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ABSTRACT: The main objective of this research is to investigate the adsorption isotherms and the optimization of the carbon
dioxide (CO,) adsorption process on activated carbon (AC). The AC has been characterized by X-ray diffraction, scanning electron
microscopy, and nitrogen (N,) adsorption—desorption. The CO, isotherms measured under three adsorption temperatures (318,
308, and 298 K) were investigated by the Langmuir and linear driving force model. It is found that the Langmuir model could well
predict the adsorption behavior of AC with a correlation factor of about 0.99. The kinetic model shows that the amount of CO,
increases at higher pressures. The response surface methodology (RSM) was applied to investigate the effects of process variables
and their interaction on the response to reach the optimal conditions. Based on the analysis of variance, pressure and temperature
are the main factors influencing the CO, adsorption capacity. The effective parameters obtained through this model are found to
have a value of p < 0.05. In addition, a semiempirical correlation was developed under the optimal operating conditions which are 25
°C and 9 bar. The results indicated that RSM models provide an effective method for evaluating CO, adsorption. These results point
that AC is a potential adsorbent for CO, capture.

1. INTRODUCTION particle diffusion. Khajeh and Ghaemi et al. (2020)" worked
Carbon dioxide rejected into the atmosphere by human CO, adsorption by nano clay mont morillonite and found that
activities is considered the main cause of global warming.1 CO, capacity was 100.67 mg/g. Khoshraftar and Ghaemi et al.
Many strategies have been used to reduce carbon dioxide in (2022)16 investigated the CO, adsorption on AC produced
the environment, mainly carbon capture and sequestration.” from pistachio shells and modeled the adsorption isotherms
Adsorption is the most used technique for gas separation with the neural network (ANN). As seen previously, different
among other techniques such as the absorption, membranes, parameters such as adsorption capacity, pressure, and temper-
and cryogenics.” Therefore, the development of an adsorbent ature can affect the adsorption mechanism. In addition, the

with high adsorption efficiency is crucial for a good adsorption
performance.” Some adsorbents have been developed for CO,
adsorption including zeolite, metal oxides, meso porous silica,
and activated carbon (AC).” Among these adsorbents, AC is
classified as an effective adsorbing material in the gas treatment
process owing to its greater adsorption ability and low cost.” In
recent years, the kinetics and adsorption isotherms have been
crucial factors to evaluate the performance of gas storage,

impact of these variables was investigated as being independent
or constant. To remove the limits and flaws of the present
methods, it is important to enhance the effective elements with
response surface methodology (RSM).

In this paper, AC prepared from olive waste was used as an
adsorbent for carbon dioxide capture. Various methods such as
X-ray diffraction (XRD), scanning electron microscopy

separation, or purification systems based on the adsorption (SEM), and Brunauer—Emmett—Teller (BET) have been
process. For these, Mehra and Paul et al. (2022) studied the used to identify the properties of the AC. A regression
CO, adsorption on five carbon nanomaterials. Mashhadimo- equation model was constructed and then optimized using the
slem et al. (2021)° measured and modeled the CO, adsorption RSM. The RSM was used to evaluate the effect of CO,
on different biomass with artificial neural networks. Gautam adsorption capacity as the response function, based on
and Sahoo (2022)” compared various ACs as adsorbents to temperature and pression as independent variables. The
capture CO, from ambient air. Zhang et al. (2010)"” analyzed adsorption experiments provided by Langmuir isotherm data

the CO, adsorption kinetics on AC at different pressures and
temperatures with the linear driving force (LDF) model.
Balsamo et al.'" investigated the dynamic of CO, adsorption

and kinetic curves were investigated.

onto AC. Jribi et al. (2017)"* studied the CO, adsorption Rec?ived: April 20, 2023
kinetics on AC with the modified LDF equation. Liu et al. Revised: - December 14, 2023
(2012)"° found that the adsorption kinetics of CO, on amine- Accepted: December 19, 2023

functionalized carbon nano tubes are governed by intra particle Published: December 29, 2023

diffusion. Teng et al. (2017)"* observed that CO, adsorption
on MCM-41 is influenced by both in-film diffusion and intra
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2. ADSORBENT CHARACTERIZATION

Olive waste is an agricultural residue produced mainly in the
Mediterranean countries such as Tunisia, which is one of the
main producers of olive oil (Figure 1)."”

Figure 1. Tunisian olive waste.

This waste causes many environmental problems to
countries producing olive oil, and this is a good way to
increase its value by recycling it. Due to its availability and cost,
this material is widely used in the production of AC."

The AC used in this work is prepared from olive wastes with
chemical modifications.'® The CO, adsorption was measured
at different temperatures with a Nova 4200e static volumetric
analyzer (Quantachrome). The functional groups of the
sample were characterized by FTIR spectrometer Vertex 7.
The morphologies were examined on a Thermo Fisher FEI
Q250 scanning electron microscope. XRD patterns were
conducted with a Philips MPD1880-PW1710 diffractometer.
N, adsorption—desorption isotherm was made with a Micro-
meritics 3-Flex. BET analyses were predicted to determine the
surface and the pore sizes.

3. ADSORPTION MODEL

The experimental adsorption isotherm was modeled by the
Langmuir model. This model was considered the most suitable
for monolayer adsorption and for depiction of the homoge-
neous surfaces. It is employed for the chemical and physical
adsorptions and is one of the most popular methods for

implicit adsorption. It is given by the following equation'®
- Kip
1 q“‘l + Kip (1)

where q,,, g, K;, and p present the CO, maximum capacity
(cm®/g), the CO, adsorbed amount (cm®/g), the Langmuir
constant, and the equilibrium pressure (bar).

The validity of the adsorption isotherms is confirmed by the
value of the correlation coefficient (R?) and the normalized
standard deviation (AQ), which is established as following
equation

§ -Q. ./ 2
> (QexP Q. Qexp) < 100
n (2)

AQ@@=J
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where Q.,, means the experimental adsorbed quantity, Q. is
the calculated adsorbed amount, and # is the data point
number of the adsorption isotherm.

4. KINETICS MODEL

Many models are used to describe the adsorption kinetics of
different gases on various adsorbents. The first model that
takes into account adsorption rate as a function of adsorption
capacity is the pseudo-first-order equation suggested by
Lagergreen.'” Nevertheless, the most used model to depict
the adsorption rate of CO, was the LDF model. This model is
expressed by the following equation'®

9q *
i S -
ot eff(q ‘1) (3)
The integral equation was written as following
9 -4
In( o ] = _kefft
q ©

where g presents the CO, amount at time ¢, g* is the CO,
amount adsorbed at the equilibrium, and k. was the mass-
transfer constant.

The activation energy (Ea) is determined using the

Arrhenius formula'”
Ea
kg =Aexp| — —
off XP( RT) (s)
This equation can be express in the following"®
Ea
In kg =InA - —
o RT (6)

where E, represents the Arrhenius factor, A is the Arrhenius
activation energy, and R is the gas constant.

5. RESPONSE SURFACE METHODOLOGY

In the past few years, the RSM was widely used by the
scientists. The RSM is designed to optimize the response
variable through a mixture of statistical and mathematical
approaches. This approach is used to analyze and model
problems where the response variable can be influenced by
different independent variables.”” The response parameters are
estimated within a defined range.”’ In the RSM optimization,
the input variables are determined as an independent variable.
Eq 7 yields the dependence of a response which is stated in
terms of the response (Y), the input variables (X), and the
error function (&)."°

Y=f(X, X,, ~X,) + ¢ (?7)

The aim of the RSM design was to analyze and identify the
factors influencing the output with minimum experiences
conducted. The variables used in the RSM are listed in Table
1.

A complete representation of the absorption mechanism
needs to be modeled as a quadratic or higher order polynomial
function. Equation 8 defines the second-order model."

Table 1. Range and Level of the Experimental Parameters

independent variables =il 0 +1
P (bar) 1 S 9
T (°C) 25 35 S5

https://doi.org/10.1021/acsomega.3c02476
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y=ag+ Z“f"%"’ Zaiixi2+ ZZ iiXi%Xji<j

i=1 i=1 i (8)
where y, a;, and € were the response, the constant numeral,
and the model error, respectively. X; and X; represent the
design variables i, namely, temperature and pressure. ;, @, and
a;; are the adjustment parameters. Moreover, the variable range
has been defined by the initial tests, and the data have been
evaluated by analysis of variance (ANOVA). The statistical
meaning is investigated with the F-value and p-value. The F-
value demonstrates the highest credibility of the model that is
derived with eqs 9—11."

o VS
L =
MS, 9)
SSy
MS, = —2
R p-1 (10)
SS
MS; =
Eroa—p (11)

where SSy and SSg represent the sum of squares of regression
and the errors, respectively, and their expression as follows'”

> & -1y (12)
D (v -1y (13)

Based on the regression model, we can obtain the response
value (Y;) and the mean of the responses ().

SSy

SSg

We noticed that the model becomes significant from the p
value, which must be lower than that of which in our case is
0.0S. In addition, the p-value and F-value for each variable
denote their effects on the model. Table 1 illustrates the levels
and range of the independent variables.

6. RESULTS AND DISCUSSION

6.1. Material Characterization. The crystal phase of the
AC was confirmed by XRD (Figure 2) and shows two peaks at
20 = 25 and 42°. These peaks are assigned to the (002) and
(100) which appear as the disordered carbon sheet. Moreover,
the strong diffraction peaks revealed that the AC was
amorphous.'®

4000

3500 | C(002)

3000 —

Intensity(a.u)
3 X
8 8
1 1

c(101)

T T T T T T T T T T 1
20 25 30 40 45

2Theta(°)

Figure 2. XRD pattern of the AC.
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Figure 3 shows the morphology of the AC. As shown in the
SEM image, the material surface is heterogeneous and contains

"SE0K20.0kV WD 11mmP.C 50 HV

x550

ED 20.0kVWD1IimmP.C.50 HV ~ x300 S0pm

Figure 3. SEM analysis of the AC.

a large number of randomly distributed pores. This structure
provides an efficient adsorption process since it contains free
spaces suitable for the adsorbents.

The N, isotherms and textural parameters of AC are
displayed in Figure 4 and Table 2. The N, isotherm shows that
the AC is classed as a type I isotherm,'® and based on the
TUPAC classification, the adsorbent is a microporous structure.
The N, adsorption occurs at low pressure and then increases
slightly until reaching a horizontal plateau. This phenomenon
is due to the beginning of the adsorption process, there are
several empty sites able to adsorb the gases. Then, there is a
saturation following the filling of the sites by the molecules.

6.2. Adsorption Isotherms. The CO, isotherms meas-
ured at 298, 308, and 318 K are displayed in Figure 5.
According to this figure, the adsorption capacity rises with the
rise of the pressure. On the other hand, an increase in the
temperature leads to a reduction in the CO, adsorbed, which
points to an exothermic process.18 In fact, the binding forces
between the adsorbate and the adsorbent decrease with the
increase of the temperature, leading to decline on the
adsorption capacity.'® The experimental data were fitted with
the Langmuir model. The marker points indicate the
experimental results, while the solid line gives the isotherm
models. Figure S reveals that the Langmuir model exhibits
good agreement with the experimental isotherms, with R*

https://doi.org/10.1021/acsomega.3c02476
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greater than 0.98. This result suggests that the AC surface is 100
heterogeneous.'” With regard to the Langmuir fit, it is clear .
from Table 3 that g, and k values decline with increasir21§ 0 50 100 150 200 250 300
temperature, confirming the exothermic adsorption process. (min)
6.3. CO, Adsorption Kinetics. The CO, kinetic ©
c

adsorption on the AC with different pressures and temper-
atures is presented in Figure 6. Following the kinetic curve, we
noticed that the amount of CO, adsorbed on AC increased

Figure 6. Adsorption kinetics curves of CO, on the AC at 1 (a), 3
(b), and 15 bar (c).

Table 3. Parameters of the Langmuir Model

adsorbent temperatures [K] parameters of Langmuir model
qm K, R

AC 298 9.374 0.24 0.998

310 8.571 0.20 0.994

320 8.127 0.15 0.990
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rapidly until reaching equilibrium. Additionally, it can be
remarked that the amount of CO, rises at higher pressure.

The plot of 1n<q q; 1

) as a function of time (Figure 7)

indicates a linear function with a correlation coefficient of 0.99.
Through the slopes of these lines, we can obtain the mass-
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Figure 8. Iny ¢ and 1/T on the AC.
transfer coefficients of the CO, diffusion. The mass transfer
and standard deviation are found in Table 4. Table §. E, for the AC
Table 4. Mass-Transfer Coefficients on the AC E, [K/moll
1 bar 3 bar 15 bar
mass-transfer coefficient
AC 5.154 3.928 2.654

pressure [bar] temperatures [K] AC
1 298 0.0351
310 0.0278
320 0.0318
3 298 0.1158
310 0.0714
320 0.0856
15 298 0.0642
310 0.0547
320 0.0597

Following these values, we can see that the mass transfer
rises with temperature. The CO, diftusion is most rapid with
an increase of temperature, which allows for higher mass
transfer. In addition, the mass-transfer coeflicient gets higher
with an increase in pressure. The plot of Iy versus (1/T) is
illustrated in Figure 8. The plots were linearly adjusted with a
coefficient (R2) of 0.99, which indicates good linearity
between Iny ¢ and 1/T. Based on the E, values (Table 5), we
can show that E, decreases with the increase of the pressure,
which suggests that the interaction between CO, and the AC
occurs at high pressure.“’20

Following the heterogeneity of the material surface, the CO,
is adsorbed on the adsorption sites with high-energy barriers at
low pressure.20 On the other hand, at high pressure, the
adsorption is taken on sites present on a low-energy barrier.

6.4. RSM Analysis. 6.4.1. Analysis of Variance. The effect
of pressure and temperature, which are the principal agents of
CO, adsorption in montmorillonite (MMT), was investigated
by CCD.”' In addition, we consider that CO, adsorption
capacity is the response, 13 experiments were selected to
simulate the RSM model, and the order of testing was arranged
randomly (Table 6). Depending on pressure and temperature,
the adsorption capacity ranges from 3 to 105 mg of CO,/g of
the adsorbent.

To provide an effective response, the statistical validity of
the model was estimated by ANOVA. The findings of these

2084

Table 6. Experimental Values of Design and Response of the
Experiment

run Std X,(T) (°C) X, (P) (bar) Q (mg/g)
1 8 50 1 5.021
2 3 30 9 34.8

3 13 50 5 44.45
4 7 20 1 105.6

5 6 78 5 3524
6 4 70 9 34.26
7 9 50 5 15.85
8 4 70 5 3541
9 11 50 s $5.20
10 10 50 1 3

11 12 50 s 35.11
12 5 21 5 15.63
13 1 30 9 66.74

analyses were assessed using statistical parameters like F-value,
p-value, and degree of freedom (df), which are listed in Table
4. From this table, we can see that the effective parameters
obtained through this model are found to have a value of p <
0.0S. In addition, the relevance of the model has been assessed
with a correlation coefficient (R*) and the adjusted coefficients
of Razdj. However, the smaller the p-value, the larger the F-value,
which reveals the importance of this model. In addition, p-
values less than 0.04 reflect the statistical fit of the model.*
For the adsorption capacity listed in Table 7, the p-value must
be less than 0.0001, against 67.08 of the F-value, which points
to the suitability of the quadratic model.

The regression model gives the adsorption capacity
responses. This model, which is expressed by the pressure
(X,) and temperature (X,) parameters, is written as eq 14

https://doi.org/10.1021/acsomega.3c02476
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Table 7. ANOVA Results for the RSM-CCD Model

source sum of squares degree of freedom mean squares F-value p-value

model 60.16 S 11.65 67.02 <0.001
X, 9.89 1 9.81 56.15 0.001
X, 50.6 1 50.46 284.84 <0.001
XX, 0.0974 1 0.0785 0.5014 0.4523
X3 0.0084 1 0.0067 00048 0.8523
X% 0.0410 1 0.0421 0.214 0.6214
residual 1.28 7 0.17458
R* = 0.998 Ry = 0.994

Sqrt(q) = 4.0213 — 0.032103X; + 0.812046X, q (mg/g)

— 0.001807X,X, — 0.0000121X; — 0.006513X;

(14)

The relation of the predicted values and the experimental of
the adsorption capacity is given in Figure 9. The test results are

12

-
o
1

9/9)

[o]

1,87 I 10,42

(2]
1

IN
1

Predicted adsorption capacity (m:

N
1

0 T T T T T T T T T T
6 8 10

Actual adsorption capacity (mg/g)

12

Figure 9. Actual adsorption capacity vs predicted adsorption capacity.

the measured response values, while the expected values have
been determined by the assumed models. R* correlation values
(0.998) between experimental values and calculated results
indicate high reliability in this mode. These results suggest that
this model is suitable to predict the experimental data and may
be applied in MMT analysis in CO, adsorption.

6.4.2. Effects of Model Parameters. To optimize the
conditions of the reaction system, it is necessary to make the
graphic depictions of the regression equation in the form of 3D
plot and 2D contour.”® Figure 10 shows the interaction results
between the pressure and temperature and their impact on
adsorption ability. Following this figure, we can see that the
pressure is an important parameter on the adsorption capacity.
Figure 10a shows that higher pressure presents a favorable
effect on the absorption mechanism. The pressure effect
depends on the structure of the adsorbent since it is a porous
structure with a specific surface area of 1565 (m?*/g) and a total
volume of 0.676 (cm®/g). Therefore, this porous structure of
varying sizes affected the performance of the pressure
adsorbent.

Additionally, the temperature is another effective parameter
in the adsorption capacity. It can be observed that raising the
temperature (Figure 10b) has a negative influence on the
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Figure 10. Response surface diagrams of the interaction of T and P:
(a) 3D surface graph and (b) contour graph for adsorption capacity.

adsorption capacity. The decrease in adsorption capacity with
temperature suggests the exothermic nature of the adsorption
mechanism.

6.5. Comparison with Other AC. This investigation
provides a comparison of the CO, adsorption capacity of AC
prepared from olive waste with the literature. As listed in Table
8, different ACs from various CO, adsorption sites exhibit
maximum adsorption capacities (1.85 mmol/g). As shown in
this table, the AC has a similar or much higher adsorption
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Table 8. Analyze the CO, Adsorption by Several Activated
Carbon

adsorbent T (°C) adsorption capacity (mmol g™') references

pistachio shell 25 1.23 16
sugar cane bagasse 25 1.61 24
palm kernel shell 25 1.88 25
waste plastic 30 1.31 26
Norit SX2 (peat) 25 1.88 27
coconut AC 25 1.79 28
this study 25 1.85

capacity than other types of AC such as sugar cane bagasse
Palm kernel shell, waste plastic, and pistachio shell.

In fact, the AC used was developed from olive waste. This
waste causes many environmental problems in oil-producing
countries, and this is a good way to increase its value by
recycling it.

7. CONCLUSIONS

The main objective of this research is to investigate the
adsorption isotherms and the optimization of the CO,
adsorption process on the AC. The AC was analyzed by N,
adsorption—desorption, XRD, and SEM. The CO, adsorption
isotherms were fitted with the Langmuir model and the linear
model (LDF). The results show that at given pressure, the
mass-transfer coefficient increased with adsorption temper-
ature, and the adsorption characteristics were physical process.
In addition, the effects of the operating parameters including
the pressure and the temperature on the CO, adsorption by
RSM were investigated, and the results were used to assess the
impact of these parameters on the response to attain the
optimum conditions. According to the ANOVA, the temper-
ature and the pressure are the main variables which affect the
CO, ability. The findings show that an elevated temperature
has a negative influence on CO, adsorption, whereas an
increase in pressure has a positive impact on the adsorption
process. The effective parameters obtained through this model
are found to have a value of p < 0.0S. In addition, a
semiempirical correlation was developed under the optimal
operating conditions which are 25 °C and 9 bar. According to
these results, the olive waste was an important candidate for
CO, adsorption since it is readily available and relatively cheap.
Moreover, these results are useful for separating CO, from gas
by an adsorption technique and also for the development of a
device with an adsorption process.
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