content of the beaker
was in contact and stirred with ammonia (0.01%) for one
hour at the temperature of 60 degrees Celsius. The
sediments were poured on filter paper and were washed
by 60% ethanol three times and were completely dried
in a vacuum oven for 4 hours at 60 degrees Celsius.

Determination of CO2 adsorption capacity

At first, the capacity of pure CO, adsorption on the
sample of raw adsorbent (Pumice) was studied using
the Belsorp-max device. Adsorption isotherms were measured
at the pressure range of 0 to 1 (Bar) and 298K. The purity
of CO, was 99.99%. The adsorption capacity of Pumice
modified by 6% TEPA, according to the variable
temperatures in the flue gas from industries, was measured
at 298, 328, and 348K.

Equilibrium isotherms

To determine the best-fit isotherm, the
experimental equilibrium data were analyzed by eight
adsorption isotherm models with two and three
parameters. Two-parameter isotherms used in this
study were included, the Langmuir, Freundlich, BET,
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and Temkin and three-parameter isotherms were
including, the Redlich-Peterson, Sips, Toth, and
Dubinin-Astakhov.

Error functions

The Average Relative Error (ARE) was applied to find
the model which had the best fitting with the experimental
isotherm data.

The adsorbent's Cost index

The adsorbent's Cost index was calculated through
Eqg. (12) [49].
Adsorbent cost = (12)

[Chemicalpurchas cost(US$)+ Energy cost(US$)}

Adsorbentcapacity (mmol/g)

RESULTS AND DISCUSSION

The chemical properties of Pumice are presented
in Table (1). The constituents of natural pumice are most
often silica (SiOz) and aluminum oxide (AlOs), with
values of 54.51 and 16.42 percent, respectively.

The results of the sample pumice’s XRD test are shown
in Fig. 1. In these results, which belong to pumice from
Maragheh, the crystal phase can be seen when 26 = 23,
25.5,28.5, 31, 32.5, 33, and 41.5[23]. The sample contains
crystals such as quartz and albite.

The FT-IR spectrum provides us with information
on functional groups, their molecular geometry, and
intermolecular reactions. In Fig. 2, the FT-IR spectrum
for pumice is shown. The wavelengths are between
500 and 4000 cm?. In this sample, the wavelengths of
1033 cm?, 1037 cm'?, 1048 cm*, 461 cm™*, and 780 cm-
! are related to the characteristics of SiO4 group and
the reason for them is the symmetric stretching
vibration in Si-O-Si. In other words, the wavelengths
indicate the bond between silicon and oxygen
compounds. The wavelengths of 3479 cm™, 3478 cm',
and 3633 cm™ are related to the H-OH-OH bonds.
The bending vibration of H-O is shown in 1639 cm!
and 1641 cm™? wavelengths [50-53]. The pumice
modified with TEPA (6%) exhibited changes in the
wavelengths of 2000-4000 cm™, but no wavelengths
representing the composite band between oxygen and
silica were changed.
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Table 1: The chemical properties of Pumice

A|203 CaO MgO TlOZ F6203

MnO SOs P20s Na,O K20 Sro Zn0O

D)

16.42 3.48 2.54 0.37 3.32
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Unit (%) | 54.51
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Fig 1: XRD pattern of natural pumice stone.

The morphology of pumice was observed by
a Scanning Electron Microscope (SEM) and is given
in Fig. 3. In the pumice sample from Maragheh,
the amorphous structure of lamella is divided into uneven
phases and bonds, which reveals the extruded nature of
matters with evenly spread pores [54].

The BET results of powdered pumice in the sample
from Maragheh’s pumice mine were acceptable, and this
was approved in the adsorption test too. In general, after
grinding, the specific surface area increased from 40.426 m?/g
to 45.947 m?/g. However, the amount of porosity
decreased from 0.1179 cm®/g to 0.0198 cm?/g. As is shown
in Fig. 4, the sizes of pumice particles before and after
grinding are 150 and 20um respectively.

According to the results of the study, at the temperature
of 298 K, modified pumice demonstrated better
adsorption. Its adsorption capacity (0.510 mmol/g) was
almost twice as much as that of raw pumice. In comparison
to some of the modified mineral adsorbents like Kaolinite
and Bentonite, with adsorption capacities of 0.068 mmol/g
and 0.204 mmol/g, respectively, and also ZSM5, with
the adsorption capacity of 0.159 mmol/g, the adsorption
capacity of pumice was higher than that adsorption
capacity [55]. The capacities of Bentonitic materials
on which surface was modified with acid in four samples
of M1f, M4f, M4f-3, and M4f-6 were 0.28 mmol/g,
0.244 mmol/g, 0.431 mmol/g, and 0.445 mmol/g,
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respectively [56]. All of the adsorption capacities are lower
than the amount estimated in this study.

Fig. 5, compares the results for CO, adsorption
between raw pumice at 298K and amine-modified pumice
at three different temperatures. Table 2 presents the statistical
correspondence between the experimental data on the
adsorption of CO; on modified pumice at three different
temperatures of 298K, 328K, and 348K, in terms of their
two- and three-parameter isotherm models and the
estimations of Average Relative Error (ARE).

Using the theoretical gmax, the results indicated that
from among the three-parameter isotherm models, the Sips
model at 298K and 328K enjoyed the closest
correspondence with the experimental data. The Sips
model’s value at 348K was also reasonable.

In addition, among the two-parameter models,
the Freundlich model yielded acceptable results in relation to
the experimental data. It could be concluded that CO; is
in contact with the heterogeneous surface of pumice,
which provides uniform distribution of the adsorption
energy. In general, three-parameter isotherms showed
better correspondence with experimental data on the
adsorption of CO,, in comparison with two-parameter
equilibrium isotherms.

In Langmuir isotherm, K. (1/KPa) is the constant of
the model and shows the adsorption energy and the
tendency of gas molecules to be adsorbed on the adsorbent.
The less this constant is, the less the amount of maximum
adsorption of gas molecules on the adsorbent will be[31].
Based on the results, the amount of K_ at the three
temperatures of 298K, 328K, and 348K was 7.45, 3.97,
and 3.92 (1/KPa), respectively. As the constant decreased
at higher temperatures, the capacity of CO, adsorption
on pumice also went down.

The Freundlich constants are Kg (mmol/g atm*™),
which indicates the adsorption capacity, and n, which is
the heterogeneity factor. A high value for ns = 1/n results
in higher adsorption capability, as well as higher
heterogeneity degree[32]. If Kg falls between 0-20,
adsorption could be promising. The current study showed
that Kr at three different temperatures equaled 3.20, 2.51,
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Fig. 4: Pumice particles 'size before grinding (a) pumice particles 'size after grinding (b).

and 2.38 (mmol/g atm'"), respectively. If the amount
of n is above 1, it shows that the model is suitable for the
adsorption, and as it is seen in Table (2), the amount of n
at all three temperatures was above 1.

The results regarding BET model at 328K and 348K
were disappointing, so the model was ignored. In Temkin
isotherm, the assumption is that if the adsorption sites

Research Article

increase, the gas is adsorbed in a linear manner. Temkin
isotherm equilibrium binding constant (Kt) provides us
with information about binding energy. According to the
findings, at 298K, the highest amount was yielded.

g is the maximum adsorption capacity in the Toth model
and is estimated to be at its highest at 298K (14.5 mmol/g).
t is an estimation for the adsorbent’s heterogeneity.
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Table 2: Comparison of two-parameter and three-parameter isotherms for different temperatures

/ Tow- parameter isotherm 298K 328K 348K Three- parameter isotherm 298K 328K 348K\
Langmuir Redlich-Peterson
q max 0529 | 0.481 0.427 A 460255 | 7864.2 8.948
Ko 7453 | 3.975 3.920 B 46.419 19405 24.176
(ARE)% 9.429 | 6.025 10.196 B 0.483 0.602 0.642
Freundlich (ARE)% 4232 0.336 8.67
K¢ 0.495 | 0.405 0.359 Sips
N 3201 | 2515 2.383 Ks 0.097 0.414 0.536
(ARE)% 2507 | 0.336 5.314 B 0.080 0.403 0.537
Temkin as 0.807 -0.022 -0.516
br 26003 | 26257 | 36929 (ARE)% 0.341 0.357 2.47
Ar 144.82 | 57.59 125.31 Toth
(ARE)% 56.60 | 56.80 60 as 14.526 10.084 4.549
BET Kr 9450 55.507 21/109
b 0.518 T 0.0996 0.1399 0.179
Ks 498.87 (ARE)% 3.275 1.076 1.637
(ARE)% 9.21 D-A
Qa 1401.2 2.019
Koa 5.982 0.374
M 0.198 1.022
\_ (ARE)% 250 216 J
5 0.6 — The magnitude of the heterogeneity of the adsorbent shows
B 5| ek - the mobility of and interactions between the adsorbed gas
§ 348K a ° molecules on the adsorbent. It also accounts for
= 298K Raw ® . . .
S 04 " —_ the binding tendency of the adsorption sites to adsorb
Q. .
s 0.3 = s N . the molecules of the target gas [42]. The results of this
c
S J v *n " study showed a value less than 1 for t at all three
o
5 02fe oW temperatures.
w
s 01l = The maximum adsorption capacity in the Sips isotherm
S b model at 348K was estimated. If the heterogeneity factor
0 . .
0 02 04 06 08 1 (1/n) is less than or equal to 1, it is concluded that

Pressure (bar)
Fig. 5: comparison of the results for CO2 adsorption between

raw pumice at 298K and amine-modified pumice at 298K,
328K, and 348K.
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the surface is homogeneous. In D-A model, if the fitting
parameter’s value is less than 2 (m<2), the gas molecules
are adsorbed on a heterogeneous adsorbent. Based on this
model, the isothermal work (E) is defined in terms
of the work which is required for compressing gas from its
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Fig. 6: Nonlinear fit of 2 parameters models to the experimental
CO:z equilibrium data of modified Pumice adsorbent in 298K.
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Fig. 7: Nonlinear fit of 3 parameters models to the experimental
CO2equilibrium data of modified Pumice adsorbent in 298K.

equilibrium pressure (P) to the saturation pressure (Po).
The results suggest that the amount of E at 298K and 328K
was lower than 8, which signals the domination of the
adsorption mechanism in the process of CO, adsorption on
modified pumice[32, 42]. However, at 348K, the value of
E was estimated to be 12.402 (kJ/mol), which implies that
other absorption mechanisms might be at work as well.
It should be noted that at 348K, the three-parameter D-A
model was not favorable, so they were ignored.

The results of the fitting of experimental data with the
two- and three-parameter isotherm models at 298K, 328K,
and 348K are shown in Figs. 6 to 11.

Examining the value of Henry’s law constant in raw
pumice 298K, in comparison with modified pumice
at the three different temperatures, demonstrated that
Henry’s law constant was higher in the modified adsorbent
than in the raw adsorbent.
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Fig. 8: Nonlinear fit of 2 parameters models to the experimental
CO:z2 equilibrium data Of Modified Pumice adsorbent in 328K.
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Fig. 9: Nonlinear fit of 3 parameters models to the experimental
CO:2 equilibrium data of modified Pumice adsorbent in 328K.

The highest amount of Henry’s law constant for
modified pumice was at 298K, which was calculated
to be around (13.59 mmol/g bar). Fig. 12, shows
the correlation between temperature increase and Henry’s law
constant.

The results of error analysis, using the estimations of
Average Relative Error (ARE), are given in Table 2. The
results signify that from among two- and three-parameter
isotherm models, the Freundlich model, and Sips model, at all
three temperatures, showed closer correspondence with
experimental data on CO- adsorption on modified pumice
(ARE<3). Asitcan be seen in Table 3, modified pumice's cost
index is lower than those of other synthesized adsorbents.

CONCLUSIONS

In this study, the experimental data on CO; adsorption
on natural pumice, and amine-modified pumice were compared.
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Table 3: Comparation cost index between modified pumice and some synthesized adsorbents.

Pressure (bar)

Fig. 10: Nonlinear fit of 2 parameters models to the
experimental CO: equilibrium data of modified Pumice
adsorbent in 348K.
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Fig. 11: Nonlinear fit of 3 parameters models to the
experimental CO: equilibrium data of modified Pumice
adsorbent in 348K.

In addition, the results were examined using 8 isotherm
models and error analysis.

According to the results, the adsorption capacity in
amine-modified pumice was twice as much as that of raw
pumice. It proves the effect of TEPA coverage on the
surface on the better performance of the adsorbent.
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4 Chemicals purchase Energy cost CO, adsorbent capacity Adsorbent preparation N
Adsorbent Ref.
cost (US$) (US$) (mmol/g) cost (US$/mmol/g)
Fe;04-rGO 14.410 0.005 2.500 5.766 [57]
GO-Ui0-66 29.679 0.032 3.370 8.818 [58]
GO-ZnO 21.663 0.032 1.940 11.183 [59]
N-doped rGO-Zn 43.048 0.308 3.310 13.098 [60]
Modified Pumice 1.48 0.015 0.51 2.93 This study
N /
0.4
§ === Experimental (mmol/g) 16
o 0.35 Langmuir —
E W Freundlich _‘E 14 [ ]
E 03 Temin 5,
2 3 y= A+ T3
g 025 £ 10 Re=08502
g £
g 02 = 8
g g
£ o015 g
o c 6
S 0.1 8
g 2 ¢
< o005 c
o T 2
O 0
0 0.2 0.4 06 0.8 1 0

290 300 310 320 330 340 350 360
Temperature (K)

Fig. 12: Relationship between increasing temperature and
Henry's low constant.

The Freundlich model, in comparison with the other
two-parameter models, and the Sips model, compared
to the other three-parameter models, showed the best
correspondence with CO; adsorption’s experimental data.
Overall, the results indicated that three-parameter models
had closer correspondence with experimental data than
their two-parameter counterparts did. The CO, adsorption
capacity on modified pumice at 298K was higher than
the capacity at 328K and 348K. It means the adsorbent
performs better at lower temperatures. Additionally,
the amount of E (kJ/mol) implies the domination of
the physical adsorption mechanism in the process.

Based on Henry’s law constant, CO; at 298K is most
likely to be adsorbed on modified pumice adsorbent.
It approves the experimental findings of the adsorption
capacity.

One of the important factors in the commercialization
and industrial applications of any sorbent is the absorption
cost index, which includes the price of chemicals and
the energy required to manufacture it. Although research
on CO; adsorption capacity obtained from amine-modified
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pumice adsorbent (0.510 mmol/g) is lower than some
synthesized adsorbents, the cost of manufacturing this
adsorbent was negligible compared to other adsorbents
that justify is its commercial use.

Received : Dec. 3, 2019 ; Accepted : May 4, 2020
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