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Abstract

In this research, activated carbon (AC)-based absorbents modified with NiO and MgO were prepared by wet impregnation
method for adsorption of carbon dioxide (CO,). The effect of adding (Ni(NO;), 6(H,0)) and (Mg(NO;), 6(H,0)) in 1,
3,5, and 7 wt% to AC was studied. Raw AC and modified AC were characterized by ultimate analysis, scanning electron
microscopy, X-ray diffraction, and surface area. In addition, response surface methodology method was used to optimize
the adsorption operation condition. The five-level central composite design was applied to design the experiments for three
types of adsorbents (AC, AC/NiO-3, and AC/MgO-3) in the temperature and pressure ranges of 25-80 °C and 2-10 bar,
respectively. The results indicated that the adsorption capacity of activated carbon was modified after NiO and MgO loading,
especially at higher temperatures, and the optimal concentrations were obtained 3 wt% for both of them. For better evalua-
tion of the adsorbents behavior, experimental data were investigated by isotherm, kinetic, and thermodynamic models. The

optimum adsorption capacities were obtained 121.35, 105.17 mg/g for AC/NiO-3 and AC/MgO-3, respectively.

Keywords CO, - Adsorption - Activated carbon - Metal oxides - Optimization

Introduction

The emission of greenhouse gases is one of the major envi-
ronmental problems in recent decades that would increase
by about 30% by 2040 (Miguez et al. 2018). Carbon dioxide
(CO,) as the most significant greenhouse gas, which has
been released into the atmosphere from the burning of fossil
fuels, has the largest share in the global warming. There-
fore, CO, capture technologies can be very helpful to reduce
CO, emissions from flue gas and prevent an increase in the
earth’s temperature (Taheri et al. 2019; Wang et al. 2011).
Adsorption (Khajeh and Ghaemi 2019; Mohammad et al.
2019), absorption (Heydarifard et al. 2018; Norouzbahari
et al. 2016), membrane diffusion (Shekhawat et al. 2003),
and cryogenics (Tuinier et al. 2010) are considered as the
main methods for CO, capture and separation (Bahadori and
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Vuthaluru 2009). The capture of CO, by adsorption method
is of great interest due to the low cost of equipment, low
energy consumption, and simplicity of application (Fenrong,
et al. 2010). Choosing the right adsorbent for adsorption is
of great importance. Activated carbon (AC) is a very effec-
tive and suitable material among the many solid adsorbents
and extensively used for CO, adsorption because of its low
cost, large activated surface area, developed porous struc-
ture, low sensitivity, and high thermal stability (Herawan
et al. 2013; Karbalaei Mohammad et al. 2019; Siriwardane,
et al. 2001). AC is often used to adsorb CO, at ambient
temperature, and there is a weak interaction based on phy-
sisorption process (Siriwardane et al. 2001; Younas et al.
2016). Therefore, a number of researches have been devoted
to modify the AC surface by loading of metal oxides and
improve interaction based on chemisorption (Hakim et al.
2015; Rashidi and Yusup 2016). Transition metals (i.e., Cu,
Co, Ni, Fe, Cr) (Fenrong et al. 2010; Hakim et al. 2015;
Hosseini et al. 2015; Jang and Park 2012a, b; Kim et al.
2010) and alkaline earth metals (i.e., Mg, Ca) (Pietrzak and
Morawski 2013; Son et al. 2005; Yong et al. 2001) have been
used to modify porous carbons, especially AC.

CO, is a Lewis acid in that it accepts electron from elec-
tron donors (Versteeg and Van Swaaij 1988). Since metal
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oxides are classified as electron donors, they may be a good
option to improve the adsorption capacity of AC (Rashidi
and Yusup 2016). The deposition of metal oxides in the
pores of the AC surface causes a chemical reaction between
the metal oxide and the CO, molecules. Although surface
area and pore volume of adsorbent are important, they are
not the only effective parameters on the adsorption capabil-
ity. Studies have reported that metal oxide loading on AC
reduces BET surface area and pore volume but increases the
adsorption capacity because the reaction between CO, and
adsorbate is another key factor. It seems that using an appro-
priate amount of metal is one of the factors that should be
considered in impregnated AC. Low loading of metal on AC
limits the change of surface, while the higher addition blocks
microporous adsorbents and abates the adsorption capacity
(Fenrong et al. 2010). In most reports, the wet impregnated
method (Deraz 2018) has been used to disperse metals to the
surface of activated carbon (Adamski et al. 2007; Henning
and Schifer 1993; Madzaki et al. 2018). Among the various
metal salts, including nitrates, chlorides, acetates, and acety-
lacetonates, nitrates are highly soluble and may be more effi-
cacious (Schwickardi et al. 2002). So far, many studies have
been done on the adsorption of AC, but according to studies,
AC is suitable for adsorption at ambient temperature. There-
fore, two methods of nitrogen doping (Houshmand et al.
2011; Shafeeyan et al. 2011; Shafeeyan et al. 2012; Hidayu
and Muda 2016) and metal impregnation have been used to
improve CO?2 the adsorption capacity from flue gas. Based
on previous research, most articles have been presented on
the study of adsorbent charactrizations. No information is
provided on the study of adsorbent behavior in terms of iso-
therms, kinetics, and thermodynamics. Therefore, in this
study, the use of modified AC with different percentages
of NiO and MgO at different pressures and temperatures
is considered to find an optimal operating temperature and
pressure of the adsorption process. The adsorbents behavior
was analyzed using isotherm, kinetic, and thermodynamic
models. response surface methodology (RSM)-based central
composite design (CCD) was applied to study the optimal
values of parameters, the impact of operating conditions,
and their interactions on response and achieving optimal
conditions. This work has presented a robust and efficient
hybrid approach to experimental and simulation of a transi-
tion metal and an alkaline earth metal as a modifier for CO,
capture efficiency by AC impregnated.

Materials and methods
Materials

Commercial granule coal activated carbon (AC) with 12—-40
mesh size was purchased from Mahab zist company (Tehran,
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Iran). High purity commercial powder nickel nitrate hexahy-
drate (Ni(NO3), 6(H,0)) and magnesium nitrate hexahydrate
(Mg(NO3),.6(H,0)) were used as the metal oxide precur-
sors. The high purity carbon dioxide (>99.9%) was pur-
chased from Hamta gas Mehrabad company (Tehran, Iran).

Adsorbent modification

The adsorbent is prepared by the wet impregnation method.
Initially, the ACs were washed with distilled water and dried
in a vacuum oven at 85 °C for 6 h. The amount of 100 ml
of 1, 3, 5, and 7 wt% magnesium nitrate hexahydrate and
nickel nitrate hexahydrate solution with 5 gr of dried AC was
stirred for 2 h at 70 °C. The mixture was evaporated at room
temperature and then dried at 85 °C for 6 h. The AC samples
impregnated with nickel nitrate hexahydrate and magnesium
nitrate hexahydrate are calcined under N, atmosphere for 2 h
at 350 °C (Brockner, et al. 2007; Mikuli, et al. 2001) and
500 °C (Gardner and Messing 1984) for 2 h, respectively,
to decompose the nitrate. Finally, the absorbents are stored
in a desiccator.

Adsorbent characterization

The samples are characterized by various conventional
techniques. An X-ray diffraction analysis (XRD) by STOE
STADI-MP Germany model with Cu-Ka radiation, the volt-
age of 40 kV, and emission of 30 mA at room temperature is
used to investigate the formation of metal oxide on the sur-
face of AC. The surface morphology of adsorbent is studied
by VEGA\TESCAN scanning electron microscopy (SEM).
Also, N, adsorption and desorption analysis by an automatic
gas adsorption system (Micromeritics, Model ASAP 2020,
USA) is applied to analyze the specific surface area, distri-
bution of pore size, total pore area, and total pore volume of
mesoporous materials.

CO, adsorption procedure

A stainless steel reactor, as shown in Fig. 1, is used to inves-
tigate the CO, adsorption capacity and the influence of main
parameters on the adsorption process. The cylindrical bed
reactor has 160 cm? internal volume, and there is a cell
inside the reactor to hold 1 gr of the absorbent in each test.
Before performing the test, the adsorbent is preheated under
pure N, gas for 30 min at 110 °C and vacuumed for 40 min
to make sure there is no pre-adsorbed CO, and moisture. A
high purity CO, gas goes through the regulator and pressure
gauge to reach the required pressure and then enters the mix-
ing tank. The gas is injected from the mixing tank into the
reactor that had been quenched to ambient temperature, and
then, the inlet valve is closed. An electric heater supplies
the heat required for the reactor, and a thermostat regulates
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Fig. 1 Setup for CO, adsorption
measurement
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the temperature. Each run is taken one hour, and a computer
records the temperature, pressure, and time every second in
Excel tables.

Equation (1) can be used to calculate the adsorption
capacity of the adsorbent:

(P, — P;)VM,
RTZm

g, = % %1000 1)
where P;, Pf, V, Mcop, R, T, Z, and m are initial pressure,
equilibrium pressure, reactor volume, the molecular weight
of CO,, gas constant, temperature, compressibility factor,
and adsorbent weight, respectively. The truncated virial
equation, which includes two terms, is used to calculate the
compressibility factor. The second virial coefficient theo-
retically illustrates the Tsonopoulos equation and considers
the contribution of the pair-wise potential to the gas pres-
sure. The correlation coefficient (R%), which represents the
percentage of change in the dependent variable, is one of
the reliable parameters to analyze the validity of experimen-
tal adsorption data. It can be used to determine the fitting
degree of kinetic and isotherm models with laboratory data
(see Eq. (2)) (Saeidi, et al. 2018).

2
ecal — Amexi
R2= Z( ,cal 5 P) - (2)

Z (qe,cal - qm,exp)2 + (QCal - Qm,exp)

where ¢, ., (mg/g), q.,, (mg/g), and g, ., (mg/g) are the
adsorption capacity obtained by kinetic isotherm models, the
adsorption capacity during the experiment and the average
Of geyp, Tespectively.

Experimental design

The experimental design of the CO, adsorption process is
performed using RSM method, which is a combination of
statistical and mathematical techniques for analyzing the
experimental data and process optimization (Pashaei et al.
2020). RSM method selects the minimum number of tests
and the best conditions among many input variables that
affect process performance (Sarrai et al. 2016). Central com-
posite design (CCD) is the best-known class of RSM that has
been frequently used as an experimental design (Amiri et al.
2017; Saeidi et al. 2019). According to Table 1, experiment
conditions and the domain and levels of pressure (A) and
temperature (B) variables are investigated at five levels with

Table 1 Optimization of

. Factors Name Units Symbol Coded level

parameters, experimental

range, and level of independent -2 -1 0 +1 +2

variables
Pressure P bar A 1 2.2 5 7.8 9
Temperature T °C B 25 33 52.5 72 80
Absorbent C Absorbent type

AC AC/NiO-3 AC/MgO-3
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codes—2,—1, 0,+ 1, and + 2 for three types of absorbent
(C). Based on CCD, 39 runs have been designed.

For description of the experimental results by a quadratic
polynomial regression model, the following second-order
equation obtained from the CCD model is proposed:

n n n n
2
y=ay+ z ax; + Z a;x; + z z AXiX;, + e 3)
i=1 i=1 i

where y, i and j, x; and X;, 4 and a;, a;, ag, n, and ¢ rep-
resent the predicted response, index numbers for factors,
design variables, coefficients of first-order effect, coefficient
of interaction, constant coefficient, number of factors, and

unanticipated error, respectively (Amiri et al. 2017).

Results and discussion
Adsorbent characterization

SEM image of samples at two scales, including 10 and
20 pm, is shown in Fig. 2. Based on Fig. 2a—b, the structure
of raw AC is very porous and consists of different pore sizes.
The morphology of AC/NiO-3 and AC/MgO-3 samples is
also illustrated in Fig. 2c—f, respectively. It is evident that
nickel oxide and magnesium oxide have been distributed
irregularly on the surface of AC. The smaller pore size of
AC is also due to the blockage of nickel oxide and magne-
sium oxide.

The XRD patterns of raw AC and AC impregnated with
3,5, and 7 wt% of selected metal oxides are presented in
Fig. 3a-b. The AC exhibits two different broad peaks of the
graphitic structure at 20 =24° and 44°, which are assigned
to (002) and (100) planes. It can be seen that the intensity
of these peaks gets weaker, and the noise level increases
with increase in the metal oxide loading. There is no peak
related to metal oxides in the AC/NiO-3 and AC/MgO-3
samples, due to the lack of sensitivity of this technique for
detecting small metal particles (<5 nm) or low metal con-
tents (<5) (Zieliriski et al. 2005). In Fig. 3a, XRD pattern
for the AC/NiO-7 shows the diffraction peaks at 20 =37.3°,
43.29°, 62.87°, 75.42°, and 79.41° corresponding to (111),
(200), (220), (311), and (222), respectively. Also, in Fig. 3b
the AC/MgO-7 shows the diffraction peaks at 20 =38.73°,
43.09°, 62.44°, 74.79°, and 78.73° corresponding to (111),
(200), (220), (311), and (222), respectively. In Fig. 3a, it was
envisaged that the size of the NiO crystallites on the carbon
surface affected the pore structure and specific surface area.
In the Ni—ACs, the metallic nickel peaks that are clearly
found at 20=137.3°, 43.29°, and 62.87° were increasingly
enhanced as the oxidation time increased (Jang and Park,
2012a, b). In Fig. 3b, all the samples except pure MgO dis-
play two broad peaks at around 44° and 63°, which were
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defined to the characteristic carbon (100) and (220) diffrac-
tions, respectively (Zhou et al. 2018). It seems that calcina-
tion of samples under N2 atmosphere caused to dissocia-
tion of nitrate hexahydrate since (Ni(NO;)2 0.6(H20)) and
(Mg(NO3)2 0.6(H20)) were decomposed to NiO and MgO.
It is worth noting that these peaks clearly became stronger
and confirmed the results of previous works (Jang and Park
2012a, b; Zhou et al. 2018).

Figures 4 and 5 show the N, adsorption/desorption iso-
therms of AC, AC/NiO-3, and AC/MgO-3, and Table 3
presents the porous parameters of the adsorbents that have
been modified by different weight percent of metals. All
curves in Fig. 4 are fitted into the type IV isotherm and
show a type B hysteresis loop, according to the International
Union of Pure and Applied Chemistry (IUPAC) classifica-
tion (Thommes et al. 2015). This type of isotherm is con-
sistent with microporous and mesoporous materials. It was
found that the raw ACs had the highest specific surface area,
indicating that they were highly mesoporous. However, they
decreased after the nickel and manganese electro less plating
with the AC/NiO-3 and AC/MgO-3 sample due to the pore
filling or blocking behaviors of the metallic coating.

A broad pore size distribution was obtained for the three
adsorbents, as calculated by the BJH method in Fig. 5. How-
ever, after nickel oxide and magnesium oxide loadings, the
pore structure was slightly decreased.

Specific surface area, total pore volume, total pore area,
and pore size distribution for all samples, including AC and
impregnated AC with different percentages of metal oxide,
are shown in Table 2. Among all samples, the highest BET
surface area belongs to the raw AC (962.74 m?/g). Low
metal oxide loading (1 wt%) is not very effective on the BET
surface area or total pore area. However, Table 2 apparently
shows decrease in the BET surface area and total pore area
with increase in the percentage of metal oxide. Therefore,
the structural properties and BET surface area depend on the
amount of loaded metal oxide.

The last column of Table 2 shows the CO, adsorption
capacity of proposed absorbents at 25 °C and 5 bar. AC is
known as a porous material, and its high surface area causes
higher adsorption capacity. The results showed that impreg-
nation of AC with metal oxide reduces the BET surface area,
but improves the adsorption capacity. These observations
indicate that metal particles settled inside the AC pores
and blocked the fine microporosity during impregnation.
Adsorption of CO, does not only depend on the BET sur-
face area and pore volume but also the reaction between
adsorbate and adsorbent. A low metal loading limits the
surface change, while the higher addition blocks micropo-
rous adsorbents and decreases the adsorption capacity. The
experiments showed the highest adsorption capacity for AC/
NiO-3 and AC/MgO-3. MgO impregnated samples exhibited
a more significant reduction in specific surface area than
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Fig.2 SEM images of two
scales including: a AC in
20.0 pm and b 10.0 pm, ¢
AC/NiO-3 in 20.0 pm and d
10.0 pm and e AC/MgO-3 in
20.0 pm and f 10.0 pm
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Fig.3 X-ray diffraction analysis (a)
for a AC, AC/NiO-3, AC/ AC (200)
NiO-5, AC/NiO-7 and b AC, AC/NiO-3
AC/MgO-3, AC/MgO-5, AC/ AC /Nfo's
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NiO, probably because of the larger molecular size of MgO
(Jeffry D. Madura 1972). It may also block micropores,
which can reduce the adsorption capacity.

RSM analysis

The design experiment and the responses have been investi-
gated using RSM based on CCD method to optimize the CO,
capture process on the modified AC adsorbents. The tem-
perature, pressure, and absorbent type are three important
factors that influence the design of experiments. Consider-
ing the five levels for each variable and a total of 39 runs,
Table 3 shows the values of independent variables and their
effects on the CO, adsorption capacity.

* @ Springer

The analysis of variance (ANOVA) is a statistical tool to
investigate the importance of the model, independent param-
eters, interactions, and second-order terms in the model.
This analysis can be very helpful to obtain a satisfactory
answer (Table 4). Two essential parameters for analyzing the
design of the experiment are p value and F value. The model
will be statistically significant, highly significant, and not
significant at p <0.05, p<0.001, and p> 0.1, respectively,
and if the model is more significant, the F value gets larger.
R? further evaluates the performance of the model, adjusted
R?, predicted R?, Adeq precision, and lack-of-fit parameters.
High values of R? and nonsignificant (P> 0.05) indicate that
this model is highly comparable with the results (Amiri et al.
2017; Ghaedi et al. 2019).
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Fig.4 Nitrogen adsorption/desorption isotherms of AC, AC/NiO-3,
and AC/MgO-3

According to ANOVA, the F value and p value of the
model are 490.48 and < 0.0001, respectively, which indi-
cate that the model is significant. It means that there is
only a 0.01% chance that this large F value could be due
to noise. Also, A, B, C, AB, AC, BC, AZ, and B? are sig-
nificant model terms. The F value of lack of fit is 2.62, so
it is not significant relative to the pure error, and there is a
5.01% chance that the F value could be due to noise. The
predicted R? value of 0.9674 and the adjusted R* value
of 0.9930 have a difference of less than 0.2, so they are
in a reasonable agreement. Adeq precision measures the
signal-to-noise ratio, and the values greater than 4 is desir-
able. The ratio of 67.4315 shows that there are enough
signals in the model that can be used to navigate the design
space. The regression coefficient values were evaluated,

and Eqgs. (4-6) were obtained for adsorption capacity of
AC, AC/NiO-3, and AC/MgO-3 as follow:

dac = 32.936 +29.9563P—1.2978T

4
—0.3358P.T—0.3255P> + 0.0115T> @

Gac/nio—s = 544484 + 39.2805P—1.61095T
—0.33579PT—0.3254 x P? (3)
+ 0.01151 x T?

Gac/Mgo-3 = 60.4979 + 34.5282P—1.63037T

6
—0.33579PT—0.3255P% + 0.0115172 ©

Equations (4-6) indicate the relationship between the
adsorption capacity and the process parameters, which
involve a constant coefficient, two first-order terms, one
interaction term, and two second-order terms. The presented
second-order polynomial models are suitable for the predic-
tion of CO, adsorption capacity and show a reasonably good
agreement with the quadratic model.

Two diagnostic plots, including normal probability plot
and predicted values vs. actual values, are illustrated in
Fig. 6a, and b, respectively, to test the ANOVA assump-
tions. Since the error values in Fig. 6a are very close to the
straight line; the assumption of normal distribution of error
is reasonable. Errors are defined as the difference between
the actual values and the predicted values. Figure 6b obvi-
ously shows that the differences between predicted values
and actual values are trivial, so the models are very predic-
tive and can fit the data well. It suggests that the CO, adsorp-
tion process can be accurately analyzed and optimized by the
proposed models.

Externally studentized residuals versus predicted adsorp-
tion capacity are shown in Fig. 7a. This figure shows that

Fig.5 Pore size distributions of 0.045
AC, AC/NiO-3, and AC/MgO-3 —e—AC
0.04
T g AC/NiO-3 0.05
0.035
003 § &
= 0.03
s 0.025 2 A
S 3 002
% 0.02
0.01
0.015 o ,
0 ﬁ ‘\".
0.01 1 2 s s 5
rp/nm
0005 % s
0 k.uooooooo o—eo ® o ° @
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Table 2 The structural properties, BET analysis, and adsorption of adsorbents at 5 bar

Samples Spert (m? g™ Ve (em? g™ v, (cm®g7h Micropore area’ The average pore Adsorption at
m?g™h diameter® (nm) 25 °C (mg/g)
AC 962.74 0.4031 0.041585 50.305 1.7078 109.23
AC/NiO-1 960.92 0.4021 0.041179 49913 1.6913 120.15
AC/NiO-3 924.44 0.3836 0.039017 48.106 1.6598 171.84
AC/NiO-5 813.51 0.3376 0.034328 42.481 1.5982 149.51
AC/NiO-7 691.48 0.2903 0.029864 36.958 1.3901 104.66
AC/MgO-1 957.51 0.4006 0.409837 49.593 1.6938 117.97
AC/MgO-3 819.93 0.3437 0.036104 42.963 1.6363 154.32
AC/MgO-5 713.34 0.3024 0.031771 40.854 1.4895 138.88
AC/MgO-7 599.85 0.2731 0.027645 35.543 1.2956 99.87

2Obtained by BET measurement
The total hole volume. MP-plot method

“Calculated by the BJH (desorption) method using N, adsorption isotherm

dObtained by the t-plot method
¢Obtained by the MP-plot method

there is no need to assume any violation of independence,
and the plot should follow a random distribution. In addition,
they have no apparent patterns and unusual structures. It can
be concluded that the models are satisfactory, and there is
no reason to suspect any infringement of independence or
assumption of continuous variables. The DFFITS plot for
adsorption capacity in Fig. 7b is a measure of the influence
of each point on the predicted value. It can be seen that all
data have been located in the specified range between blue
lines, which indicate the reliability of the model.

Effect of model parameters and interactions

To detect and optimize reaction conditions, 3D response
surfaces, which are a graphical representation of the regres-
sion equation, are a good choice. These plots determine the
response functions for two parameters. In contrast, all other
parameters are constant at the response levels and have a
beneficial impact on realizing the direct and interaction
effects of these variables. Figure 8 illustrates the interaction
between two variables and their effects on the CO, adsorp-
tion capacity.

Temperature and pressure effects on adsorption
capacity

In this study, some experiments have been designed to
express the effect of temperature and pressure on CO,
adsorption other than RSM experiments to confirm the
results. Figure 9 shows the CO, adsorption capacity at a
constant pressure of 5 bar and different temperatures of 25,
40, 55, 70, and 85 °C. As expected, the adsorption capacity
decreased with rise in temperature. CO, adsorption is an
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exothermal process, and when the temperature increases,
the molecule’s speed also increases, and fewer molecules
can adsorb on the adsorbent (Hosseini, et al. 2015). The
temperature has not the same effect on the adsorption capac-
ity of raw AC and AC modified with nickel oxide and mag-
nesium oxide.

In the CO, adsorption process, the empty pores of AC
are easily filled with a monolayer CO,, followed by mul-
tilayer CO,. After metal impregnation, the AC pores are
filled with NiO and MgO, and the metals are linked to
the functional groups of AC. Although the pore volume
decreases, the adsorption capacity increases. In raw AC,
the only physisorption occurs, and the adsorption capacity
sharply decreases at higher temperatures. But in the case of
metal impregnated AC, CO, reacts with the oxygen agents
of metal oxide, and both chemisorption and physisorption
occur. Therefore, with increase in temperature, the adsorp-
tion capacity decreases to a lesser extent. For example, by
raising the temperature from 25 to 85 °C, the adsorption
capacity of raw AC reduced by 96%, but 72% and 77% for
AC/NiO-3 and AC/MgO-3, respectively.

Another set of experiments have been done at a constant
temperature of 25 °C and different pressures of 2, 4, 6, 8,
and 10 bar (Fig. 10). The results indicated that the pres-
sure has a positive effect on the adsorption capacity, inde-
pendent of the type of adsorbent and physical or chemical
adsorption (Taheri et al. 2019). The gas molecules get com-
pressed and packed together more tightly at higher pres-
sures. Besides, more molecules have a higher chance to
be adsorbed on available sites, so the number of adsorbed
molecules increases (Plaza et al. 2010). The importance of
pressure and its effect on the adsorption capacity was proved
by analysis of variance.
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Table 3 Experimental values of the design and response of adsorp-
tion experiments in impregnated AC

Std Run A (P) bar B (T) °C C adsorbent q mg/g
15 1 7.8 33.0 AC/NiO-3 198.250
32 2 9.0 52.5 AC/MgO-3 128.231
16 3 2.2 72.0 AC/NiO-3 27.518
5 4 1.0 52.5 AC 13.340
5 7.8 72.0 AC 25.540
33 6 5.0 25.0 AC/MgO-3 154.314
31 7 1.0 52.5 AC/MgO-3 28.953
9 8 5.0 52.5 AC 50.985
11 9 5.0 52.5 AC 42.824
25 10 5.0 52.5 AC/NiO-3 103.025
19 11 9.0 52.5 AC/NiO-3 168.365
23 12 5.0 52.5 AC/NiO-3 98.692
20 13 5.0 25.0 AC/NiO-3 171.840
39 14 5.0 52.5 AC/MgO-3 83.029
35 15 5.0 52.5 AC/MgO-3 84.029
12 16 5.0 52.5 AC 52.762
26 17 5.0 52.5 AC/NiO-3 106.887
27 18 22 33.0 AC/MgO-3 61.312
17 19 7.8 72.0 AC/NiO-3 101.654
7 20 5.0 25.0 AC 109.222
2 21 7.8 33.0 AC 135.140
13 22 5.0 52.5 AC 48.136
22 23 5.0 52.5 AC/NiO-3 99.254
18 24 1.0 52.5 AC/NiO-3 27.570
29 25 22 72.0 AC/MgO-3 21.133
10 26 5.0 52.5 AC 47.106
8 27 5.0 80.0 AC 11.994
37 28 5.0 52.5 AC/MgO-3 85.638
36 29 5.0 52.5 AC/MgO-3 83.547
3 30 22 72.0 AC 10.719
31 9.0 52.5 AC 80.880
38 32 5.0 52.5 AC/MgO-3 81.929
14 33 22 33.0 AC/NiO-3 68.959
1 34 22 33.0 AC 38.262
28 35 7.8 33.0 AC/MgO-3 180.785
24 36 5.0 52.5 AC/NiO-3 106.124
21 37 5.0 80.0 AC/NiO-3 50.871
34 38 5.0 80.0 AC/MgO-3 31.240
30 39 7.8 72.0 AC/MgO-3 72.357

As a result, the values of the adsorption capacity are
consistent with the model outputs, which shows the reli-
ability of the model in probing the variable effects on the
adsorption capacity. The effect of AC surface modifica-
tion on CO, adsorption capacity at different temperatures
and pressures is summarized in Fig. 11a, b.

Adsorption isotherm

The adsorption isotherms at 25 °C and pressure range of
2-10 bar for AC, AC/NiO-3, and AC/MgO-3 are shown
in Fig. 12. Adsorption isotherms describe the equilibrium
of chemical or physical adsorption on the solid material
surface at various pressures and constant temperature. The
adsorption isotherm plays a key role in optimizing the used
adsorbents and a description of the interaction between the
adsorbate and the adsorbent. In the current study, the CO,
adsorption data on AC, AC/NiO-3, and AC/MgO-3 were
fitted to standard isotherm models such as Langmuir, Fre-
undlich, Dubinin—Radushkevich (D-R), and Spis models.
The Langmuir model was initially created for adsorption
of gas on solid, and the results showed that the adsorp-
tion occurs in the absence of any interaction between the
adsorbed molecules, and there is a single-molecular-layer
arrangement on the adsorbent surface. The simple Lang-
muir isotherm model is (Langmuir 1916):

Pc02 _ 1 _i_Pco2 )

q. KL'qm A

where q, (mg/g), q,, (mg/g), P, (bar), and K; (1/bar) are
the equilibrium adsorbed quantity, the maximum adsorp-
tion capacity, the gas pressure in equilibrium, and Langmuir
constant, the basic properties of the Langmuir isotherm can
be declared regarding separation factor (R; ). Equation (8) is
the definition of this dimensionless parameter:

1

R= —1
LT 1+K,P, ®)

Where P, (bar) is the initial adsorbate pressure. The type of
isotherm depends on the R; values: unfavorable (R; > 1),
linear (R; =1), favorable (0 <R < 1), and irreversible
(R, =0) (Das, et al. 2013).

The Freundlich isotherm is an experiential equation
used to describe heterogeneous systems (Hameed, et al.
2009). In this model, the adsorbent molecules form a
mono- or multilayer on the surface of the heterogeneous
adsorbent. Freundlich model can be expressed linearly as
Eq. (9) (Freundlich 1907):

1
Ing, = - In(Pco,) + In(Ky) 9)

where K; ((bar".mg)/g) is related to the adsorption capacity
and n describes the adsorption affinity and heterogeneity of
the surface. The 1/n value less than one (0 <n< 1) indicates
optimal adsorption. D-R adsorption equation can be used for
a large number of micropores in the microporous adsorbent
(Fashi et al. 2019). The D-R equation is:

]
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Table4 ANOVA results for

Source Sum of squares df Mean square F value p value

RSM-CCD model of the

second-order polynomial model  pode] 97,260.43 11 8841.86 490.48 <0.0001

of adsorption capacity AP 36.060.95 I 36060.95 2000.40 <0.0001
B-T 35,694.49 1 35,694.49 1980.07 <0.0001
C- Adsorbent 17,809.84 2 8904.92 493.98 <0.0001
AB 4093.03 1 4093.03 227.05 <0.0001
AC 2782.42 2 1391.21 77.17 <0.0001
BC 210.70 2 105.35 5.84 0.0078
A2 141.49 1 141.49 7.85 0.0093
B2 395.45 1 395.45 21.94 <0.0001
Residual 486.73 27 18.03
Lack of fit 372.71 15 24.85 2.62 0.0501
R2=0.995 Adjusted R2=0.993 Predicted R2=0.967 Adeq precision=67.431
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Fig.6 Diagnosis of the model, a normal plot of residuals b the predicted adsorption capacity values vs. the actual values of adsorption capacity

Ing, =Ing,, — € (10)

e =RTIn 1+L 11
Pco,

E, = ey (12)

where 8 (mol*/KJ?) is D-R constant related to the mean sorp-
tion free energy, and & (KJ*/mol?) is Polanyi potential, which
is the amount of energy required for separation of an adsor-
bent from the adsorbent surface. In order to better describe
the heterogeneous surface, Sips isotherm model (Sips 1948)
as a combination of the Langmuir and Freundlich isotherm

% @ Springer

models was suggested. This isotherm approaches the Fre-
undlich isotherm and Langmuir isotherm, at low and high
adsorbent concentrations, respectively (Ahmed and Dhedan
2012). The Sips equation is defined as follows:

Ky
psIn(C,) = —1In <—> +Inag (13)

e
where Kg (L.g™h, B, and a (L.mg~") are Sips isotherm
model constant related to the energy of adsorption, Sips iso-
therm model exponent, and Sips isotherm model constant,
respectively.

Isotherm parameters obtained from the curve fit-
ting of various models are given in Table 5. According
to R? parameters reported in Table 5, the results show
that the Freundlich isotherm has better results than the
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Fig. 8. 3D response surfaces
and 2D contour plots for (a 400
determination of interactions

between P and T and their 300

impacts on CO, adsorption 200

capacity (q) fora AC, b AC/ S

NiO-3, and ¢ AC/MgO-3 2 100
o

other isotherms for raw AC. This model represents mul-
tilayer adsorption, and since in raw AC carbon multilayer
adsorption is performed by the physical adsorption mecha-
nism, the Freundlich model is the most suitable. The sips
isotherm, which is a combination of the Langmuir and

Freundlich isotherms, fits well with the experimental
data, especially for AC/NiO-3 and AC/MgO-3 adsorbents.
In addition, after the Sips model, the Langmuir model,
which is the best description of the chemical reaction due
to being limited to one layer, is the appropriate model.
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Fig. 9 Experimental CO, adsorption capacity by a AC b AC/NiO-3 ¢
AC/MgO-3 at a constant pressure of 5 bar and different temperatures
of 25, 40, 55, 70, and 85 °C

The capability of Langmuir, Freundlich, D-R, and Sips
isotherms is compared in Fig. 13.

Adsorption kinetic

The adsorption data can be applied on different adsorption
kinetic models, including chemical reaction models (first-
order and second-order kinetic models), mass transfer
model (Olivitch equation), and velocity control equation to
determine the CO, adsorption mechanism on the adsorbent

* @ Springer
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Fig. 10 Experimental CO, adsorption capacity by a AC b AC/NiO-3
¢ AC/MgO-3 at a constant temperature of 25 °C and different pres-
sures of 2, 4, 6, 8, and 10 bar

(Khajeh Amiri et al. 2019). The Lagergren first-order rate
equation (Lagregren 1898) is as follows:

log g, — q,| =loggq, — * 1 (14)

K,
2.303
where q, (mg.g™h, q, (mg.g™"), t (min), and K, (min~"') are
the equilibrium adsorption capacity, adsorption capacity,
time, and rate constant. Ho (Ho and McKay 1999) expressed
the second-order kinetic model based on the sorption capac-
ity of the solid phase, as can be seen in Eq. (15):

t 1 t

= + —
9 K*q¢ q, as)
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Fig. 12 Experimental data for CO, adsorption isotherm in AC, AC/
NiO-3, and AC/MgO-3 adsorbent

where K, (g.mg~'.min™") is the rate constant. By sketching
a graph of t/q, based on t and finding the slope and intercept,
the second-order parameters can be extracted.

The Elovich model (Aharoni and Tompkins 1970) is gen-
erally applied to specify the chemical adsorption of gases on
heterogeneous solids (Eq. (16)).

g, = B-log(a-p)+p-log(s) (16)

Table 5 Parameters of the adsorption isotherm model for raw and
modified AC

Model Parameter AC AC/NiO-3 AC/MgO-3
Langmuir  qy, 806.813  469.205 444.625
K, 0.029 0.128 0.104
R? 0.989 0.998 0.992
Freundlich  Kg 25.843 66.875 52.613
n 1.179 1.652 1.556
R? 0.999 0.976 0.986
D-R A 183.534  264.777 225.249
a 0.492 0.632 0.618
B 2.063 1.253 1.310
R? 0.983 0.991 0.988
Spis K, 25.818 34.98 39.079
B, 0.850 1.687 1.235
A, 0.001 0.116 0.123
R? 0.987 0.999 0.993

In Eq. (16), o (mg.g~'.min~") is the initial adsorption rate,
and f parameter (g mg~") is related to the surface coverage
and activation energy for chemical adsorption.

The adsorption process on porous solids involves three
stages, including mass transfer (boundary layer/film diffu-
sion), ions adsorption onto sites, and intraparticle diffusion
inside the pore. It is very likely that the intraparticle diffu-
sion will be the rate-limiting step, and it is considered as a
rate controlling model (Eq. (17)).

q; = Kig 1 (17)

where K, is the intraparticle diffusion coefficient in the
adsorption process, which can be obtained by plotting the
qt versus t°. Table 6 presents the parameters of the kinetic
models.

The R? values of raw AC samples, it became clear that
the first-order kinetic model provides the best CO, capture
data. In general, the first-order model can be an indication
of reversible interaction between the adsorbent and absorb-
able gas, which is appropriate for the prediction of physi-
cal adsorption behavior. It was found that the Elovich and
second-order models provide better results for the adsorption
on the AC modified with NiO and MgO, maybe because the
CO, molecules bind to the modified AC by the formation of
a chemical bond. Figure 14 presents the experimental data
and kinetic models for CO, adsorption on AC, AC/NiO-3,
and AC/MgO-3 at 5 bar and 25 °C.

¥ @ Springer
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Fig. 13 Comparison of isotherms and CO, adsorption experimental data by a AC b AC/NiO-3 ¢ AC/MgO-3 at 25 °C
Table 6 Parameters of kinetic models for CO, adsorption by raw and modified AC adsorbent
Kinetic model Parameter AC AC/NiO-3 AC/MgO-3
25°C 55°C 85°C 25°C 55°C 85°C 25°C 55°C 85°C
First-order Qe 102.709 35.275 15.499 153.278 93.763 60.902 119.581 74.653 41.179
K, 0.024 0.043 0.003 0.048 0.139 0.121 0.069 0.023 0.108
R? 0.990 0.958 0.985 0.877 0.804 0.987 0.896 0.949 0.945
Second-order e 105.904 36.531 18.177 156.963 97.850 62.278 124.437 77.286 43.059
K, 0.003 0.002 0.005 0.001 0.002 0.004 0.001 0.001 0.004
R? 0911 0.921 0.968 0.926 0.938 0.986 0.965 0.989 0.973
Elovich alfa 0.128 4.302 0.018 13.146 16.574 0.017 82.284 0.130 0.815
beta 13.259 3.661 3.136 12.813 4.1 4.051 9.111 10.036 2.445
R? 0.957 0.882 0.982 0.989 0.834 0.983 0.969 0.974 0.815
Rate controlling kg 2.455 0.883 0.332 3.875 2.407 0.468 3.083 1.807 1.07
R? 0.832 0.765 0.959 0.905 0.564 0.983 0.844 0.877 0.631
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Fig. 14 Experimental data and kinetic models for CO, adsorption by a AC b AC/NiO-3 ¢ AC/MgO-3 at 5 bar and 25 °C
Adsorption thermodynamic
35
The enthalpy change (AH®), Gibbs free energy change
(AG°®), and entropy change (AS®) are the most important ] Y = 2635.3x - 5.652
. . . 2=0.93
thermodynamic properties that can be estimated by tempera- 25 209307
ture-changing equilibrium constants. The entropy and Gibbs —

. Z %] y =2905.6x - 7.1
free energy values are very useful for the determination of & 0072y
the spontaneity of the process (Adelodun et al. 2016). Equa- 5181 :
tions (18) and (19) are well-known thermodynamic equa- 1 P rvve
tions for calculation of equilibrium constant (K,;) and AG® o v =2753.7x - 6.2944 BAC/NIO-3
parameters: R?*=0.9432 AAC/MgO-3
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InK, = R RT (18) 1/T (k-1)

Fig.15 Plot of Ln (k,) vs. 1/T for CO, adsorption by a AC, b AC/
NiO-3, and ¢ AC/MgO-3 at 5 bar and 25 °C
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Table 7 Thermodynamic

. Absorbent sample AH° AS° AG?® (kJ/mol)
parameters of CO, adsorption
on AC, AC/NiO-3, and AC/ (kJ/mol) (kJ/mole K) 298 313 328 343 358
MgO-3 adsorbents at 5 bar
AC —24.158 -0.059 —6.558 -5.672  —4.787 —3.901 -3.016
AC/NiO-3 —-21.911 —0.047 —-7.900  —7.195 —-6490  —5.785 —5.080
AC/MgO-3 —22.896  —0.052 -7.292  —-6.507 -5.722  —-4.937 —4.152
14 a negative value of AS° is obtained. AG® is negative for all
12 ®AC systems at different temperatures, so the process can proceed
BAC/NIO-3

10 A

AAC/MgO-3

% CO, Adsorption
=)

295 305 315 325 335 345 355
T (K)

Fig. 16 Plot of CO, adsorption percentage of different adsorbents vs.
temperature at 5 bar

Table 8 Adsorption optimization of the CO, adsorption by AC/NiO-3
and AC/MgO-3

Parameter Constrain  Low  High Optimum condition

and response -
AC/NiO-3  AC/MgO-3

P (bar) In range 1.0 9.0 7.8 7.8

T (°C) Maximize 33.0 720 62.7 57.1

q (mg/g) Maximize 10.72 210 121.35 105.17
AG° = AH° — TAS® (19)

The slope and intercept of a curve of In (K,) based on
(1/T) have corresponded to the AH® and AS° values, respec-
tively (Fig. 15). All calculated thermodynamic properties are
summarized in Table 7.

According to Table 7, AH® values of CO, adsorption on
the raw AC and modified AC are negative in the tempera-
ture range of 25-80 °C. It means that the process is exo-
thermic, and the energy is released during the adsorption.
AH?® value of AC (—24.158 kJ/mol) reduces after loading
of NiO (—21.911 kJ/mol) and MgO (—22.896 kJ/mol), so
modified AC adsorbents release lower energy than AC in
the adsorption process. By decreasing the degree of free-
dom, entropy decreases during the adsorption process, and

(]
’r @ Springer

spontaneously and is thermodynamically favorable. AG® is
less negative at higher temperatures, so there is a low driv-
ing force for proceeding the adsorption and a low tendency
for adsorbent to adsorb at higher temperatures. Figure 16
illustrates the effect of temperature on the CO, adsorption
at 5 bar pressure.

Optimal conditions

In this section, the best conditions have been detected to
enhance the adsorption capacity of modified AC adsorbents.
The process was optimized using the numerical optimization
section in Design Expert software. It should be mentioned
that every input parameter in Table 8 has been defined at
a specific range, and therefore, the regression models are
valid only in these ranges. Each parameter can be used in the
range, maximum, minimum, target, and none (for responses)
to obtain an optimum output for a set of conditions. In the
current work, the reactor pressure was chosen in the design
range for AC modified with NiO and MgO to reach a maxi-
mum response. To reach the highest efficiency for the adsor-
bent under flue gas conditions, the maximum values of tem-
perature and q in the design range are selected. According
to Table 8, the best adsorption capacity of 121.35 mg/g was
obtained for AC/NiO-3 adsorbent at 62.7 °C and 7.8 bar. In
addition, the response value of AC/MgO-3 adsorbent was
105.17 mg/g at 57.1 °C and 7.8 bar. Figure 17 shows the
contour graph for the adsorption capacity of AC/NiO-3 and
AC/MgO-3 at optimal conditions.

Comparison of various AC impregnated
with metals

Table 9 compares the maximum CO, adsorption on AC
impregnated with metals in this work with some different
AC impregnated adsorbents previously used for CO, cap-
ture. As observed, the maximum CO, adsorption capacities
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Fig. 17 Contour graph for
adsorption capacity of a AC/
N-iO-3 and b AC/MgO-3 at

(@, q(mg/g) q(mg/g)

optimal conditions

Prediction 121.352

.

T(¢O

Prediction 105.173

2 5 6 8 2 4 5 6 8
P (Bar) P (Bar)
Table 9 Comparison of the maximum CO, adsorption various AC impregnated with metals
Adsorbent Modification process BET T (°C) P (bar) CO, (%) Adsorption Ref.
surface area capacity
(m%/g) (mmol/g)
Commercial AC (Norit Untreated 1316 30-50 1-2 5-50 0.58-4.09 (Hosseini, et al. 2015)
SA2) HNO, treatment-Cu/Zn ~ 599-1195 1.64-2.26
impregnation
Coconut shell AC Untreated 1344 - - 100 0.27 (Yi, et al. 2014)
Cu, Ca, Mg, Zn impregna- 1339 0.326-0.367
tion
Commercial AC Untreated - 30 - 0.25 0.652 (Fenrong, et al. 2010)
Cu, Ce impregnation 0.856
Charcoal AC Untreated 863 25 - 100 2.617 (Hakim, et al. 2015)
Fe impregnation 487 2.356
Charcoal AC Untreated 1608 25 1 100 1.684 (Jang and Park 2012a, b)
HNO; treatment-Ni 1053 2.039
impregnation
Charcoal AC (GR Untreated 1011 20-100 - 100 1.4-2.2 (Carabineiro, et al. 2001)
MERCK) Mg, Ba, Pb, Cu, Fe impreg- — 0.4-4.6
nation
Coconut char AC Untreated 277 25 1-7 - 1.091 (Son et al. 2005)
Mg, Ca, Cu, Co, Ni 242-519 0.387-2.204
impregnation
Carbon-based adsorbent Untreated 2250-3370 300 1 100 0.13-0.17 (Yong et al. 2001)
(MSC-30, GO8H) Mg, Ca, Cu, Co, Ni 1272-1635 0.22-0.28
impregnation
Commercial AC (Norit Untreated 959 25-95 0.3-1.1 100 0.3-1.2 (Somy et al. 2009)
RB3) Cr, Fe/Zn impregnation 541-951 0.01-1.5
Commercial AC (Mahab Untreated 962.74 25-85 2-10 100 0.1-3.88 This work
zist) NiO/MgO impregnation 925-820 5.9/5.1
of AC-MgO and AC-NiO are much higher than that of many Conclusion

other previously reported adsorbents, indicating the promis-
ing application of AC-MgO and AC-NiO to be an effective
adsorbent for CO, capture.

The CO, adsorption capacity and experimental mod-
eling were studied on AC modified with NiO and MgO
at different pressures and temperatures. The optimum

* @ Springer
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concentration of nickel nitrate and magnesium nitrate
was obtained at 3 wt%. In this condition, the BET surface
area of AC was decreased from 962.74 (m%/g) to 924.44
(mz/g) and 819.93 (mz/g) in the presence of nickel nitrate
and magnesium nitrate, respectively. By impregnation of
AC adsorbent with nickel nitrate and magnesium nitrate,
the CO, adsorption capacity increased by 57% and 41%,
respectively, at 25 °C and 5 bar. XRD pattern of the origi-
nally activated carbons (AC-0), AC-MgO, and AC-NiO
composites is displayed two broad peaks. The results
showed that nickel nitrate and magnesium nitrate loaded
on the AC surface was properly converted to the oxide
in the calcination process. To optimize the operational
conditions and adsorbent properties of raw and modified
AC, 39 tests were designed with RSM. The best adsorp-
tion capacity of 121.35 mg/g was obtained for AC/NiO-3
absorbent at 62.7 °C and pressure 7.8 bar, under the flue
gas condition. The AC/MgO-3 adsorbent also showed a
response of 105.17 mg/g at 57.1 °C and 7.8 bar, as opti-
mum conditions. The maximum adsorption capacities
were found to be 5.9 mmol/g and 5.1 mmol/g at 10 bar
and 25 °C for AC/NiO-3 and AC/MgO-3 absorbents,
respectively. The study of isotherm models showed that
the Freundlich model is better for the description of raw
AC due to physical adsorption, and the Langmuir and Sips
model are well fitted to modified AC due to single-layer
adsorption. From the kinetic models, the second-order and
Elovich models were fitted well to the modified adsorbents
with high surface energy, because of the chemical bond
formation between CO, molecule and modified AC. On the
other hand, thermodynamic studies confirmed the negative
values of AH° for modified AC, which lead to a decrease
in the energy released in the adsorption process. In addi-
tion, AG® was less negative with increase in temperature,
which indicates the lower tendency of the adsorbent for
the adsorption process.
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