Petroleum 4 (2018) 90—94

Contents lists available at ScienceDirect

Ke Al

ADVANCING RESEARCH
EVOLVING SCIENCE

Petroleum

journal homepage: www.keaipublishing.com/en/journals/petlm

The study of CO, absorption intensification using porous media
material in aqueous AMP solution

@ CrossMark

Min Xiao °, Helei Liu * *, Haiyan Zhang * b Yanqing Na ?, Paitoon Tontiwachwuthikul ?,
Zhiwu Liang >

2 Joint International Center for CO, Capture and Storage (iCCS), Hunan Provincial Key Laboratory for Cost-effective Utilization of Fossil Fuel Aimed at
Reducing CO, Emissions, College of Chemistry and Chemical Engineering, Hunan University, Changsha 410082, PR China

b Guangxi Colleges and Universities Key Laboratory of Beibu Gulf Oil and Natural Gas Resource Effective Utilization, College of Chemistry and
Chemical Engineering, Qinzhou University, Qinzhou 535011, PR China

ARTICLE INFO ABSTRACT

Article history:

Received 14 December 2016
Received in revised form

2 May 2017

Accepted 10 May 2017

In this work, the performance of CO; absorption into aqueous 2-amino-2-methyl-propanol (AMP)
solution was investigated by measuring the amount of CO; in the liquid phase during CO, ab-
sorption process to identify initial CO, absorption rate. Then, the porous media material named as
MCM41 was introduced into the amine solution to test its influence on CO; absorption. It was found
that MCM41 increased initial CO, absorption rate and enhanced CO, absorption process. The
physico-chemical properties of MCM41 were characterized in terms of specific surface area, average
pore diameter, total pore volume and chemical properties, the amount of acidic sites and the
Brénsted/Lewis (B/L) acid sites ratio. Results showed that MCM41 was a type of Lewis acid catalyst
with large specific surface area and pore volume. In addition, the pKa of AMP solution with and
without MCM41 was obtained using acid titration technology to help understand the effect brought
by MCM41. A mechanism illustrating how MCM41 increases the CO, absorption rate of the AMP
solution was proposed and demonstrated that MCM41 is a potential material for enhancing CO;

absorption.
Copyright © 2018, Southwest Petroleum University. Production and hosting by Elsevier B.V. on
behalf of KeAi Communications Co., Ltd. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction combustion capture technology shows to be a provable method

to separate CO, from tail gas, even to the point of being used in

The environmental crisis of global warming continues to
attract more and more public attention and people are searching
for feasible technologies to solve these problems. Among which,
global warming is a worldwide issue and gains much concern for
its urgency. In order to ease global warming, capturing carbon
dioxide is considered to be a promising and efficient method to
stop the increase of CO, in the atmosphere and the post-
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industry [1—4]. Aqueous amine solution is the common absor-
bent in post-combustion capture technology on account of its
efficiency and renewability. Based on molecular structure,
amines can be categorized into three types: primary amines (e.g.
monoethanolamine, MEA), secondary amines (e.g. diethanol-
amine, DEA) and tertiary amines (e.g. methyldiethanolamine,
MDEA). Although aqueous amine solutions have been shown to
be mature absorbents, there remain some significant drawbacks.
Corrosion and degradation result in amine loss [5], but more
importantly, when using aqueous amine solution as the absor-
bent there is a high energy requirement for CO, capture process,
especially for stripping out the CO, to refresh the absorbent. This
is a concern that has limited the adoption of the post-
combustion CO, capture technology [6]. To cut down the cost,
it is necessary to reduce the energy consumption of this step of
the CO, capture process.
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Taken as a whole, it is feasible to reduce energy consumption
by optimizing the CO, capture process. However, more options
are needed to accomplish this purpose. As CO, capture is a
process which combines both CO, absorption and CO, desorp-
tion, accordingly, there are two points of view to solve the energy
consumption problem. One method is looking directly at the CO,
desorption regime. The method applies amines with fast CO,
absorption rates (commonly the primary amine and secondary
amine) for CO, capture. In order to refresh this kind of CO,-
loaded amine, enormous energy is required to break the chem-
ical bond of carbamate, which is the product of the reaction
between amine and CO,. Normally, acid catalysts or some addi-
tives are added to help breakdown the chemical bond, and thus
reduce the energy consumption. Shi et al. performed CO; strip-
ping experiments using solid catalysts (Al,03 or HZSM-5). Re-
sults showed that the use of solid catalysts could result in
stripper size and heat duty reduction during solvent regenera-
tion [7]. In the work of Srisang et al., a first full-cycle study on CO,
capture using MEA and solid acid catalysts was done. The solid
catalysts were found to successfully decrease the heat duty
compared with the non-catalytic condition [8]. In our previous
work, the hybrid solid acid catalysts were proposed to reduce
regeneration energy of CO, loaded MEA solution [9].

Another method focuses on the CO; absorption regime. This
method uses absorbents that are easy to regenerate, commonly
the tertiary amines, which have a different reaction path for CO,
absorption compared with primary amines and secondary
amines [10]. However, although the tertiary amine requires less
energy for regeneration, its CO, absorption rate is much slower
[11,12]. In this case, when choosing the tertiary amine as the
absorbent, it is crucial to enhance its CO, absorption rate and
thereby increase its efficiency. For this purpose, a solid additive
beneficial to CO, absorption is advantageous because, at the
appropriate point in the process, it is convenient to separate the
additive from liquid phase. In addition, placing the additive in
the absorption regime is more favorable than placing it in the
desorption regime because the temperature of the CO, absorp-
tion column is around 313 K, which is milder than 393 K in the
desorption column.

There is a different class of amine absorbent, namely sterically
hindered amines. According to Sartori and Savage, sterically
hindered amines are defined as primary amines where the
amino group is attached to a tertiary carbon atom or a secondary
amine where the amino group is attached to a secondary or
tertiary carbon atom [12]. Due to this special molecular structure,
the initial reaction rate with CO, is decreased but the reaction
produces unstable carbamate, which is easy to hydrolyze and
which increases the concentration of amine available for reaction
with CO,. Sterically hindered amines have been widely studied
for CO, capture on account of their high CO, capacity, excellent
absorption characteristics, superior stripping qualities, higher
degradation resistance and lower corrosion rate when compared
with conventional amines [11—13]. In this group, AMP is
considered to be one of the most important sterically hindered
amines for both natural gas treatment processes and post com-
bustion CO; capture [14].

Currently, different types of mesoporous silicas e.g. MCM-41,
HMS, MCM-48, SBA-15, SBA-16, have been studied as solid media
for separating dilute CO, from flue gas by adsorption [15]. The
ordered mesoporous silicas reveal high surface area and uniform
pore size and are thus often treated by impregnation of amine
solution or grafting amine molecules to obtain highly dispersed
CO; adsorption sites on the internal surface [16,17]. However, it is
an interesting idea to use the materials as additives directly in

the amine solutions for CO, absorption to take advantage of their
unique properties.

In this work, experimental measurement of CO, absorption
performance was carried out using AMP for its favorable prop-
erties, especially its ease of regeneration. As the steric hindrance
is expected to reduce the initial CO, absorption rate, it is crucial
to find some method to intensify the reaction between amine
and CO; in order to enhance the absorption rate. In this case, the
porous media material, MCM41, was selected as an additive to
the aqueous AMP solution. The CO, absorption by AMP solution
was then performed with and without the additive so that the
benefit of the additive could be assessed. The physico-chemical
properties of MCM41 were characterized in terms of specific
surface area, pore diameter, pore volume, number of acidic sites
and the Br¢nsted/Lewis (B/L) acid sites ratio. Furthermore, the
pKa of the AMP solution with and without MCM41 was
measured to help understand the effect brought by MCM41. The
possible mechanism of CO, absorption with additional MCM41
was proposed as well.

2. Materials and experiment
2.1. Materials

Reagent grade 2-amino-2-methyl-propanol (AMP) with pu-
rity of 95% was obtained from Shanghai Macklin Biochemical Co.
Ltd. The solutions were prepared by mixing concentrated amine
with deionized water to give the desired concentrations.
Commercial-grade CO, and N, (with a purity of >99%) were
supplied by Changsha Rizhen Gas Co. Ltd., China. Thermostatic
water-circulator bath was purchased from HANUO, HX20
Shanghai Hannuo Instruments Co. Ltd., China. The pH meter with
electrode model E-201-C was obtained from INESA Scientific
Instruments CO., China. MCM41 was commercially obtained
from Tianjin Nankai University Catalyst Co. Ltd., China. NOVA
1000e analyzer obtained from Quantachrome Instruments was
used to characterize the physical properties of MCM41. NH3-
temperature programmed desorption (NH3-TPD) measurement
was operated with a Micromeritics AutoChem II 2920 V3.05 in-
strument to obtain the amount of acidic sites. Pyridine adsorp-
tion -Fourier-transform infrared (Py-IR) measurements of the
catalyst samples were recorded with a Brucker Vector 22 spec-
trometer for analyzing acid properties.

2.2. Experiment

2.2.1. CO; absorption performance

The CO, absorption apparatus is shown in Fig. 1. A typical
experiment was as follows. Initially, 100 mL amine solution with
a concentration of 2 mol/L was introduced into a round-bottom
flask. The flask was then immersed in a temperature controlled
water bath. The stir rate was kept at 20 r/min with the help of a
magnetic stick. When the solution in the reactor reached a
steady 313 K, a combined flow gas of N, and CO,, which was
individually controlled by separate mass flow meters and
adjusted to the desired CO, concentration, was fed into the
amine solution. The inlet gas flux was 1000 mL/min, of which
CO; flux was 150 mL/min and Ny flux was 850 mL/min. CO,
loading was defined as the amount of CO; per mole amine in the
liquid phase. During CO, absorption, 1 mL liquid samples of CO,
loaded solutions were taken for analyzing with the titration
technique as shown in the work of Ji et al. [18]. Then, 1 g or 2 g of
porous media material was introduced into the solution to
evaluate the influence on CO, absorption, respectively.
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Fig. 1. Schematic diagram of the absorption apparatus.

2.2.2. Measurement of pKa

pKa of AMP solution with and without MCM41 was measured
in this work. The experimental procedure is briefly expressed as
follow. AMP solution was prepared with the concentration of
0.05 mol L™ The concentration of aqueous amine solution was
low enough to be considered infinite dilution. Therefore, the
solution was assumed to be ideal (activity coefficient equal to 1)
[19]. During a regular experiment process, hydrochloric acid
(1.0 mol L™ 1) was intermittently introduced into 100 mL of
0.05 mol L~ aqueous amine solution. After introducing 0.5 mL
hydrochloric acid into aqueous amine solution, the pH value of
the solution was measured with pH meter with uncertainty
+0.01 K. The reliability of the pH meter was checked by cali-
brating with standard buffer solutions (Potassium hydrogen
phthalate with pH 4.00, and Sodium tetraborate decahydrate
with pH 9.18 at 298.15 K). Another 0.5 mL HCl was added to the
solution and the pH value was again obtained. This process was
repeated 9 times. During this process, a portion of [H'] was
combined with the amine while free [H"] was detected by the pH
meter. The mass balance of proton and amine was applied to
obtain the concentration of free amine and protonated amine in
solutions. Consequently, the pKa value of aqueous amine was
obtained. As for the measurement with added MCM41, 0.5 g of
the material was introduced additionally at each temperature
while other procedures were kept the same.

3. Results and discussion
3.1. Characterization of porous media materials

Nitrogen adsorption and desorption of MCM41 was done to
obtain specific surface area, pore diameter and pore volume. The
result is plotted in Fig. 2. All the parameters are summarized in
Table 1. It was found that MCM41 had large specific surface area
of 1019.8 m?/g and total pore volume of 0.94 cm3/g while its
average pore diameter is 3.70 nm. The chemical properties of
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Fig. 2. Pore size distribution of MCM41.

MCMA41 such as the amount of acidic sites obtained from NH3-
TPD and acid property analyzed by Py-IR are shown in Table 1 as
well. There are more moderate acidic sites in MCM41 than weak
or strong acidic sites. The ratio of Br¢nsted acid to Lewis acid is
0.7505, indicating that MCM41 is a type of Lewis acid catalyst.

3.2. CO; absorption with and without additives

As AMP is a sterically hindered amine, its CO, absorption rate
is reduce on account of its molecular structure. The use of a solid
additive is therefore, proposed to intensify CO, absorption pro-
cess and enhance the CO, absorption rate. When a known
quantity of liquid sample was taken to measure its CO, loading,
the concentration of residual amine was calculated based on the
reaction. The CO, absorption rate was revealed using the con-
centration of AMP as function of time. It could be calculated
based on the data of CO; loading. The AMP concentration versus
time of all experiments with and without additional porous
media materials is plotted in Fig. 3. It can be seen that with the
added MCM41, the consumption of AMP was much faster. In
other words, the amount of CO; being absorbed by solution with
MCM41 is greater than that without MCM41 at each time in-
terval. Results show that the reaction between AMP and CO; is
intensified by the MCM41.

Furthermore, in the first 40 min as shown in the left part of
Fig. 3, there exists a linear relationship between AMP concen-
tration and time. By linear fitting of the data in this part, the
initial reaction rate was obtained from the slope of the curve. For
the linear fit of the data within the initial 40 min, all the R-square
values were found to be higher than 0.998. The values of the
initial reaction rate are summarized in Fig. 4. When using AMP
solution for absorption without any additives as the blank test,
the initial reaction rate was 0.017 mol/L min. After MCM41 was
introduced into AMP solution for CO, absorption, the initial re-
action rate increased to 0.024 mol/L min (41.2% increase, 1 g
MCM41) and 0.026 mol/L min (52.9% increase, 2 g MCM41),
respectively. The initial reaction rate of CO, absorption with AMP
solution was greatly enhanced by added MCM41.

3.3. pKa of AMP solution with and without MCM41

pKa is a vital parameter that represents the reactivity of the
solution and CO, and gives a good interpretation of the kinetics
of the acid gas absorption [20]. On this point, it is significant to
find out how the additional MCM41 affects the pKa of the AMP
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Table 1
Characterization of MCM41.

Physical Properties Average Pore Diameter (nm)

Specific Surface area (m?/g) Total Pore Volume (cm’/g)

3.7 1019.8 0.94
Amount of Acidic Site Weak (mmol/g) Moderate (mmol/g) Strong (mmol/g)
0.3693 0.5772 0.3619
Acid Properties Brénsted (mmol/g) Lewis (mmol/g) Brénsted/Lewis
0.0083 0.011 0.7505
20 96
% —=—blank
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Fig. 3. Concentration of AMP (mol/L) versus time (min) with and without MCM41. Fig. 5. pKa of AMP solution with and without MCM41.
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Fig. 4. Initial reaction rate of AMP with and without MCM41 (mol/L min).

solution. In this work, the pKa of AMP solution with and without
MCM41 was measured using acid titration technology. The reli-
ability of this technology has been confirmed in our previous
work [21]. The dissociation of protonated AMP is the dominating
reaction involved in this experiment as shown in reaction (1).

AMPH' - AMP + H* (1)

The experimental result is shown in Fig. 5. The data was
correlated using equation pKa = a+% The corresponding pa-
rameters are summarized in Table 2. From the experimental
result, it is obvious that the added MCM41 reduces the pKa of the
AMP solution, which means that when the same amount of hy-
drochloric acid was added, there was more proton in the AMP
solution. There are two explanations for this phenomenon. One is

that the additional material can produce the proton in solution.
However, MCM41 is one type of Lewis acid catalyst and works as
an electron acceptor instead of providing protons. Thus the
explanation is not reasonable. Another explanation is that MCM41
reduces the protonation of AMP, resulting in more protons in AMP
solution. In this case, the amount of free amine molecule AMP
increases with additional MCM41 based on reaction (1).

3.4. Possible mechanism of CO, absorption with MCM41

From the experimental result of CO;, absorption using AMP
solution with and without MCM41, it was found that CO, ab-
sorption performance could be improved by adding MCM41. For
the AMP—CO,—H,0 system, the following chemical reactions of
CO, absorption using AMP solution should be considered
[14,22]:

Dissociation of water:
21‘[20‘-’1‘[30Jr + OH™ (2)

Dissociation of dissolved CO, through carbonic acid:
CO, + 2H,0-H30" + HCO5 3)

Dissociation of bicarbonate:

H,0 + HCO3 <> H30™ + CO3~ (4)
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Dissociation of protonated AMP:

AMPH" <AMP + H* (5)
Carbamate hydrolysis:

AMPCO; + H,0AMP + HCO3 (6)

Based on our previous investigation, it is known that MCM41
can resist the protonation of AMP when acid is introduced into
the solution. During the CO, absorption process, the added
MCM41 reduces the protonation of AMP as well by affecting
reaction (5). This means that when the same amount of CO; was
absorbed by solution, there remained more free AMP molecules
able to react with CO, when MCM41 is present. Consequently,
the reaction between AMP and CO, is improved. In addition, as
the characterization of MCM41 shows, the porous media mate-
rial have a large specific surface area and pore volume. This
provides large contact area for the reaction between CO, and
AMP, hence improving the CO, absorption performance.

4. Conclusions

The porous media material MCM41 was characterized in
terms of physical properties e.g. specific surface area, average
pore diameter, total pore volume and chemical properties e.g.
the amount of acidic sites and the Br¢nsted/Lewis (B/L) acid sites
ratio. It was found that MCM41 has large specific surface area and
pore volume as a type of Lewis acid catalyst. The performance of
CO, absorption into aqueous AMP solution with and without
MCM41 was investigated. The initial reaction rate between CO,
and AMP was obtained. It was found that MCM41 was able to
intensify CO, absorption and increase the reaction rate. The pKa
of AMP solution was measured with the added MCM41. The
result shows that MCM41 reduced the pKa of the AMP solution
by resisting the protonation of AMP. A mechanism for how
MCM41 improves CO, absorption by the AMP solution was
proposed. In real life application of CO, capture, MCM41 could be
used as an added solid in the CO, absorption tower. As it in-
tensifies the CO, absorption process, the size of absorption tower
can be reduced and less absorbent would be required to remove
the certain degree of CO,.
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Nomenclature

MEA Methylethanolamine

DEA Triethylamine

MDEA  Methyldiethanolamine

AMP 2-amino-2-methyl-propanol

TPD Temperature programmed Desorption
IR Infrared radiation

pKa Acidity coefficient

R? Correlation coefficient
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