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ABSTRACT: The development of adsorption-based technologies for CO, capture in the postcombustion processes requires
finding materials with high capacity of adsorption and low cost of preparation. In this study, the modification of a commercial
activated carbon (Norit ROX 0.8), considered as a solid adsorbent for CO, capture, and the effects of different methods of
activations, chemically (hydrogen peroxide, sulfuric acid, nitric acid, and urea) and thermally (at 800 °C) on adsorption
performance, have been investigated. Then, CO, adsorption capacity was studied at different temperatures and pressures to
evaluate the effects of various agents on sample performance. The textural properties of the samples were determined using
adsorption—desorption isotherms of nitrogen at —196 °C. Finally, the obtained data were modeled by Response Surface
Methodology (RSM) and Langmuir isotherm. The results showed that the prepared sample by successive treatments with nitric
acid, urea, and thermal calcination has a higher uptake capacity than other modified samples.

1. INTRODUCTION

1.1. Global Warming and CO, Capture. Climate change
has become one of the primary issues nowadays, which has
attracted much attention, observation, and investigation to find
a solution for one of the most important environmental
challenges and energy policies in the 21st century.”” One of
the predominant greenhouse gases is carbon dioxide (CO,)
which its sharp increase in the atmosphere as well as its
dangerous effects on the ecosystem contribute to much envi-
ronmental anxiety for researchers. Tangang et al.” declared that
the climate changes will cause the enhancement of the surface
temperature of earth to around 3—5 °C by the end of this
century, which contributes to the ice and glacier melting and
rising sea level up to 95 cm.® Based on reports,” com-
bustion of coal, oil, and natural gas industries, including
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naphtha refineries® and petrochemical complexes,7 is the
source of more than 80% of CO, emissions throughout the
world; whereas iron, steel, and cement manufacturing are in
the next levels.” As a consequence of these industrial activities,
the CO, concentration has had 70 ppm enhancement in the
atmosphere from the preindustrial period until now (from 280
to 400 ppm, respectively), while its maximum value should not
exceed more than 350 ppm.” One of the main strategies to
decrease the amount of CO, in the atmosphere is Carbon
Capture and Storage (CCS),"” which is able to reduce, control,
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and optimize the overall mitigation costs by enhancin§ a great
reduction in the greenhouse gas (GHG) emissions.' "' CCS is
a group of technologies that have the ability to reduce the
emission of CO, from fixed industrial sources to the
atmosphere; which based on the BLUE Map Scenario of the
International Energy Agency (IEA), this route can lead to 19%
reduction of CO, emission (as the most costly component of
the CCS process), by 2050."* The simple schematic of CCS
has been presented in Figure 1.
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Figure 1. Schematic diagram of carbon dioxide capture and storage
(CCS) cycle.

1.2. Physical Adsorption. Currently, chemical adsorption
with amine-based sorbents is the most popular technology for
CO, capture in the postcombustion processes throughout the
world. In this method, the flue gas passes through an absorber
tower and CO, reacts with the amine solution, and then this
aqueous solution is transported to the absorber tower, whereby
CO, is separated at a higher temperature (>100 °C).!1s
Despite its high performance, this method has several
drawbacks, including the following: equipment corrosion and
high energy consumption (for the solvent cost and regener-
ation), as well as the production of a wide range of hazardous
substances.'®'” For these reasons, other strategies, mainly the
physical adsorption with porous solid materials, have received
much attention in the past years, as an effective and versatile
technique for the removal of different classes of pollutants from
gaseous or liquid streams.

Various physical adsorbents, such as porous carbons, metal
organic framework materials, > zeolite molecular sieves,**’
lithium zirconate,”® silicon based mesoporous materials,”” ™" and
other metal oxides materials,”> have been developed for the
CO, capture in the recent years. Among these adsorbents,
activated carbons are highly attractive for CO, adsorption for
several reasons. First, these materials are an amorphous porous
form of carbon that can be prepared several ways. Agricultural
residues, animal wastes, coals, and liquid fractions obtained
from the thermal treatments of plant wastes are among the
main sources of activated carbon. Also, pyrolysis of different
carbon-containing resins, fly ash, and biomass are other
ones.”>™*° Thus, cost-effective and abundant resources are
two of the main benefits of this adsorbent, whereas synthesis
and development of MOFs is one of the main drawbacks of
these materials. In addition, hydrophobic character of activated
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carbons is their main quality when compared to zeolites and
MOFs, which reduces the effect of moisture (as an existing com-
ponent in ;)ostcombustion processes) on the adsorption per-
formance.”” Furthermore, less energy is required for regenera-
tion in the desorption process,” due to the weaker physical
interaction of activated carbons with CO, molecules and
having a lower heat of adsorption than zeolites (13X).** Thus,
these qualities have made activated carbons the promising
adsorbent for CO, capture.

1.3. Objective. In this work, based on the scope of CCS
strategy, the modified activated carbons have been prepared
and characterized in our lab (LSRE-LCM). Then, by considering
the main challenges of postcombustion carbon capture processes,
it has been tested at five different pressures (1, 2, 3, 4, and
S bar) and three temperatures (40, 70, and 100 °C) using the
breakthrough technique. In addition, the results are modeled
with Langmuir isotherm and a second-order equation employed
from the response surface methodology (RSM). Finally, the
obtained values are compared with literature reports to eval-
uate the reliability of the proposed materials.

2. MATERIAL AND METHODS

2.1. Materials and Chemicals. PAC is an extruded carbon
material produced by steam activation. In this study, the
commercial powder activated carbon Norit ROX 0.8 with high
purity (by having only 3 wt % of ash content) was supplied in
cylindrical pellets (diameter and average length were 0.8 and
4.0 mm, respectively). Urea (65 wt %), nitric acid (65 wt %),
and sulfuric acid (96—98 wt %) were supplied by Riedel-de-
Hagén; also hydrogen peroxide (30%, w/v) was obtained from
Panreac. In addition, the employed gases, carbon dioxide and
helium with purity of 99.98% and 99. 95%, were supplied by
Air Liquide.

2.2, Activation Techniques. Thermal and chemical meth-
ods are two main techniques for activating carbon based mate-
rials. In the thermal activation, the materials are carbonized in
the temperature range of 400—850 °C, while in the chemical
method by using some chemical agents, activation takes place
by heating the mixture of precursors and dehydrating the agent
or oxidant.** The activated carbon (Norit ROX 0.8) was
ground and sieved to particle sizes, ranging from 0.106 to
0.250 mm (PAC material), and then was chemically modified
by liquid phase, thermal, and hydrothermal treatments. In this
way, three samples were prepared by treating 25 g of PAC with
500 mL of 30% (w/v) H,0, (PACHP sample), 18 M of
H,S0, (PACSA sample), and S M of HNO; (PACNA sample)
at room temperature (24 h), 150 °C (3 h), and 110 °C (3 h),
respectively. After these treatments, all samples were filtered
and washed several times with distillate water until the neu-
trality of the ringing water. Later, samples were dried at 110 °C
in an oven, for 18 h, resulting in PACHP, PACSA, and
PACNA materials. Two other samples were obtained in the
successive treatments of the PACNA material. The first one
was prepared through the treatment of PACNA with 1 M of
urea solution (50 mL per 2 g of PACNA) at 200 °C for 2 h,
under its own vapor pressure, in a stainless steel high pressure
batch reactor. Later, the material was filtered, washed,
and dried at the same conditions, resulting in PACNAU
material. The last material was obtained from a gas phase
thermal treatment of 1 g of the PACNAU sample under N,
flow (100 cm®-min™") at 120, 400, and 600 °C for 1 h at each
temperature and then at 800 °C for 4 h, resulting in
PACNAUT material.
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Figure 2. Experimental setup used to measure adsorption equilibrium in modified activated carbons.

2.3. Characterization of Activated Carbons. Textural
characterizations of the activated carbons were obtained from
N, adsorption—desorption isotherms at —196 °C, using a
Quanta-chrome NOVA 4200e adsorption analyzer. The BET
method*' was employed to determine the specific surface area
(Sger) of activated carbons, and the t-method was employed
(employing ASTM standard D-6556-01 for the thickness
calculation) to determine the external surface area (S,,) and
the micropore volume (Vm,zm},).42 Subtracting the S, from
Sper measured the microporous surface area (Sm,-mp); also the
average pore diameter (D,,,) was calculated by approx-
imation (Digp = 4 Vigicrop/ Smicrop)- The total pore volume
(Vo) was determined at p/p° = 0.98. In addition, micro-
porosity was evaluated by employing the empiric micropore
analysis method of Mikhail et al.”> (MP) and the theoretical
Horvath—Kawazoe (HK) method;** also mesoporosity was
assessed by using the Barrett—Joyner—Halenda (BJH) method,
applied for N, adsorption and desorption (p/p° > 0.35).*
Calculations of all methods (MP, HK, and BJH) were
performed by employing NovaWin software v11.02. Elemental
compositions (C, H, N, and S) were quantified by applying a
Carlo Erba EA 1108 Elemental Analyzer.

2.4. Breakthrough Technique. In this study, the CO,
adsorption/desorption experiments were accomplished by a break-
through technique using the homemade apparatus at LSRE-LCM
(the experimental apparatus was made with stainless steel tubing,
Swagelok Company, USA), which has its schematic shown in
Figure 2. A detailed description of this unit was presented in an
author’s previous study.”’

Briefly, the experimental procedure has three main steps: the
first one is preparation, the second one consists of adsorption
runs, and the last one is the analysis of the obtained data.
At the first step, an adsorption column, which has been made
up from the stainless steel, was packed with one of the
activated carbons. Then, the preparation of the samples was
performed by passing a hot carrier gas (helium) for 12 h in the
column. After that, a constant flow rate of the mixture (carrier
gas and CO,) which is done by a three-way valve (V3; flow
goes from a to b) is sent to the system. In this process, CO,
flow rate is controlled by a mass flow controller (MFC).
An electronic pressure controller (EPC) is used for He flow
rate measurement. Then, the adsorption process takes place
at the selected partial pressure and temperature by passing
the gas mixture through the fixed bed (which has been put
in the oven). In this work, five different adsorption pressures
were tested at three different temperatures for each material.
To analyze the performance of the process during the adsorp-
tion runs, a thermal conductivity detector (TCD) continuously
measured the mass flow at the output of the packed bed as a
time function (breakthrough curve). This measurement is
continued until the output composition reaches the value of
inlet gas composition in the bed, which is the saturation
condition.

The collected data by the computer are in the voltage
signals, and they are converted to the flow rate as a time func-
tion. Then, by applying a mass balance on the bed, the equi-
librium loading is obtained for a specific temperature and
partial pressure of CO,, as follows:
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(1)
In this equation, t, is the saturation time of the bed, and & is
the total porosity of the bed, which is calculated by the

following relation™

1

rS
Qco2 = l/" (Fcoz,,-” - Fcozyuut)dt -

M dsorbent

er=¢g+(1-g)e,

(2)

where ¢, is the particle porosity, and ¢, is the packed bed
porosity. The definition of all the other variables has been
presented in the nomenclature section. Finally, in a similar
cycle, the desorption process takes place by switching the gas
flow rate to the carrier gas to desorb the adsorbed CO, on the

bed. In Figure 3, the adsorption/desorption cycle has been

CO, & He

Purge (He)

He

Preparation
Adsorption
Desorption

He Raffinate

CO, & He

Figure 3. Configuration of the adsorption—desorption cycle of CO,
capture.

depicted for more clarification. Furthermore, the characteristics
of adsorption unit and operating conditions of these experi-
ments are reported in Table 1.

3. MODELING AND SIMULATION

3.1. Langmuir Model (Isotherm Study). In order to
investigate the behavior of the adsorption process, the analysis
of the adsorption equilibrium data is required. In this way,
using theoretical models is one of the best strategies to study
the experimental equilibrium isotherms. Among the various
available adsorption models, the Langmuir model is the best

one to describe the chemisorption reaction, due to the restric-
tion to the monolayer formation.*””*® Thus, the Langmuir
model has been selected to investigate and correlate the
equilibrium results in this study. The basic assumptions in this
model are each site can only hold one adsorbate molecule, the
adsorption energy of all sites is the same, there are definite
adsorption sites, and there is no interaction between adsorbed
molecules on the neighboring sites.” The mathematical
formula of the Langmuir model is as follows

QKR

¢ 1+ K Peo, 3)
where Q, is the adsorption capacity at equilibrium condition,
Q,, is the maximum adsorption capacity, Pco, is the partial

pressure of CO,, and K is the Langmuir adsorption constant,
related to the free energy of the adsorption and it is a criteria to
measure how strong an adsorbate molecule is attached to the
site, which can be adjusted from the following relation

a exp(AH/ RgT)

= K, exp(AH/R,T)

" kjeo 2TMR. T @
K = a
¥ kyeoy[27MR,T 5)

where AH is the heat of adsorption, a is the sticking coef-
ficient, T is the temperature, and M is the molecular weight.
The validity of the obtained model is evaluated by the
coefficient of determination (R?), which its scale is [0—1], and
for the best fitting it should be close to the unit.

3.2. Response Surface Methodology (RSM). In this
study, after performing the breakthrough measurements to
determine the uptake capacities of prepared samples for CO,
capture, RSM methodology was employed for the statistical
analysis of the adsorption process. The selected runs for the
considered samples are based on the full factorial design with
two factors (temperature and partial pressure of CO,), which
have 3 (40, 70, and 100 °C) and S (1, 2, 3, 4, and S bar) levels.
Since the runs are enough to obtain the second-order equation,
typically it is used in the RSM (more experiments than
coefficients). Also, it is possible to employ the methodology in
order to study the variance of the response variable with the
factors or independent variables. In this sense, the analysis of
the obtained experimental values as well as the interaction
effects of parameters has been evaluated by using the Historical

Table 1. Specific Properties and Operating Conditions of Breakthrough Apparatus

Bed Characteristics

Total Parameters of Experiments

parameter value
bed inner diameter (cm) 0.46
bed length (cm) 10
wall thickness (cm) 0.089
PAC PACSA
mass of sample (g) ~0.6 ~0.6
ambient pressure (bar) 1 1
ambient temperature (K) 293.75 295.55
CO, flow rate (mL/min) ~10 ~10
helium flow rate (mL/min) ~9 ~9
particle sizes (um) 106—250 106—250
porosity (total volume porous, mm>g™") 541 520
11157

PACHP PACNA PACNAU PACNAUT
~0.6 ~0.6 ~0.6 ~0.6
1 1 1 1
294.85 295.25 293.05 294.35
~10 ~10 ~10 ~10
~9 ~9 ~9 ~9
106—250 106—250 106—250 106—250
545 547 581 635
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Data tool of the Design Experts software v.8.0. The CO,
uptake capacity (Q) and the breakthrough time (#,) are the
outputs of the adsorption process which are considered as
response variables, whereas the CO, partial pressure (Pco,)
and the temperature (T) are supposed to be the independent
variables. Then, the response variables are modeled by fitting
the following polynomial function:

2 2
)’ = ﬂo + ﬂlxl + ﬂzxz + ﬂllexz + ﬂllxl + ﬂzzxz + &
(6)

In this relation, y is the response variable (Q or t,); x; and x,
are the independent variables (Pco, and T), which take the

coded values from —1 to 1, proportionally and accordingly
with the minimal and maximum values of the selected
operating conditions (e.g, x, takes the values of —1, —0.5, 0,
0.5, and 1 for the partial pressure of 0.56, 1.09, 1.62, 2.16, and
2.68 bar). f3, is an intercept coefficient, 5, and /3, express the
linear coeflicients, 3, is a coefficient to display the interaction
between operating parameters, f;; and f,, express the qua-
dratic coeflicients of operating conditions, and the last term
(€) is a residual error.”” The fit of the equations and deter-
mination of coefficient values were realized by using the
Design Expert v8.0 software. The statistical evaluation of
the model to evaluate the fitness of the quadratic model to the
experimental data was employed by the analysis of variance
(ANOVA) and the lack-of-fit, which tested the significance of
the regression model and the individual model coefficients.*’
Both of them were performed also with the software. The
probability of the coefficients (p-value) was employed to
detect whether a model and its coefficients are significant or

Table 2. Elemental Analysis of the Proposed Activated
Carbons for CO, Adsorption

not. Finally, by using the adjusted coeflicient of determination
(Adj-R?) the accuracy of the model is checked.*

4. RESULTS AND DISCUSSION

4.1. Characterizations of Adsorbents. The elemental
analysis, related to the C, H, S, and N content of the prepared
activated carbons, is summarized in Table 2. As can be seen,
the carbon and hydrogen content was lightly modified, whereas
sulfur and nitrogen concentrations were increased by modi-
fying the original activated carbon. As expected, the S-content
was increased from 0.6% (PAC) to 1.2% (PACSA) with the
sulfuric acid treatment. The nitrogen percentage was also
enhanced with nitric acid and urea treatments to reach 1.4%
and 3.2% for PACNA and PACNAU samples (commercial
carbon does not have nitrogen), respectively. However, the
N-content of the PACNAUT sample was lower than
PACNAU, likely due to the thermal process, which produces
the desorption of nitrogen superficial groups with weak bonds.
The remaining analysis (the content that is not C, H, S, or N),
which is typically assumed to be ash and oxygen, was
significantly low for this sample. Probably, the desorption of
weak oxygen superficial groups also takes place during the
thermal treatment of the sample. Furthermore, the significant
increase of the C-content of PACNAUT was observed because
of thermal treatment.”’

Nitrogen adsorption—desorption isotherms of the prepared
adsorbents have been presented in Figure 4. As can be observed,
adsorbents exhibit a mixed type of I and IV isotherms,”* to
which more uptake capacity at low p/p° corresponds with the
filling of micropores. Furthermore, hysteresis loop presence of
the isotherms can be classified as H4 type, based on the last
classification of IUPAC, that is typically found for micro-
mesoporous carbon materials.””>* On the other hand, based
on the textural properties which were determined from the N,
sorption analysis (summarized in Table 3), samples are more

C (%) H(%) S(%) N (%) remaining (%) PZC near to the microporous category (V,,;./ Vo higher than 0.5)
PAC 79.0 15 0.6 0.0 189 7.6 than mesoporous, with an average width of micropores (W,;.)
PACSA 76.1 1.8 12 0.0 209 5.8 of ca. 1.72 nm. For more information, the t-plots of the
PACHP 814 1.4 0.6 0.0 16.5 6.8 adsorbents have been depicted in Figure S1 (Supporting
PACNA 706 2.4 0.4 1.4 252 2.0 Information).
PACNAU 753 27 0.3 32 18.4 6.1 The pore size distribution of the adsorbents was assessed by
PACNAUT 886 22 0.4 2.8 5.9 10.3 BJH, HK, and MP methods, as shown in Figure 5. Based on
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Figure 4. Isotherms of nitrogen (a) adsorption of all the studied powdered activated carbon samples and (b) adsorption—desorption of selected

samples.
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Table 3. Textural Properties of the Proposed Activated Carbons Determined from BET and t-Plot Methods

Sper (m?/g) Sew (m’/g) Suic (m’/g) Vi (mm’*/g) Viie/ Viotat (%) W, (nm)
PAC 885 + 10 160 + 2 725 + 12 314 + 1 58 1.73 + 0.03
PACSA 862 + 9 150 + 2 712 + 11 308 + 1 59 1.72 + 0.03
PACHP 893 + 10 159 + 2 734 + 12 319 + 1 58 1.73 + 0.03
PACNA 889 + 10 170 + 2 719 + 12 311+ 1 57 1.72 + 0.03
PACNAU 960 + 11 181 + 2 778 + 12 336 + 1 58 1.72 + 0.03
PACNAUT 1055 + 11 197 + 2 858 + 12 367 + 1 58 171 + 0.03
12 . . . . 0.5 . . 025
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Figure S. Pore distribution in the powdered activated carbons from N, adsorption—desorption analysis and determined by (a) HK and (b) MP
methods for microporous range and the BJH method in (c) adsorption and (d) desorption of N, for mesoporous assessment.

the BJH method, it is observed that the pore size range is kept
below 5.0 nm for all materials, with a pronounced fraction of
micropores which was found when HK and MP methods are
used.

According to the textural properties (Table 3), there is a
slight increase in Sypy values which results from a proportional
increase in the formation of micropores, which contributes to
the fairly similar V,,,/Vy,, values and average micropore
diameters (W,,.). For instance, the Sgzr in PACNAUT
increases 19.2% when compared to PAC, due to the increment
of the micropore volume, 16.9% (from 314 to 367 cm?/g).
Despite the increased values of Sppr and V,,, the surface
chemistry is more affected by the applied treatments. For
instance, when PAC is treated with nitric acid (PACNA), the
amount of oxygen-containing groups (mainly carboxylic acids)
is substantially increased (as inferred by the remaining 25.2 wt %
in the elemental analysis, attributed to the ash and oxygen,
Table 2), and an acidic material has been obtained, as assessed
by the determination of Point of Zero Charge values of the
materials (as been mentioned in Table 2). In addition, further
treatment of PACNA with urea (PACNAU) contributes to the
incorporation of nitrogen-containing groups at the surface of
the materials. As shown in Table 2, the increase of the N con-
tent at the expense of oxygen content produces a less acidic

11159

material. Finally, thermal treatment of PACNAU under inert
atmosphere (obtained PACNAUT) leads to the decomposi-
tion of carboxylic acids, resulting in less O content materials
(with lower remaining wt %) and more pronounced basic
character. In conclusion, despite the significant role of the
porosity on the adsorption, the surface chemistry of the mate-
rials is also considerable.

4.2. CO, Adsorption. The high adsorption capacity is one
of the key parameters of an ideal adsorbent for CO, capture,
and it can be contributed to the reduction of the volume of the
sorbent requirement, decreasing the sorbent bed, apparatus
size, and finally capital costs.”® The analysis of adsorption
isotherms is one of the best strategies to evaluate the adsorbent
performance in adsorption—desorption cyclic processes. To this
goal, the obtained adsorption isotherms of prepared carbon
materials are reported in Figure 6(a-f). As can be observed, the
adsorption capacities of all prepared samples are enhanced
by increasing P, based on Pcq, the thermodynamic driving
force of the adsorption process. On the other hand, as expected,
the increment of the temperature has a negative impact on the
uptake capacity of adsorbents, in an accommodation with the
exothermicity behavior of the adsorption process. In this way,
the increase of temperature, which corresponds with the
enhancement of energy of molecules, results in an increment of
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Figure 6. Experimental equilibrium (symbols) data and fitted Langmuir isotherm (lines) for CO, adsorption at 40, 70, and 100 °C with (a) PAC,
(b) PACSA, (c) PACNA, (d) PACHP, (e) PACNAU, and (f) PACNAUT materials.

the diffusion rate of gaseous molecules, but at the same time, it
decreases the possibility of capturing or trapping CO, mole-
cules on the adsorbent surface by fixed energy adsorption
sites.”> ™ In fact, the increase of temperature provides the
sufficient energy for the adsorbed gases to overcome the van
der Waals attraction forces employed by the sorbent surface
and migrate back to the gas phase.”® On the other hand, the
higher surface adsorption energy and molecular diffusion at
the enhanced temperatures contribute to the instability of the
adsorbed CO, molecules on the carbon surface, and this results
in the acceleration of the desorption process.”®

The experimental data of adsorption process were illustrated
by the Langmuir model. In Figure 6(a-f), marker points rep-
resent the experimental data, whereas the solid curves express
the results of the applied isotherm model. As can be observed,
the Langmuir model is well-fitted with the behavior of the

experimental adsorption results. The Langmuir parameters and
the determination coefficient (R*) are reported in Table 4.

A comparison between the uptake capacities of sorbents for
CO, capture in the various temperatures and partial pressures
is depicted in Figure 7(a, b, c) (the numerical values for better
grasp have been reported in Table S1, Supporting Informa-
tion). As can be seen, in all plots, by increasing the pressure of
adsorption, the uptake capacities of the samples increase; also
the temperature enhancement has had a negative impact on
the adsorption capacity. This behavior is the same for all the
considered samples. Regarding the uptake capacity of the
materials, PACSA, which has been treated with sulfuric acid,
shows the worst performance, and PACNAUT, that has been
chemically (with nitric acid and urea) and thermally treated, is
the best one. The higher performance of PACNAUT can be
interpreted by considering several factors. First, based on the
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Table 4. Langmuir Parameters at Different Temperatures Using Linearized Technique

samples
T (°C) Langmuir coefficients PAC PACHP PACSA PACNA PACNAU PACNAUT
40 Q.. 17.57 21.93 23.29 19.43 20.73 17.19
K, 0.373 0.462 0.926 0.527 0.378 0.314
R* 0.9778 0.9697 0.9474 0.9665 0.9787 0.9821
70 Q. 17.57 21.93 23.29 19.43 20.73 17.19
K, 0.207 0221 0.423 0.274 0.188 0.176
R? 0.9899 0.9886 0.9784 0.9865 0.9919 0.9923
100 Q. 17.57 21.93 23.29 19.43 20.73 17.19
K, 0.126 0.119 0219 0.159 0.105 0.108
R* 0.9956 0.9959 0.9914 0.9935 0.997 0.9965
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Figure 7. Comparison between CO, uptake capacity (mmol/g) of investigated adsorbents at (a) 40 °C, (b) 70 °C, and (c) 100 °C.

textural properties of PACNAUT (reported in Table 3), it has
the highest microporous volume and size which contributes to
adsorbing a greater amount of CO,. Also, PACNAUT has
increased around 12% C-content of the adsorbent (Table 2),
which can be one of the other main evaluators of PACNAUT
performance. In addition, the higher adsorption capacity can
be also ascribed to the desorption of weak superficial groups
as a consequence of the thermal treatment at 800 °C
(as previously discussed), leading to the apparition of possible
adsorption sites and removal of functional groups able to block
some pores. On the other hand, the samples resulting from the
chemical treatments by sulfuric acid, nitric acid, and hydrogen
peroxide have reduced the point of zero charge (PZC) by
boosting the acidity of materials, which contributes to the
lower number of the available electrons on the carbon surface,
since most of the oxygen-containing functionalities on the
surface have an electron withdrawing capacity.”>” While by
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applying the nitrogen-containing functionalities, upon chemical
treatment with the urea, it enhances the PZC of PACNU
by decreasing the acidity, and consequently the reduction of
acidic active sites, and a large increment of the basic active
sites (main parameter on the adsorption process). Then, the
subsequent thermal treatment of PACNU intensifies the
elimination of acidic active sites by thermal decomposition
and preparation of a sample by a high percentage of the basic
active sites. These results confirm that PACNUT is the sample
with the lowest concentration of the oxygen-containing func-
tionalities (as shown in Table 2), which has the highest
number of the available electron donating active sites.**”" !
For more information, a comparison between some of the
recently proposed sorbents for CO, adsorption has been
presented in Table 5. As can be seen, the adsorption capacity
of PACNAUT, which has been presented in this study, is
higher than previous ones.
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Table 5. Comparison between the Capacities (mmol/g) of Maximum CO, Adsorption on Various Adsorbents

adsorbent

AHEP (algae)

type of activation

KOH activation

A (1) =700 (char derived) KOH activation

B (1) =700 (char derived) KOH activation
C (1) — 700 (char derived) KOH activation

GKOSN800 (Biomass Olive Stones) CO, and heat treatment
P—C (polyethylene terephthalate) KOH activation
AC-MEA MEA activation

HCM-DAH-1 (carbon monoliths)  amines

32ACSH3 NaOH activation
AAM:-silica n/a
CB-FM magnetic fine particles

empty fruit bunch AC KOH activation

coconut AC CO, activation

Norit SX2 (peat) steam activation

PACNAUT (Modifed Norit

nitric acid, urea and thermally
ROX 0.8)

(800 °C)

P temp adsorption caEacity
porosity (bar) (K) (mmol-g™") refs
micro/mesoporous 1 298 1.39 62
323 0.413
348 0.211
microporous 1 298 3.136 63
373 0.704
microporous 1 298 0.84 63
373 0.16
microporous 1 298 1.25 63
373 0.34
micro/mesoporous 1 298 1.954 64
373 0.59
microporous 1 298 1.09 65
373 0.273
micro/mesoporous 1 303 1.559 66
343 1.132
373 0.575
393 0.125
meso/macroporous 1 298 0.9295 67
microporous 1 308 0.6159 68
micro/mesoporous 1 318 0.78 69
333 0.58
348 0.49
363 0.43
micro/mesoporous 1 291 0.38 57
microporous 1 298 2.634 70
323 1.743
microporous 1 298 179 71
323 127
373 0.43
mesoporous 1 298 1.88 72
323 1.29
373 0.61
micro/mesoporous 1 313 1.4721 this work
343 0.8773
373 0.6220

4.3. CO, Capture Analysis Using RSM. The method-
ology of the response surface was applied for the obtained
results with the highlighted materials (PACNAUT and PAC)
using the Historical Data tool of RSM. It contributed two
correlations to estimate the adsorption capacities of sorbents in
different operational conditions. The employed data which
have been utilized to develop RSM models are specified in
Table S1 (Supporting Information). In this way, the multiple
regression analysis and the evaluation of the fitness of models
by ANOVA were accomplished to determine the lack of fits
and the statistical conditions of the system. Then, the initial
models were analyzed and tested for p-value, the standard devi-
ation, R? the predicted determination coefficient (Pred-R*),
adjusted R* (Adj-R?), and the lack of fit. Lastly, by determining
the insignificant parameters and the interactions in the process,
the final models were derived with the acceptable accuracies.
The results of ANOVA for CO, capture capacity (mmolCO,/g)
and breakthrough time (,) of PACNAUT are reported in
Table 6; also the outcomes of PAC are presented in the
Supporting Information. As can be observed, both Q and ¢,
models are statistically significant since p-value <0.0001, and
the lack of fits are not significant. On the other hand, the R?,
Adj-R?, and the standard deviation results have acceptable
values, 0.9988, 0.9981, and 0.047 for CO, uptake capacity and

0.9895, 0.9836, and 0.19 for breakthrough time, respectively.
The final models (coefficients for real values of the operating
conditions, instead of coded values) for the process are as
follows:

Q = 2.146 — 0.048T + 2.128B, — (0.0109T X P, )

2 2
+ 0.0003T% — 0.106B-,, )

t, = 5.394 — 0.056T + 0.981F, — (0.017 X T % Pcoz)

+ 0.0003T* + 0.516P> (8)

Coded coeflicients of the adsorption capacity equation
(Table 6) illustrate that the linear coefficients (—0.82 and 1.1
for T and P, respectively) have more effect on the variable
responses, when compared with other effects (<0.35). In addi-
tion, the interaction (—0.35) and second-order coefficients
(0.25 and —0.12 for T and P, respectively) are also sig-
nificant (p-value <0.0001) in the proposed model. The neg-
ative value of the linear coefficient of the temperature means
that the temperature enhancement contributes to the reduction
of the response variable (Q). According to the value of the
interaction coeflicient, at the high temperature, the pressure
increase has less effect on the increment of the CO, uptake
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Table 6. Results of Multiple Regression Analysis and Analysis of Variance (ANOVA) for the Proposed Polynomial Model to

the CO, Capture Capacity and Breakthrough Time

CO, capture capacity, Q (mmol/gco,)

breakthrough time, #, (min)

sum of mean coded standard sum of mean coded standard

squares squares coefficient error df p-value square squares coefficient error df p-value
model 16.67 3.33 S <0.0001 31.6 6.32 S <0.0001
T 6.67 6.67 —0.82 0.015 1 <0.0001 9.95 9.95 —1.00 0.061 1 <0.0001
Peo, 9.09 9.91 1.1 0.017 1 <0.0001 18.77 18.77 1.58 0.071 1 <0.0001
T X Pco, 0.62 0.62 —-0.35 0.021 1 <0.0001 1.5 1.5 -0.55 0.087 1 0.0001
T? 0.21 0.21 0.25 0.026 1 <0.0001 0.35 0.35 0.32 0.11 1 0.0134
PCOZ2 0.04 0.04 —0.12 0.029 1 0.0022 0.94 0.94 0.60 0.12 1 0.0007
residual 0.02 0.002 9 0.34 0.037 9
total 16.69 - 14 31.93 14
SD 0.047 0.19
R? 0.9988 0.9895
Adj-R? 0.9981 0.9836
Pred-R* 0.9944 0.9667
(a) capture capacity and the breakthrough time (%,), as a function of

. Q (mmolign) the independent variables, have been depicted in Figure 8. As can
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Figure 8. Response surface plots for (a) CO, capture capacity
(mmol/g) and (b) breakthrough time (t,), as a function of the
independent variables for PACNAUT.

capacity. For example, the adsorption capacity was 1.47 mmol/g
and increased up to 4.45 mmol/g at 40 °C, whereas the
increment was 1.55 mmol/g at 100 °C (0.62 to 2.16 mmol/g),
when the total pressure was raised from 1 to S bar.

For more clarification about the behavior of the adsorption
process, the three-dimensional response surface plots for the CO,
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be expected, based on Le Chatelier’s principle, by increasing the
Pco, and the temperature reduction the CO, capture capacity
enhances (Figure 8a). Also, with the same behavior (Figure 8b),
the Pco, enhancement and the temperature decrement contrib-
ute to increase the breakthrough time (more details about this
behavior can be found in the Supporting Information).

5. CONCLUSION

In this study, the potential of hydrogen peroxide, sulfuric acid,
nitric acid, and urea as chemical modifiers of commercial
activated carbon (Norit ROX 0.8) for CO, capture was
investigated. In this way, the breakthrough measurements in
the fixed bed adsorption column were performed at the tem-
perature (40, 70, and 100 °C) and pressure ranges (1—S bar)
of postcombustion processes. The equilibrium adsorption capa-
city of the considered samples was evaluated with the Langmuir
model as a standard adsorption model, and it showed a
satisfactory agreement between the equilibrium data and the
modeling results. In addition, isothermic comparison of the
prepared samples revealed that the adsorption capacity of
PACNAUT, which has been treated by nitric acid and urea
followed by the thermal activation at 800 °C under the inert
atmosphere, has the highest performance between the pre-
pared materials. Finally, the statistical analysis of the obtained
results of PACNAUT and PAC with the Response Surface
Methodology (RSM) was performed to evaluate the behavior
of the adsorption process and determine the effects and the
interactions of the main independent variables (temperature
and CO, partial pressure) on CO, capture capacity and break-
through time. The results indicated that the partial pressure is
the main factor, whose increment increases the CO, capture
capacity and the breakthrough time.
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B NOMENCLATURE

D,ierop = average pore diameter (mm)

Fco,, = molar flow rate of CO, at the inlet of bed (mL/min)
Fcozv,,u, = molar flow rate of CO, at the outlet of bed (mL/min)
H = hydrogen

K, = Langmuir adsorption constant (bar ')

K, = affinity constant (bar ~')

M = molecular weight (g/mmol)

Madsorbens = Mass of adsorbent in the bed (g)

N = nitrogen

O = oxygen

P, = pressure of bed at equilibrium (bar)

Pco, = partial pressure of CO, (bar)

Q, = adsorption capacity at equilibrium condition (mmol/g)
Q,, = maximum adsorption capacity (mmol/g)

R = regression coeflicient (=)

S = sulfur

Ser = specific surface area (m?/g)

S.. = external surface area (m?/g)

Spicrap = Microporous surface area (m?/g)

t, = breakthrough time (min)

t, = saturation time (min)

T, = temperature of bed at equilibrium (K)

V, = bed volume (cm®)

V, = dead volume (cm?®)

Vpicrop = micropore volume (mm?®/g)
Vrota = total pore volume (mm?)
W,,.. = width of micropore (nm)

Y0,y = molar fraction of CO, in feed stream (-)
Z = CO, compressibility factor at P, and T}, (—)

B ABBREVIATIONS

PAC = powdered activated carbon

PACHP = powdered activated carbon hydrogen peroxide
PACNA = powdered activated carbon nitric acid
PACNAU = powdered activated carbon nitric acid urea
PACNAUT = powdered activated carbon nitric acid urea
thermally

PACSA = powdered activated carbon sulfuric acid

B SUBSCRIPTS/SUPERSCRIPTS

Ads = adsorbent
Tot = total
min = minute

B GREEK LETTERS

a = sticking coefficient

€ = residual error (—)

€, = packed bed porosity (—)

ep = particle porosity (—)

er = total porosity of bed (—)
AH = heat of adsorption (kJ/mol)
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