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Exploring behavior of
Clinoptilolite@Graphene oxide
compositeas a novel adsorbent for
CO, capture

Maryam Helmi, Ahad Ghaemi*’ & Mohammad Amin Sobati

Graphene oxide is an ideal base for solid adsorbents to capture CO,. In this study, two materials,
Clinoptilolite and Graphene oxide (GO), were used to prepare Clin@GO by autoclave at constant
temperature and pressure. The response surface methodology based on the Box-Behnken design was
applied to predict maximum adsorption capacity under optimum conditions. The highest adsorption
capacity was 9 mmol/g achieved at 30 °C, 3.09 bar, and 0.25 g of adsorbent weight. The results of the
isotherm study reveal that the Sips model has a high value of R2. The Elovich kinetic model can describe
experimental data showing the adsorption process on heterogeneous surfaces. The thermodynamic
study results proved that the CO, adsorption process by Clin@GO is a physisorption and exothermic
process. The mass transfer study disclosed that the mass transfer coefficient, diffusion coefficient, and
mass flux values for CO, molecules as a gas phase in the single-component system are 0.9249 m/s,
0.00082 m?/s, and 0.00042 mol/m s, respectively
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In recent years, burning fossil fuels in industry, electrical power, and transportation has increased toxic gas
emissions. Toxic gas such as CO,, CO, NO,, and SO, creates many problems, including global warming,
increasing sea levels, and destroying nature. Among toxic gases, CO, gas plays a significant role and has
induced the main concern in the last century. In Fig. 1, the main sources of CO, emission are presented. One of
the main strategies for the elimination of CO, is using solid adsorbents®. Selecting a suitable solid adsorbent is
very important because an adsorbent should have high thermal stability, availability, high activity, high chemical
stability, and low cost*.

Clinoptilolite is known as a natural zeolite® with the general chemical formula Na([(AlO,)(SiO,),,1-24H,0
with a ratio between Si/Al is varying between 4.0 and 5.3%. Clinoptilolite has two advantages such as low price
and availability. The mentioned advantages cause it to be used in different fields like catalyst’, agriculture®,
and solid adsorbent’. Davarpanah and coworkers used low-cost clinoptilolite for CO, capture from industrial
processes. Arefi Pour et al.'* reported CO, separation from the CO,/CH, mixture by Clinoptilolite as an
adsorbent. Armenta et al.}! reported the adsorption kinetics of CH »CO,N,, and o, by clinoptilolite. However,
the surface area of raw Clinoptilolite is very low, and this problem affects the efficiency of the solid adsorbent.
To solve this problem, graphene oxide was used. Graphene oxide (GO) with a two-dimensional planar structure
containing sp2 carbon atoms adequately has unique properties like thermal stability, electronic conductivity,
and high specific surface area'>!>. GO has oxygenated functional groups, hydroxyl and epoxide groups on
their basal plants, and carboxyl and carbonyl groups in their edge'*. Helmi et al.'> used KOH@GO-Fe,0, as
a magnetic solid adsorbent for CO, capture with the highest capacity of 3.21 mmol at 25 °C and 9 bar. Zhou
et al.'s prepared graphene oxide/methyl diethanolamine nano-fluids as solid adsorbents for the CO, capture.
The maximum adsorption capacity. Shang and coworkers'” designed CuBTC and its graphene oxide (CuBTC@
GO) composites as adsorbents for CO, capture. The highest CO, adsorption capacity was 8.02 mml/g at 173 K
and 1 bar. Chowdhury et al.'® prepared titanium dioxide/graphene oxide (TiO,/GO) as a mesoporous nano-
composite for CO, adsorption. The maximum CO, at adsorption was obtained at 1.88 mmol/g at 25 °C and 1
bar. The CO, adsorption process is affected by different independent variables, including pH, time, pressure,
temperature, and adsorption dosage. The usual method for optimizing the process is the one-variable method;
however, it overlooks the result of the interaction between two variables. The response surface methodology
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Fig. 1. The main sources of CO, emissions.

(RSM) is a mathematical/statistical technique first suggested by Box and Wilson to correct, analyze, optimize,
and model several processes. This method aims to optimize the independent reaction variables by applying
the statistical tool as RSM while the cost of the CO, capture process decreases. As well as the use of statistical
method-based experimental results could assist in studying the result of independent variables or the interaction
of both dependent and independent variables on the response. The Clinoptilolite@Graphene oxide (Clin@GO)
was synthesized and applied for CO, capture in this research. The physical and chemical properties of adsorbents
such as morphology, surface area, and thermal resistance were identified by FESEM, BET, TGA, FTIR, and
XRD. The response surface methodology based on the Box-Behnken design (RSM-BBD) was used to optimize
independent factors, including pressure, temperature, adsorbent weight, and composite type. The mass transfer
coeficient, mass flux, and diffusion coeflicient for CO, were calculated by mass transfer equations. The type of
adsorption process was determined using thermodynamic calculation.

Materials and methods

Materials

Clinoptilolite was purchased from Negin powder Semnan Company. Hydrochloric acid (HCl, 37%), Nitric
acid (HNO,, 65%), Sulfuric acid (H,SO,, 98%), Potassium chloride (KCIO,, 90%), and graphite powder were
purchased from Merck Company.

Synthesis of graphene oxide

This study prepared GO according to the modified Hummers and Offeman method'’. At first, graphite powder
(1 g) was added to a mixture of H,SO, and HNO, (2:1 in volume) and mixed for 1 h. Then, KCIO, (11 g) was
added to the mixture for 2 h. The prepared mixture was stirred at 25 °C for 72 h. Next, the oxidation suspension
was washed with HCI (5 wt%) to eliminate residual and washed with deionized water until pH reached 7. Finally,
the prepared sample was dried in a vacuum oven at 60 °C overnight.

Prepared Clin@GO

Clinoptilolite and GO were sonicated in deionized water and methanol (100 mL) for 30 min. Then, they are
mixed and sonicated for 1 h. The prepared mixture was put into the Autoclave (300 ml) and heated at 200 °C
overnight. As GO has a sensitive structure due to oxygenated functional groups, the materials are heated in the
Autoclave at constant pressure. Ultimately, the prepared sample was dried in an oven at 60 °C overnight. In
Fig. 2, the procedure of Clin@GO synthesis is presented. The total amount of material produced in each batch
was approximately 1.5 g, resulting in a final product yield of around 75% after the autoclaving process

Characterization of adsorbent

In this study, the characterization of raw Persian gum, GO, and Clin@GO as biodegradable solid adsorbents
was studied by different analyses. X-ray diffraction analysis (XRD, Bruker, 260=5-80°) as a non-destructive
method provides details about chemical compositions, crystallographic structure, and physical characterization
of materials?®. Fourier transform infrared spectroscopy (FTIR, Thermo, Avatar) investigates the type of bond
mechanism in materials and their surface. It also showed the molecular bonding on the surface or in the solid
phase?!. Field emission scanning electron microscopy (FESEM, Philips XL30 ESEM) was used to determine the
surface morphology of the adsorbent. The thermal stability of compounds and their fraction of volatile were
measured by thermo-gravimetric analysis (TGA, TA, Q600, USA). In this technique, the weight change of the
sample was observed when the sample was heated at a constant rate??,
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Fig. 2. Mechanism of Clin@GO preparation.
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Fig. 3. CO, adsorption in laboratory-scale reactor'”.

CO, capture process

Figure 3 shows the laboratory-scale reactor. It was used to carry out the CO, adsorption process. It consisted
of four main components: Gas injection, reactor system, CO, pressure control instrument, and a thermocouple
for heat monitoring. Each experiment involved using 0.1-0.5 g of solid adsorbent and injecting CO, gas from
a high-purity capsule into the chamber. As the adsorption process proceeded, the pressure in the chamber
decreased due to CO, adsorption, while the chamber and reactor volume remained unchanged. The amount of
CO, adsorbed was determined by measuring the reduction in pressure.
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The value of adsorbed CO, can be measured by eq.1, based on the value of pressure reduction via an equation
related to the adoption equation. Equation (2) helped to measure the value of CO, adsorbed**:

Adsorption(%) = (pi _pf/Pi) x 100 (1)

Nco, = (P’b _Pf)V/RTZ (2)

In above equations, Py P and are w initial, final pressure in reactor, and weight of adsorbent, respectively.
Equation (3) assist to detérmine the adsorption capacity of Clin@GO:

ge = ((pi —pf)VMcog/RTZ) x 10° 3)

where T is temperature, V is the volume of reactor, R is gas constant, and M, is molecular weight of CO,,. The
compressibility factor was measured using the Virial equation of State, which is equal to the Cutoff coefficient:
Eq. (4). The Tsonopoulos equations were able to achieve a virial coefficient as described in Egs. (5-7).

Z =1+ % (4)
%];: = FO(TR) + wF™ (Tg) 5)
F(O)(TR) — 0.1145 — 0;1%;30 _ O.;?%SS _ 0.2%21 _ 0.02%607 ©)

where B, P TC and TR are the second coeflicient of virial, critical pressure, critical temperature and reduced
temperature, respectively.

Response surface methodology

To optimize the reaction condition of the CO, adsorption process and achieve the highest CO, adsorption
capacity, response surface methodology based on Box-Behnken design (RSM-BBD) was used. Three independent
reaction conditions including pressure (A), adsorbent weight (B), and temperature (C) were selected to optimize
the CO, capture process. CO, capacity was chosen as the response (Y). Table 1 shows the lower and upper levels,
coded and un-coded of each independent variable. Seventeen experiments were considered with four reflections
performed at the center points to investigate the pure error?’. The complete design matrix achieved from BBD
for actual results was displayed in the Table 1. A second-order polynomial equation model was used to suggest
optimal level of each independent variables and response (Eq. 8);

3 3 2 3
Y:a0+zaiki+zaiik§+z Z i Ki K ®)
i=1 i=1

i=1 i<j=1

where Y and k are the response and the number of experimental data, respectively. The factors of o are constant
coefficients, a, are linear coefhicients and a; is the second-order interaction coefficient. Both signs K, and k.
illustrate the codded of independent factors, and ¢ is random error®. The adjusted R-squared and R squared are
calculated by Egs. (9) and (10), respectively®.

SSResidual/DFResidual

Riyj=1- 9)
“ (Ssmodel + SSResidual)/(DFmodel + DFResidual)
RZ — SSResidual (10)
Ssmodel + SSRes'Ldual
Coded levels
Variables Units | Symbol | -1 | 0 +1
Pressure Bar A 1 5 9
Temperature °C B 25 |45 |65
Adsorbent weight | wt% | C 0.2 {03505

Table 1. The ranges, levels, units of independent numerical variables used in RSM-BBD.
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Mass transfer calculation

In the adsorption process, the moving of gal molecules both onto and into the solid absorption affects separation
speed. Generally, four steps are conveyed for the adsorption process; (a) locomotion of gas molecules from the
gas phase to the outer layer of adsorbent, (b) Shift of gas molecules across the outer layer of solid adsorbent,
(c) shift of molecules into adsorbent pores, (d) penetration of gas molecules in the internal channels of solid
adsorbent?”?8, Universally, steps (2) and (3) are eliminated in the adsorption process because the rate of mass
transfer is low. Commonly, to calculate numerical mass transfer coeflicient, differential equations are used based
on empirical results®®. As mentioned above, mass transfer means moving from one point to another point or
phase because different concentrations that are created between two points cause this phenomenon. The mass
transfer continues until the system reaches equilibrium as well. If the mass transfer has high speed, the system
will reach to equilibrium soon. In other words, the system has a high mass transfer coefficient, and contact time
between two phases is low. The Clin@GO has meso-sized pores. The accessibility of nano-pores influences mass
exchange and upgrades it. It implies that the participation of nanoparticles conduces to enhancement within
the mass exchange coefficient. Moreover, in adsorbents with nano-sized pores, intermolecular powers have a
better impact than hydrodynamic powers. Subsequently, it is attempted to apply the required equation around
the presumptions for accomplishing the mass exchange coefficient and flux*®. The essential assumptions for
investigating the mass transfer towards Clin@GO are mentioned following; (1) Clin@GO has solid states (2) it
has spherical cavities based on FESEM images, (c) the adsorption condition is non-uniform, (d) CO, molecules
transferred to pores, (e) the mechanism of transfer within the cavities of sphere will be molecular diffusion
because rigidity of the sphere causes the internal movement of the sphere can be eliminated®'. By considering
all the said doubts, the mass trade insides state pores in a nun-uniform state got to be inspected. Mass trade
interior circular solid materials having pores rises underneath non-uniform conditions. Routinely, catalytic
solids are porous, and heterogeneous reactions happen interior them. The concentration of CO, gas in each step
is calculated by the ideal gas formula (Eq. 11). The mass flux and the mass transfer coefficient are calculated by
Egs. (12) and (13).

P
CCOZ - ﬁ (11)
P22

Na= 2 (Cuo—C) <1 — exp D”27T9) (12)

3 rg

1 _ « _ —D 2 29

o Na 5(Ca0 = C3) (1 P " /7%) (13)

(OAU - CA) (CAO - CA)

Making a precise prediction about the diffusion coeflicient in solid adsorbents is a noteworthy accomplishment,
requiring a comprehensive analysis of various factors, such as the structure of the solid, the interaction between
the solid and solute, and the efficiency of the transfer element or solute penetration. CO, molecules can penetrate
through different mechanisms, including movement component penetration through interatomic spaces, atom
shift, and atom leaping into empty spaces. Solid adsorbents like Clin@GO have pores that enable molecular
diffusion based on concentration differences in gas. During the adsorption process, gas molecules are restricted
by the solid, and mass transfer mechanisms occur through penetration from either gas to solid surface or solid
surface to gas. Nevertheless, in certain cases, the actual penetration value may be less than the theoretical value,
resulting in the use of an effective diffusion coefficient instead of the normal diffusion coefficient. The molecular
structure and internal geometry of the solid directly impact this parameter. Figure 4 illustrated the main steps of
the adsorption mechanism by each solid adsorbent including (1) inter-particle forwarding, (2) inter-phase mass
transfer, (3) intra-phase particle distribution, (4) surface reaction and equilibria. Masoumi et al.>? showed the
efficient diffusion coefficient is calculated as follows:

6 = 1 Dn’7%0
= 1 —_ — —_— —_——
F = ; e exp ( r% ) (14)
6 v 1
F=1- = Z 2 exp(—Bn?6) (15)
n=1
qt
F= qi (16)
Dr?
B = 2 (17)
s
BO =0.4977 —In(1 — F) (18)

Results and discussions

Characterization of Clin@GO

FTIR spectrum of raw clinoptilolite, pure GO, and Clin@GO as adsorbent are shown in Figure 5. Raw
Clinoptilolite has a board characterization peak at 3464 cm™' which is related to ~OH stretching vibration.
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Fig. 5. FTIR spectrum for raw clinoptilolite, pure GO, and Clin@GO as adsorbent.

The peak at 1637 cm™! is corresponding to the binding vibration of hydroxyl groups on the Clinoptilolite
surface. Both generic asymmetric vibration of Si-O-Si and stretching vibration of Si-O groups have peaks at
1064 cm™ and 792 cm™, respectively. The binding vibration of Si-O-Si and Si-O-Al have peaks at 605 cm™
and 473 cm™}, respectively. These peaks are pieces of evidence that prove silicon and aluminum are available in
the Clinoptilolite surface. Similar results are reported in other references*~3. According to the FTIR spectrum
of Pure GO, the board peak appeared at 3427 cm™ which showed stretching vibration of ~-OH groups. The
two peaks at 1620 cm™! and 1715 cm™! related to the skeleton vibration of C=C and C=0 stretching vibration,
respectively. The peak at 1300 cm™! is corresponding to the C-O-C groups. The epoxy groups (C-O) have a peak
at 1055 cm 138, The Clin@GO has similar characterization peaks with both raw Clinoptilolite and GO which

proves synthesis of Clin@GO was successful without destruction in the structure them.
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The crystal structure of pure GO, Clinoptilolite, and Clin@GO were determined and evaluated by XRD
analysis. As can be observed in Fig. 6, Clinoptilolite had main peaks at 20=10.01, 11.28, 17.48, 21.87, 22.54,
26.99, 30.29, 32.18, and 37.11°. These peaks confirmed the crystalline structure of Clinoptilolite, these peaks
have good agreement with the XRD pattern of JCDBS 38-0237%. The crystal phase of GO has a sharp peak at
26=11.39° with a d-spacing of 2.15 A%, After synthesis of Clin@GO, the characterization peaks were observed
at 20=9.82, 11.12, 17.03, 22.34, 30.03, and 31.92, 32.03, and 36.54°. These peaks are similar to both GO and
Clinoptilolite peaks. Nonetheless, the Clinoptilolite structure was changed after the synthesis of the composite
and their peaks became weaker or removed. The peak at 20 =9.82° confirmed the presence of GO in Clin@GO
while the intensity of this peak is lower than raw GO.

The morphology structure of raw clinoptilolite, raw GO, and Clin@GO were studied by FESEM analysis.
Figure 7a shows the morphology of raw clinoptilolite. The spherical and agglomerate structures of Clinoptilolite
were observed clearly. It has a layered structure as well*"#2. The smooth and wrinkled surface of GO was observed
in Fig. 7b. The oxygenated functional groups of GO cause a tulle-like structure®®. After the synthesis of Clin@
GO, the structure of GO was rougher and the agglomerate particles of clinoptilolite were observed on the GO
surface (Fig. 7c¢).

TGA analysis is an inexpensive, fast, and easy method to determine the composition of materials**. The Clin@
GO was heated from 25 to 700 °C at a scan rate of 5 °C. Based on Figure 8, the sample had 5 wt% weight loss
due to weight loss at 100-140 °C. The second step begins at about 200 °C of 27 wt% and is related to structural
water because of hydration complexes formed with exchangeable cations*®. By increasing the temperature above
300 °C dihydroxylation process was observed. In this process, the water molecules that are polarized in zeolite
cavities are released*®. TGA results have a good agreement with another report*.

The surface area (S;;;), pore volume (V) and average pore diameter (nm) of Clin@GO were calculated by
BET analysis. The BET results showed in Fig. 9. The average pore diameter of Clin@GO has been 0.354 nm.
According to the BET results, S, and V_ of adsorbent were 2.18 m?/g and 0.501 cm?/g, respectively. Based on
the International Union of Pure and Applied Chemistry (IUPAC) classification, macro-porous materials have
pore diameter with 50-1000 nm, micro-porous materials have pore diameter with 2-50 nm, and nano-porous
material possess pore diameter with 0.2-2 nm. Therefore, Clin@GO has micro structure. The surfaces area of an
adsorbent is a critical factor influencing its adsorption capacity.

It is very important to know higher surface areas typically provide more active sites for CO, molecules
to interact with the adsorbent. If different synthesis batches result in varying surface areas, this could lead to
inconsistent performance in terms of CO, capture efficiency. Not only is the total surface area important, but
the pore size distribution and connectivity also play significant roles in adsorption performance. Variations in
these parameters across different synthesis batches can affect how easily CO, molecules can access the active sites
within the Clin@GO composite. In addition, Variations in the chemical composition of the clinoptilolite or the
degree of functionalization with graphene oxide could also affect performance. Functional groups introduced
during synthesis can enhance CO, adsorption through specific interactions, and inconsistencies in their presence
or distribution may lead to variability in performance.

Mechanism of adsorption
The type of mechanism for CO, adsorption via Cli@GO is physisorption at 30 °C (Figure 10). in the first step,
CO, molecules adsorbed on primary adsorption alkali sites like Mg?*, Ca®*, and Na* sites of Clinoptilolite
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Fig. 6. XRD pattern for raw GO, Clinoptilolite, Clin@GO.
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Fig. 7. FESEM images of (a) clinoptilolite, (b) Graphene oxide, (¢) Clin@GO in different magnification.

and the cage windows sites. As in the latter sites, the weak interaction including van der Waals forces between
CO, molecules and active sites has happened, CO, molecules are preferentially adsorbed in O=C=0...Clin@
GO configuration. The weak van der Waals interaction causes a good reversibility sorption mechanism. The
interaction between open metal ions and CO, molecules is electrostatic and is stronger than van der Waals®.
Both two interactions are affected by temperature and they showed good performance at low temperatures.
Sudeep et al.*® reported that the slight chemical interaction between carbonyl functional groups of Clin@GO
and CO, molecules was observed. For Clinoptilolite, the cation distribution and coordination of adsorbent has a

2
significant effect on CO, adsorption and diffusion because of its extra framework cations®.
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Fig. 8. TGA themograms of Clin@GO as a solid adsorbent.
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Fig. 9. BET plot for Clin@GO as a adsorbent.

RSM analysis

In this study, the relation between independent parameters and response (adsorption capacity) was determined.
The empirical results of each run are shown in Table 2. The empirical sequence was randomized to decrease the
impacts of the uncontrolled parameters?*. RSM-BBD suggests a mathematical equation (eq.19) where response
(Y) is adsorption capacity. The negative and positive sign of each parameter illustrates the increasing and
decreasing impacts of the response factor. Coded equation was used to determine the relative impact of factors
by comparing the coefficient of the parameters™. Independent parameters including pressure (A), temperature
(b), and adsorbent weight (C)
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Fig. 10. The CO, adsorption mechanism via Clin@GO.

Run | Pressure bar | Temperature °C | Adsorbent weight g | Adsorption capacity mmol/g
1 5 45 0.35 7.82
2 5 45 0.35 8.15
3 5 25 0.20 8.99
4 1 65 0.35 573
5 9 45 0.20 6.43
6 9 45 0.50 5.42
7 1 45 0.50 7.35
8 5 65 0.50 6.16
9 9 25 0.35 6.87
10 1 25 0.35 8.80
11 5 65 0.20 3.97
12 9 65 0.35 5.50
13 5 45 0.35 8.03
14 5 45 0.35 7.92
15 5 25 0.50 6.05
16 1 45 0.20 6.93
17 5 45 0.35 8.24

Table 2. Empirical results for the adsorption capacity from BBD arrangement.

Adsorption capacity =8.03 — 0.57 x A —1.17x C —0.17x C +0.42 x AB

2 2 2 (19)
—0.36 x AC+1.28x BC —0.53x A" —0.77x B° =097 x C
All experimental results were evaluated by analysis of variance (ANOVA) to estimate goodness fit. Each
corresponding significant model term and significant quadratic model are illustrated in Table 3. The coefficient
of determination (R?) is used to study the accuracy of the quadratic polynomial model and the F-test is applied to
check the statistical significance of the model®!. The values of R? adjusted determination coefficient (adj-R?) were
0.9949 and 0.9883, respectively. The quadratic polynomial model had acceptable results when ANOVA analysis
supplies a 95% confidence level with considering P value lower than 0.05. Therefore, the P value of A, B, C, AB,
AC, BC, A2, B% and C?is less than 0.05 to show the significance of these terms on the model. If a term has a larger
F-value and lower P value, it has a significant effect on the model®. Based on the largest F-value, temperature
(F=494.77), the interaction between temperature and catalyst weight (F=297.89), adsorbent weight-square
(F=177.90), and pressure (F=119.24) have priority among independent factors. In the mathematical model lack
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Source Sum of squares | df | Mean square F Value | P value Prob>F
Model 30.08 9 |334 151.32 | <0.0001
A-pressure 2.63 1 (263 119.24 | <0.0001
B-temperature 10.93 1 (1093 494.77 | <0.0001
C-adsorbent weight | 0.22 1 1022 10.16 0.0153
AB 0.72 1 (072 32.71 0.0007
AC 0.51 1 (051 23.15 0.0019
BC 6.58 1 [6.58 297.89 | <0.0001
A? 1.20 1 [1.20 54.26 0.0002
B? 2.52 1 (252 114.06 | <0.0001
c? 3.93 1 (393 177.90 | <0.0001
Residual 0.15 7 10.022

Lack of fit 0.040 3 10013 0.46 0.7228
CV% 2.13 Adj R-Squared 0.9883
Press 0.82 Pred R-Squared 0.9729
R-squared 0.9949 Adeq Precision 43.011

Table 3. The analysis of variance (ANOVA) for CO, capture via Clin@GO.

of fit is not-significant which means the interaction between response and parameters is covered and the model
is fit for empirical results®*. The ability of the model to predict the values of responses is measured by predicted
R-square (pre-R?) and it should have good agreement with adjusted-R. In this model, Pre-R? is 0.9729. Therefore,
the difference between pre-R? and adj-R? is less than 0.2. The signal-to-noise ratio is determined by adequate
precision. If the ratio of adequate precision is more than four, the model is desirable. In this mathematical model,
the ratio of 43.011 shows the sufficient fit of the model. The value of the coeflicient of the variation (CV%) is 2.13
showing a high degree of precision and a good deal of reliability of the empirical data®*.

Figure 11a shows predicted values against actual values. The predicted values are distributed normally in
a straight line near to actual values. Therefore, it has proven that the produced regression model can show
the relationship between adsorption capacity as a response and independent parameters®>. The normal plot of
residuals is shown in Fig. 11b. In the first step, the residuals are normalized by considering their studentized
(standard deviation), next normal distribution function with studentized. Then, the studentized residual foresaw
via the best-fit normal distribution and finally was schemed versus the empirically achieved studentized residual.
As the straight line observed in Fig. 11b, the studentized residuals follow a normal distribution®. On the other
hand, In this plot, if residuals do not have a normal distribution, or have an S-shape curve, it will show that the
model was incorrect™.

The outlier t plot for all runs of CO, adsorption is illustrated in Fig. 11c. This plot depicts the distinction of
the residuals for each run to determine the runs that had individually mighty residuals®. Generally, to illustrate
the positional and operational error for the model and actual data, most of the residuals should be in the interval
between + 4.81. In this model, all data is put in the interval.

Figure 11d shows residuals vs. predicted plots. This plot should display a random distribution for each run
that proves the change in observation is not related to the values of responses®. The natural log of the sum of
squares vs. lambda is shown in Fig. 11e. Using this plot assists in finding the correct value of lambda. The power
transformation means that lambda displays the increased power via the response to do the transformation. The
current transformation of — 1.31 is chosen as the best possible transformation®®.

The effect of independent parameters on CO, adsorption
The contour plots of interaction parameters versus CO, adsorption as a response that shown in Figure 12. In
each plot, two remaining parameters are set fixed at their center. Figure 12a, ¢ show the effect of pressure on
the CO, capture process. Based on the plot results, by increasing pressure to 3.09 bar the adsorption capacity
raised to 9 mmol/g because CO, molecules penetrate pores of Clin@GO as a solid adsorbent due to increasing
CO, adsorption™. The effect of temperature as an independent parameter is shown in Fig. 12a, b. In both plots,
increasing temperature hurts CO, adsorption. Taheri et al reported®*®° that as the physical adsorption process is
exothermic, therefore, in high temperatures, the interaction between CO, molecules in the gas phase and solid
surface increases. Based on the Boltzmann equation, increasing the kinetic energy of molecules in both solid and
gas phases induces increasing molecule interaction and decreases the accessible surface of adsorbents for CO,
capture. Consequently, the highest adsorption capacity is achieved at the lowest temperature. Therefore, 30 °C
was selected as an optimum temperature. The results of isotherm models shown in Fig. 13 confirm this reason.
Figure 12b, c illustrate the effect of adsorbent weight on CO, capture. By increasing adsorbent weight to
0.25 g to highest adsorption capacity is 9.00 mmol/g. That is because the positive interaction between active
sites of Clin@GO and CO, molecules enhanced and CO, capacity significantly increased®. On the other hand,
increasing adsorbent weight by more than 0.25 g caused the adsorption capacity to decrease because when active
sites increase more than the optimum situation, the adequate space for interaction between CO, molecules
and active sites of adsorbents is not available®. Therefore, the CO, adsorption capacity significantly decreases.
Hence, the optimum adsorption weight was chosen 0.25 g.
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Fig. 11. (a) The predicted value against actual value (b) normal plots of residuals (c) outlier t plot, (d) residuals
vs. predicted plot, (e) Box-Cox plot for power transforms.
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Fig. 12. 3D plots of interaction between (a) Temperature and Pressure, (b) Adsorbent weight and
Temperature, (c) Adsorbent weight and Pressure.

Optimization reaction

One of the main goals of using RSM-BBD is the optimization of reaction conditions while the highest adsorption
capacity is achieved according to the combination of parameters®®. The favorable values of each parameter and
response are able to be selected based on the RSM numerical optimization. In this modeling method, six various
options such as target, range, minimum, maximum, and none only for response) put a final response is available.
In this study, the response was set to maximum while input parameters were proposed to calculate in-range
values. According to the procedure, the optimal conditions for independent parameters are a pressure of 3.00
bar, a temperature of 30 °C, 0.25 wt% of adsorbent weight, and the maximum adsorption capacity of solid
adsorbent was 9.00 mmol/g.

GaO et al.®! used Zn/Mg-MOF-74 as a solid adsorbent for CO, capture. They achieved highest adsorption
capacity of 2.9 mmol/g at 273 K and 1 bar. Esfehani et al used MOF-NH,/GO for CO, capture. They obtained the
highestadsorption capacity 0of 6.9 mmol/gat 25 °Cand 9 bar. Khoshraftar et al®* reported using monoethanolamine
(MEA)-carbon active for CO, adsorption. The maximum adsorption capacity was achieved 0.609 mol/L at
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Fig. 13. Isotherm model fitting at different pressures.

Constant | Single system | Unit
Ch 0.0150 mg/L
C, 0.0143 mg/L
Iy 0.177 nm
Mco, 44.000 g/mol
q, 401.213 mg/g

Table 4. The required constant for calculating mass transfer parameters.

30 °C, pressure of 5.19 bar. Ghaemi et al*® used Carbon molecular sieves (CMS) for CO, adsorption. The highest
adsorption capacity was 1.29 mmol/g at 20 °C and 10.011 bar.

Raw Clinoptilolite was applied as a solid adsorbent for CO2 capture Davarpanah et al °. They achieved the
maximum adsorption capacity of 06 mmol/g at 338 K due to availability of Ca** and Na* in raw clinoptilolite
structure. Arango Hoyos et al.*’ used raw graphene oxide for CO, capture process. They reported that raw GO
has low capacity for CO, capture. Hence, Synthesizing GO@Clino caused solid adsorbent has both oxygenated
groups from GO and alkali cationic groups like Ca** and Na* in CO, capture process due to the positive effect
on this process.

Mass transfer results

To degree mass exchange parameters, the vital constants for calculating the mass exchange coeflicient are
recorded within the Table 4. Within the single framework, the sing “A” outlined CO, particles with a starting
concentration of 0.015 mg/L, after 20 min, the framework came to balance circumstance and the concentration
of CO, was 0.0143 mg/L. Based on the Wagered investigation comes about, the cruel pore distance across Clin@
GO was 0.177 nm which put the strong adsorbent within the micro-category. Conditions (2) to (4) were utilized
to calculate mass flux. Moving CO, molecules from a gas state to a solid state alters the concentration at the
boundary and leads to changes in pressure between the two states, resulting in changes in mass transfer. As time
passed, the solid adsorbent’s spheres and pores became filled with CO, molecules, causing a decrease in the
available spaces for gas molecules to gather. Consequently, the effective diffusion coefficient decreased over time,
but the flux increased as the surface area needed for CO, adsorption decreased, enhancing the mass transfer flux.
The mass transfer calculations for CO, capture by Clin@GO was presented in Table 5.

Isotherm modeling

To determine the adsorption mechanism and detect the role of each adsorbate and adsorbent, an isotherm
study was performed®. Adsorption performance will be predicted and compared using modeling of adsorption
data. Isotherm models assist in optimizing the adsorption mechanism pathways as well. To design of sorption
system, investigating equilibrium sorption is necessary. While the equilibrium is required between sorbent and
sorbet, sorption isotherm should be evaluated at a constant temperature at different pressures®’. Two important
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6 (min) | q, (mg/g) | Ca(mg/L) | F B | D (m¥s) | N, (mmol/im%s) | K, (m/s)
5 328.835 0.0951 0.819 | 0.441 | 0.00140 | 0.00088 1/243
10 355.959 0.0144 0.887 | 0.268 | 0.00085 | 0.00019 0.4429
15 371.328 0.01435 0.925 | 0.257 | 0.00082 | 0.00032 0.6505
20 396.090 0.01430 0.9872 | 0.242 | 0.00076 | 0.00046 0.9249

Table 5. The mass transfer parameters for CO, capture by Clin@GO.

Isotherm models Parameters | T=25°C
q,, (mg/g) 8.422
Langmuir model k, 2.686
R? 0.0.928
K 6.227
Freundlich model n 3.769
R? 0.9552
q 7.95
Dubinin radushkevich model 0.104
3 2.197
R? 0.8804
690.768
Temkin model B 0.950
R? 0.9768
K, -20.386
B 0.271
Sips model
a, -4222
R? 0.9892
q 2.03e8
Hill model ) >2¢7
n, 0.133
R? 0.9820

Table 6. Isotherm model results and their parameters of Clin@GO.

parameters to predict CO, adsorption are the isotherm constant and the corresponding R*-value achieved from
non-linear regression®. In this project, the results of the isotherm study are shown in the Table 6 and Fig. 13.
According to Table 6, the Sips model had a higher R? value and a good fit with empirical data. Sips isotherm
model is formed due to a combination of both Langmuir and Freundlich isotherm models. It can predict the
heterogeneity of the adsorption systems in high-concentration®.

Kinetic modeling

The adsorption rate and mechanism are determined by kinetic models. They calculate the potential rate of
controlling steps as well®’. In this study, four kinetic models are listed in the Table 7 and Fig. 14 including
first order, second order, Ritchie Second, and Elovich models at 25 °C, 45 °C, and 65 °C at 5 bar. The first-
order kinetic model is observed when CO, adsorption happens within a layer by diffusion. When chemical
adsorption controls reaction with a slow rate, the second-order kinetic model is seen®®. If the kinetic study
follows Ritchie’s second-order model, CO, molecules adsorb on two sites®. The Elovich kinetic model appears
in two situations. First, in the chemical adsorption of CO, molecules in the gas phase on the solid phase. Second,
adsorb of materials on the liquid phase’®’!. If the model has a high correlation coefficient (R?), it will be well-
fitted with empirical results. Therefore, based on the R?, the Elovich model is able to explain empirical data better
than other kinetic models. The R? of this model is 0.9892. The factor a or initial adsorption rate strongly depends
on temperature and it explains the adsorption process on active sites of heterogeneous surface’. As Clin@GO
as a solid adsorbent doesn’t uniform surface, and the active sites of the adsorbent are not uniform during the
adsorption process, the CO, adsorption mechanism is heterogeneous adsorption.

Thermodynamic modeling

The nature of the interaction between adsorbent and adsorbate, either physical or chemical, is determined by
thermodynamic parameters. The key parameter for evaluating spontaneous adsorption is the standard Gibbs
free energy change (AGP). Other thermodynamic parameters are enthalpy (AH®) and entropy (AS°) that are
achieved from the slope (AH%/R) and intercept (AS%/R) elevation of the Ln (Kd) against inverse temperature
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Kinetics models Parameters | 25°C 45°C 65 °C
q, (mg/g) 233.576 | 140.519 | 145.208

First order model k, 0.02101 | 0.01304 | 0.34401
R? 0.76555 | 0.81259 | 0.97596

q. (mg/g) 243.760 | 145.386 | 145.576
Second order model | k; 0.00009 | 0.00013 | 0.00262
R? 0.87823 | 0.91933 | 0.96317

q, (mg/g) 243.760 | 145.386 | 145.576

Ritchie second order | k; 0.02248 | 0.01830 | 0.00262
R? 0.87823 | 0.91933 | 0.98397
a 1.084 8.579 8.579
Elovich B 22293 | 11.415 | 11.415
R? 0.96377 | 0.98469 | 0.98469

Table 7. Kinetic parameters for each kinetic model at different temperatures.
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Fig. 14. Kinetic model for CO, adsorption via Clin@GO.

(1/T)” or Eq. (21). The value of AG? is determined by Eq. (22) as well. The K, is thermodynamic equilibrium
constant that achieved from Eq. (20):

Ka= (P52) o) (20)
P;

AG® = —RTLnKy (21)

AG® = AH? — TAS® (22)

where initial and final conditions are defined by f and i. volume of reactor, pressure, and the adsorbent weight
are shown with V; W, and P. When the transfer of electrons is observed between adsorbent and adsorbate, the
chemisorption with strong chemical bonding has happened. In contrast, the weak bonds such as van der Waals
causes physisorption arises’?. Regarding the sign of AS?, if AS° has a negative sign (AS°<0), the adsorption
process is less random. Controversy, if AS® has a positive sign, the CO, capture process is more random. The
exothermic and endothermic CO, adsorption process is measured by the negative or positive signs of AH’,
respectively. When the reaction is exothermic, the adsorbed energy causes bonds to be broken and energy in the
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form of heat released to its surroundings because the value of the total energy released in bond-making between
CO, molecules and the surface of the sorbent is more than the total energy absorbed in bond breaking. In
contrast, the positive value of AH? illustrates CO, adsorption process adsorbs energy in the form of heat from its
surrounding’”. Besides the negative or positive signs of AHY, for physisorption, absolute AHC is less than 20 k]J/
mol~!. However, for chemisorption absolute AH is more than 40 kJ/mol'. Based on Fig. 15 and Table 8, the value
of AG® was negative which indicated the CO, adsorption process by Clin@GO was favorable and spontaneous
at 25 °C, 45 °C, and 65 °C. Besides that, by investigating the van’t Hoff plot, decreasing temperatures causes AG®
becomes more negative. That is because, as the value of AH® was — 11.441 kJ/mol™!, the CO, adsorption process
by Clin@GO was physisorption and exothermic. In other words, since new physical bonds are formed, energy
is seen as heat produced into its surroundings during adsorption. Therefore, with increasing temperatures,
physical bonds between adsorbate and adsorbent are weak, and a reversed reaction happens.

Regeneration of adsorbent
The regenerability and chemical stability of Clin@GO as a solid adsorbent were a key factor in the efficacy
and capacity of the CO, adsorption process. Changing temperatures and pressures can be induced on the
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Fig. 15. Thermodynamic plots of (a) Ln K, against 1/T for CO, capture by Clin@GO, (b) variation of CO,
adsorption versus temperature.
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5.000 —11.441 | 0.011 —8.1687 | —7.9492 | -=7.730

Table 8. Thermodynamic parameters for CO, adsorption by Clin@GO.
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Fig. 16. Regeneration cycles of the Clin@GO.

regeneration of solid adsorbents. Three main methods are used for recycling Clin@GO. If the regeneration
process happens by changing temperatures, temperature swing adsorption (TSA) methods are applied. By
changing pressure, pressure/vacuum swing adsorption (PSA/VSA) is used. By combining two methods or
changing both temperatures and pressures, a hybrid regeneration mode (VTSA/PTSA) is performed’s. In this
study, the TSA method was used for the regeneration of Clin@GO. Figure 16 shows the regeneration cycles
of solid adsorbent. According to Fig. 16, Clin@GO was recycled eight times at 30 °C, 3 bar, and 0.25 wt% of
solid adsorbent. After each cycle, to remove CO,, Clin@GO was heated at 100 °C. The thermal stability of solid
adsorbent and its gradual degradation caused the chemical structure of the adsorbent not to destroy during the
TSA method, therefore, CO, adsorption capacity decreased from 9.00 mmol/g in the initial cycle to 7.5 mmol/g
in the last cycle. All in all, Clin@GO is able to use in industrial applications because of its high adsorption
capacity, low cost, and regenerability.

Conclusion

In this study, Clin@GO has been prepared as a novel solid adsorbent for CO, capture. Crystalline structure, surface
area, morphology, there stability of the adsorbent was characterized by different instrumental techniques. Based
on the analysis results, Clin@GO was successfully synthesized without destroying the GO structure. According
to the BET analysis results, as the solid adsorbent has a pore diameter of 0.354 nm, it is classified in the nanopores
category. The optimization of the CO, capture process via Clin@GO was performed by RSM-BBD. The highest
CO, capture capacity was 9.00 mmol/g under optimum conditions of pressure 3 bar, temperature 30 °C, and
0.25 wt% of adsorbent. High values of R? pre-R? and adj-R*> demonstrated that the suggested mathematical
model by RSM has enough accuracy to estimate the model response. The solid adsorbent regenerated 8 times
under optimum conditions and the lowest CO, adsorption capacity was 7.5 mmol/g. Based on the isotherm and
kinetic studies, Sips and Elovich models were well-fitted with empirical data, respectively. The thermodynamic
study revealed that the values of AH?, AS®, and AG® were —11.441,0.011, and — 8.1687, respectively. The negative
value of AG? illustrated the CO, capture process by Clin@GO was exothermic and spontaneous. In the single-
component system, the mass transfer coefficient, diffusion coefficient, and mass flux values for CO, molecules in
the single-component system are 0.9249 m/s, 0.00082 m?/s, and 0.00042 mol/m s, respectively.

Data availability
The datasets used and analyzed during the current study are available from the corresponding author upon
reasonable request.
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