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ABSTRACT: This study investigates the effect of adding SiO2 nanoparticles to the amine solution on the mass transfer coefficients with
the aim to obtain effective solvent in the CO2 capturing process. An aqueous mixture of the methyl di-ethanol amine (MDEA), activated
by blending with Piperazine (PZ) (a-MDEA), was considered as base absorption solvent. The addition of SiO 2 nanoparticles with six
different concentrations to the base absorption solvent was then studied. The absorption process took place in an agitated batch reactor at
40 ºC. Considering the gas pressure drop in the reactor the CO2 absorption and mass transfer rates were obtained for all types of the
solvents and were compared with each other. Results revealed that two regimes of fast and slow were involved in the CO 2 absorption
process, where the overall mass transfer of the fast regime was more than 100 times that of the slow one. The results indicated that the
liquid phase controlled the mass transfer in the CO2 absorption process. Furthermore, the maximum increase in the absorption rate was
happenned when the concentration of SiO2 nanoparticles was set at 25 ppm in the solvent. In this regard, the enhancement was at least
85% increase in the overall mass transfer coefficient. The findings of this study can be used to design new nanoparticle-based solvents
and reduce the cost of the CO2 capturing process.
KEYWORDS: CO2 absorption; CO2 gas mass transfer; Nano-solvent; Piperazine; SiO2 nanoparticles.

INTRODUCTION
Among all the factors responsible for global warming, the
carbon dioxide in the atmosphere is the most significant one.
Therefore, nowadays, many studies and projects are directed
to find or design more effective absorption solvents [1-7]
with the aim of reducing energy and cost in the CO2
absorption process. Aqueous solutions of various amines are
used mostly for CO2 absorption from flue gases and other
chemical
and
petrochemical
processes
[8].
Monoethanolamine (MEA), Di-ethanol amine (DEA) and
Methyl di-ethanol amine (MDEA) are usual in related
industries [9]. MEA and DEA have more rapid reaction rates
with CO2 compared to MDEA, but their required
regeneration energy is higher than that of MDEA. In this
regard, nowadays, using MDEA an activator that improves
the reaction rate and therefore the performance of the process
is a desire [10]. The MDEA solution activated with a small
amount of Piperazine (PZ), called as a-MDEA, is one of the
most utilized solvents for the CO2 capturing process.
Numerous studies have been directed on the influence of PZ
on the CO2 absorption when it is mixed up with other alkanol
amines. The results depicted an upper reaction rate with CO2
for the a-MDEA than MDEA [11]. In fact, some benefits of
the a-MDEA, compared to MDEA, are more absorption
capacity, greater CO2 reaction rate, and low energy consum*Corresponding Author Email: davoodmk@@eng.usb.ac.ir
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-ption for solvent regeneration [12-13].
The CO2 absorption with an amine solution is a chemical
absorption process. The most resistance for this absorption
was associated with the diffusion of CO2 from the gas phase
to the liquid phase. The mass transfer resistance on the
interfacial surface of the two phases is the important element
of decreasing the absorption rate [14]. Some investigations
reported increasing the mass transfer rate by adding
nanoparticles to the solvent [6-7,15]. For instance, the
influence of adding magnetic SiO2, Fe3O4, and Al2O3,
nanoparticles in the mass transfer rate from the gas phase to
liquid phase was studied [16] and was reported significant
improvement in the mass transfer rate. Park and Choi studied
the effect of silica nanoparticles with a particle size of 12nm
on the CO2 absorption rate using DEA aqueous base solution
[17]. They observed a significant reduction in absorption rate
and mass transfer coefficient [18]. Also, Hwang and Park
examined the influence of SiO2 nanoparticles and detected
an increase in the CO2 absorption rate [19]. In addition, Kim
et al. considered the CO2 absorption by water mixed with
nanoparticles [20]. They found that the absorption increased
by 24%. Komati and Suresh reported the influence of
magnetic Fe3O4 nanoparticles on the mass transfer
coefficient that increased by 8.92% [21]. In the other works,
the effect of TiO2 nanoparticles on the mass transfer rate on
the enhancement of CO2 absorption was studied.
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Nomenclature
A
𝐶𝐴𝐿
𝑑𝑛𝐶𝑂2
𝑑𝑃𝐶𝑂2
𝑑𝑡
E
H
𝐾𝐺
𝑘𝐺
𝑘𝐿
𝑁𝐶𝑂2

Area of mass transfer (𝑐𝑚2 )

𝑃𝐶𝑂2

Concentration of CO2 in bulk of liquid phase (mol⁄cm3 )

∗
𝑃𝐶𝑂
2

Number of CO2 moles that transfer form gas phase to liquid
phase in time interval (mol)
CO2 partial pressure decrease (atm)
Time interval (s)
Enhancement of CO2 absorption with reaction relative to
without reaction (-)
3
Henry’s constant (atm. cm ⁄mol)

0
𝑃𝐶𝑂
2

Overall mass transfer coefficient in gas phase(mol⁄atm. s. cm2 )
Gas phase mass transfer coefficient (mol⁄atm. s. cm2 )

𝑡
𝑃𝐶𝑂
2
R
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3

𝑇

Universal gas constant (atm. cm ⁄K. mol)
Temperature (K)

𝑉𝑔

Gas phase volume of reactor (cm3 )

𝑉𝑙

Liquid phase volume of reactor (cm3 )

𝑍

Gas compressibility factor (-)

𝑡

Time (s)

Liquid phase mass transfer coefficient (mol⁄atm. s. cm2 )
Number of CO2 moles in unit of time and area that transferred
between phases (mol⁄s. cm2 )

In this regard, Li et al. reported the effect of adding TiO2
nanoparticles and increment in absorption by 11.5% [22].
Also, Zhang et al. (2016) investigated the enhancement of
CO2 absorption by propylene carbonate in the presence of
TiO2 nanoparticles, showing significant improvement. The
influences of solids loading and particle size of TiO2
nanoparticles on the absorption rate were studied
experimentally [23]. Their results showed that the gas
absorption rate could be enhanced significantly in the
presence of TiO2 nanoparticles and the CO2 absorption
enhancement factor firstly increases and then decreases with
the increases of solids loadings [23]. Also Karamian et al.
reported up to 71% improvement in mass transfer coefficient
for CO2 absorption by nanofluids such as water/Al2O3,
water/Fe2O3, water/SiO2 [24]. As well as have been studied
effect nanoparticles size ( 10 up to 60 nm) on CO2 absorption
by water/SiO2 and was shown increasing mass transfer by
increasing nanoparticle size [25].
As mentioned above, there are some results in the
literature about the enhancement of the CO 2 absorption rate
in the presence of nanoparticle additive in solvents. The
reported results indicate quantitatively different values due
to that some research was attended to reaction whiles the
others were not. It should be noted that the CO2 absorption
with a liquid solvent in the presence of chemical reaction has
two steps in series include mass transfer and reaction. The
mass transfer or chemical reaction rate is the limiting step
depends on the solvent types and mass transfer conditions
[11, 26]. As a-MDEA has higher thermodynamic efficiency
[27] and is a most widely used solvent in industrial
applications, it would need to study the effect nanoparticles
in a-MDEA solution on the enhancement of mass transfer
rate between gas and liquid phases in the CO2 absorption
process. The purpose of this research is to study the influence
of SiO2 nanoparticles on mass transfer phenomena in the
liquid phase for the carbon dioxide absorption process using
an aqueous solution MDEA and PZ in order to improve the

CO2 partial pressure in bulk of gas phase
(atm)
CO2 partial pressure in interface of two
phases (atm)
CO2 partial pressure in start time of
interval (atm)
CO2 partial pressure at spent t time (atm)

adsorption process performance. The experiments have been
carried out in a standard agitated reactor using several
concentrations of the SiO2 nanoparticles additive in the
aqueous amine solvent. The effect of nanoparticles added to
the absorption solvent was studied with measuring the CO 2
absorption
rate.
Consequently,
the
performance
improvement and on the overall mass transfer coefficient
were compared with the conventional a-MDEA solvent.
Thereupon the investigation was conveyed to find an optimal
concentration of nanoparticle additive with a maximum mass
transfer rate for CO2 absorption.

MATERIALS AND METHODS
Chemical Components
Chemical materials and SiO2 nanoparticles used in this
research are the same as our previous report [28]. In brief,
the absorption solvent makes with 28%wt. MDEA, 2.5%wt.
PZ and 69.5%wt. Distilled water while SiO2 nanoparticles
were added to the absorption solvent in various
concentrations. The nanoparticles were mixed with liquid
phase using a liquid high shear mixer besides the ultrasonic
probe [7]. The mixing procedure was carried out as described
by [28]. Six samples with 0, 12.5, 25, 50, 75, 100 ppm
concentration of the nanoparticles were prepared with the
above procedure. Also, the samples were served to the
absorption and desorption process periodically at 40 and
120ºC and after that, all samples tested for the stability of the
nanoparticles for 24 hours.

Apparatus
The experimental setup in this research is the same as
stated in [28] and depicted in Figure 1. The reactor was
equipped with a jacket and an agitator. The reactor volume
was 994 mL with a 90 mm ID and a 160 mm height. The
agitator has two impellers for both gas and liquid phases. The
speed of the mixer is 1000 RPM, which it causes a good
liquid mixing. The reactor’s wall had not baffle. Therefore,
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the liquid phase rotates like a rigid phase and forms a
parabolic shape. Thus at interfacial could exist thin layer.
The feed gas was entered from the top of the reactor. A water
circulator with an external temperature controller used for
the reactor’s temperature control.

turned off and feeding of CO2 gas was started again very fast
into the reactor until the reactor’s pressure went up to 18 bar.
Then, the feeding was stopped and simultaneously the mixer
was started. At the second stage of the absorption process and
as the result of fast rate of the CO2 mass transfer and
absorption, the reactor’s pressure went to decrease rapidly.
After spending enough time, when the reactor’s pressure
became stable and an hour after the reactor’s pressure being
constant, the mixer was stopped. This procedure included a
two-step of CO2 injection; the amine solution was initially
free of CO2 and therefore the mass transfer and reaction were
very rapid. In the second step of CO2 loading, as the
absorption solution had firstly been loaded by CO 2, the
pressure drop decrease due to mass transfer were occurred
slower. The latter rate of mass transfer were happened due to
the small concentration gradient of the CO2 between liquid
and gas phases. During the absorption test, the pressure and
temperature of the reactor were recorded every 1 second and
the mass transfer rate was obtained using the recorded data.

Mass transfer coefficient calculation method
The mass transfer can be calculated based on the overall
gas-phase mass transfer coefficient at any time by equation
1.
Fig. 1. Laboratory Apparatus for absorption tests comprise the reactor and
the instruments system includes some digital measuring devices for the
pressure, temperature in gas and liquid phase and mass flow (adapted from
(28)).

∗
𝑁𝐶𝑂2 = 𝐾𝐺 (𝑃𝐶𝑂2 − 𝑃𝐶𝑂
)
2

(1)

where KG is the overall mass transfer coefficient and
defines by equation 2.

Furthermore, the apparatus was furnished with a data
acquisition system. The reactor’s temperature (in gas and
liquid phases), pressure, and volume of CO2 and N2 gases
were recorded by the data acquisition system as well. All data
acquired at a data sampling frequency of 1 second. The
trends of the reactor’s temperatures and pressure versus time
were monitored. The precision of the pressure and
temperature instruments were ±0.0175 bar and ±0.25ºC,
respectively [28].

1
1
𝐻
=
+
𝐾𝐺 𝑘𝐺 𝐸𝑘𝐿

(2)

The equilibrium between gas and liquid phases for CO 2
defines by Henry’s law obtained by equation 3:
∗
𝑃𝐶𝑂
= 𝐻𝐶𝐴𝐿
2

Mass transfer measurement procedure

(3)

𝑁𝐶𝑂2 is the rate of CO2 moles transferred from the gas to
∗
liquid phase per unit of surface area. 𝑃𝐶𝑂
is the CO2 partial
2
pressure at the interface of the gas and liquid phases, which
is in equilibrium with the CO2 concentration in the liquid
phase (CA, L). 𝑃 𝐶𝑂2 is the CO2 partial pressure in the gas
phase of the reactor. H is Henry’s constant and E is the
coefficient of enhanced absorption in the presence of the
chemical reaction.
In a better word, E is the fraction of absorption flux with
and without reaction. The CO2 moles that transferred from
the gas to liquid phase have been calculated using the
pressure drop of the reactor and real gas law. The pressure
and temperature have been recorded for each experiment,
however, the temperature kept constant during the
experiments. At the beginning of the test, the partial pressure
0
𝑡
of CO2 is 𝑃𝐶𝑂
. After t seconds, it decreased to 𝑃𝐶𝑂
due to
2
2
the CO2 mass transfer to the liquid phase. The CO2

In the beginning, the reactor was vacuumed until 40 mbar
for air venting and then 500 g of the absorption solvent was
supplied to the reactor. Then the reactor’s mixer and the
water circulator were instantly switched on to control the
reactor’s temperature while rasing up to 40ºC. Meanwhile,
N2 was injected to pressurize the reactor up to 10 bar. As the
reactor’s temperature became changeless about 40ºC, the
reactor’s mixer was cut off and 8000 ml of normal standard
CO2 was injected into the reactor. Following, the CO2
injection was stopped and the mixer turned on again. The
pressure then started to reduce due to fast rate of reaction of
CO2 and its absorption with the amine. The interface depth
between gas and liquid was very narrow when the reactor’s
mixer was off and, consequently, the mass transfer was very
low as compared to the reactor’s mixer was on. As soon as
the absorption completed, the pressure became stable at an
equilibrium value. At this time, the reactor’s mixer was
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concentration in the liquid phase was calculated by equation
4.
𝐶𝐴𝑙 =

0
𝑡
− 𝑃𝐶𝑂
)𝑉
𝑑𝑛𝐶𝑂2 (𝑃𝐶𝑂
2
2 𝑔
=
𝑉𝑙
𝑍𝑅𝑇𝑉𝑙

The mass transfer coefficient can be calculated using
0
𝑡
equation 10. 𝑃𝐶𝑂
and 𝑃𝐶𝑂
are the partial pressure of CO2 in
2
2
the reactor at absorption starting and ending points,
respectively. KG can be calculated at any time interval by
using the pressure of the reactor at the starting and ending of
the absorption process. A is the mass transfer surface area of
the parabolic interface.

(4)

where 𝑑𝑛𝐶𝑂2 is the moles of CO2 that transferred to the
liquid phase and Vl is the volume of the amine mixture [23,
29-32]. In the test procedure, firstly, the pressure was
stabilized by N2 gas injection and the CO2 gas was fed to the
reactor. Therefore, the partial pressure of CO2 calculated
using known N2, T, P, Vg. In addition, at the equilibrium
condition, 𝐶𝐴,𝑙 can be calculated while Henry’s constant for
each solvent is known as equation 3. The equations for mass
transfer from the pressure drop that happens during the
absorption phenomenon can be obtained by equation 5.
𝑁𝐶𝑂2 =

−𝑉𝑔 𝑑𝑃𝐶𝑂2
1 𝑑𝑛𝐶𝑂2
=
𝐴 𝑑𝑡
𝑍𝐴𝑅𝑇 𝑑𝑡

RESULTS
In order to get better reliability, every experiment was
done at least two times with repeatability and mean values
were used for calculation. The experiments for CO2 mass
transfer measuring were done for six solvents having
different SiO2 nanoparticle concentrations that were prepared
with the abovementioned procedure. The recorded reactor’s
pressure versus time and the resulting curve for all solvents
is shown in Figure 2.

(5)

𝑑𝑃𝐶𝑂2 : the reactor’s pressure change
Vg: volume of the gas phase in the reactor
T: the reactor’s temperature that was constant at 40ºC
R: gas constant 83.14 bar.cm3/Kg-mole
Z: is the gas compressibility factor and for gas mixture in the
experiments is 0.965
A: is the mass transfer surface area at the interface
From equations 1, [3-4] and 5 it can be produced a new
equation for calculating the overall mass transfer coefficient
such as equation 6.
−

𝑉𝑔

𝑑𝑃𝐶𝑂2

𝑍𝐴𝑅𝑇

𝑑𝑡

= 𝐾𝐺 (𝑃𝐶𝑂2 − (

𝐻𝑉𝑔
𝑍𝑅𝑇𝑉𝑙

Fig. 2. pressure trend for each solvent during mass transfer experiment
include vacuum, N2 pressurizing and two-step CO2 injection
0
) (𝑃𝐶𝑂
− 𝑃𝐶𝑂2 ))
2

𝐻𝑉𝑔
ℎ=(
)
𝑅𝑇𝑉𝑙

(6)

The experiments were done under similar conditions for
all six solvents. Figure 2 depicts two steps of the CO2
injection.
The portion of curves that is related to the absorption
process in the first step of CO2 injection was zoomed out in
Figure 3.

(7)

with using h expression and rearranging the equation 6,
one will obtain the differential equation equation 8.
𝑑𝑃𝐶𝑂2
𝑍𝑃𝐶𝑂2 −

0
ℎ𝑃𝐶𝑂
2

+ ℎ𝑃𝐶𝑂2

= −(𝐾𝐺 𝐴) (

𝑅𝑇
) 𝑑𝑡
𝑉𝑔

(8)

Integrating of equation 8 from the absorption starting time
until ending time (as equation 9) results in an expression for
calculation of the overall mass transfer coefficient (equation
10).
𝑡
𝑃𝐶𝑂
2

𝑑𝑃𝐶𝑂2
0
𝐶𝑂2 (𝑍+ℎ)𝑃𝐶𝑂2 −ℎ𝑃𝐶𝑂2

∫𝑃0

𝐾𝐺 × 𝐴 =

𝑡

𝑅𝑇

= ∫0 (−𝐾𝐺 𝐴) ( ) 𝑑𝑡
𝑉

𝑉𝑔 𝑉𝑙
(𝑍𝑅𝑇𝑉𝑙 +𝐻𝑉𝑔 )𝑡

(9)

𝑔

0
𝑍𝑃𝐶𝑂
2

ln (𝑍+ℎ)𝑃𝑡

0
𝐶𝑂2 −ℎ𝑃𝐶𝑂2

(10)

Fig. 3. Pressure trend for each solvent in the absorption experiment during
the first step CO2 injection
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It indicates that during the absorption process there are two
different pressure drop rate regions or consequently two
different mass transfer rate regimes. In the first region, there
are a very rapid pressure drop causes of a fast mass transfer
from the gas to liquid phase due to a very rapid reaction in
the liquid phase. After 60-80 seconds the liquid phase would
be rich of CO2, therefore the concentration of spices would
attain an equilibrium value and the reaction gets slow. In this
situation, it can be seen that the slow pressure drop leads to
a slow mass transfer and reaction rate. For each step of the
CO2 injection, it is being seen this behavior of the pressure

drop, but the second step of CO2 injection, it had been
dumped because CO2 and other spices exist in the liquid
phase, and therefore, the mass transfer and reaction rate is
slower compared to the first step. At the end of the first step
when the pressure became constant, and the equilibrium and
steady condition in the reactor have been established, the
concentration of CO2 in the liquid phase could be calculated
by using equation 4 and Henry’s constant for each solvent by
equation 3. The calculated Henry’s constant was reported in
Table 1.

Table 1
Henry’s constant calculated for each solvent at 40ºC.
The concentration of SiO2
H
nanoparticles in a solvent (ppm)
(atm.l/mol)
0.0
37.24823
12.5
36.0792
25.0
29.02033
50.0
27.89281
75.0
24.34074
100.0
23.30059

Mass transfer in the reactor consists of two regimes: fast
and slow, in which these regimes are depicted in Figure 3.
It is known that there is very short contact time in mass
transfer equipment; therefore, the mass transfer coefficient at
the beginning of the transport process is more important. The
mass transfer coefficient can be obtained separately in each
regime for each solvent using the pressure drop and real gas

law. A time interval in recorded data of the absorption test
was selected for each solvent, in which the pressure drop in
that interval be linear and smooth. The results of the
calculation are presented in Table 2. The curve of KG×A
versus concentration of SiO2 nanoparticles was shown in
Figure 4.

Table 2
Calculated mass transfer coefficient for the fast regime in the first step of the CO 2 injection.
Selected time interval
SiO2 nanoparticles concentration
p0
P
KG×A
in a solvent (ppm)
(atm)
(atm)
(kmol/(atm.hr)
Starting time (s) Ending time (s)
0.0
12.5
25.0
50.0
75.0
100.0

931
948
922
926
933
930

966
1000
980
964
1020
973

13.20941
13.8502
12.93757
13.13998
12.7763
12.4982

12.81612
13.28268
11.86113
12.53899
11.81089
12.03228

40.54352
52.86962
91.17221
78.85339
57.12795
55.37133

As depicted in Figure 4, Nanofluid with 25 ppm of SiO 2
nanoparticles has the best mass transfer coefficient. In the
second step, CO2 was injected into the reactor following the
procedure explained before.
Because in this system, the mass transfer and reaction take
place simultaneously, and after the first CO2 injection, the
reactions that take place in the liquid phase become slower,
based on equation 2, KG must be lower than the first CO2
injection.

Fig. 4. Calculated KG×A versus nanoparticle concentration in the first
step CO2 injection for the fast region.
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The result for the second CO2 injection was shown in
Figure 5.

KG×A was calculated for the slow mass transfer regime
from the results shown in Figure 5. The time interval has
been selected in the region that pressure decreases slowly and
being linear. The KG×A was calculated using equation10.
The results presented in Table 4 and the curve of the mass
transfer coefficient was shown in Figure 7.

Fig. 5. Pressure trend for each solvent in the absorption experiment
during the second step CO2 injection

For calculation of the mass transfer coefficient for each
solvent, a time interval was selected, where the pressure drop
curve was linear in that interval and KG×A could be
calculated by equation 10. The results of these calculations
were shown in Table 3, and the curve of KG×A plotted in
Figure 6.
Table 3
Calculated mass transfer coefficient for the fast regime in the
second step of the CO2 injection.
SiO2
Selected time
P0
P
KG×A
nanoparticles
interval
(atm)
(atm)
(kmol/
concentration Starting Ending
(atm.hr)
in solvent
time (s) time (s)
(ppm)
0.0
3364 3395 11.08429 10.90792 35.06615

Fig. 7. Calculated KG×A versus nanoparticle concentration in the second
step CO2 injection for the slow region

Table 4
Calculated mass transfer coefficient for the slow regime in the
second step of the CO2 injection.
Nanoparticles Selected time
P0
P
KG×A
concentration
interval
(atm)
(atm) (kmol/
in solvent
(atm.hr)
Start Ending
(ppm)
time(s) time(s)
0.0
3901
5300 10.76913 10.60565 0.74213
12.5

3900

5352

11.19086 10.99037 0.87636

25.0

3723

5631

10.14871 9.70456 1.53381

50.0

4241

5437

9.96509 9.81087 0.89433

12.5

3585

3620

11.52089 11.27414 43.51500

75.0

4130

5590

9.82544 9.68356 0.67410

25.0

3381

3421

10.70081 10.27517 65.91678

100.0

3950

5650

9.58421 9.42383 0.66664

50.0

3344

3384

10.5943 10.27353 52.42062

75.0

3382

3416

10.22888

9.98744 47.46588

100.0

3365

3403

9.95307

9.71684 42.41464

DISCUSSION
Mass transfer is a phenomenon that arises from the
concentration gradient and causes diffuse molecules from a
high concentration to low concentration. The film theory is
the oldest and the most understood theory for the mass
transfer coefficients calculation [34]. In gas absorption, the
mass would be transferred from a gas phase to the liquid
phase, and if the liquid phase tendency to react with a gas
molecule, the absorption rate changes to a faster rate. In this
case, the absorption takes place through the physical and
chemical absorption steps. In this theory, it was assumed that
there is a reaction film on the gas-liquid interface and the
mass transfer occurs only through the film (figure 8).
As indicated in Figure 8, there is a very rapid mass transfer
regime due to reaction rate and a high CO2 concentration
difference in the liquid phase. This regime would happen at
the beginning of the absorption process. After that; the mass
transfer would be reduced to a lower rate and would follow
a linear dependency between pressure and time or liquid

Fig. 6. Calculated KG*×A versus nanoparticle concentration in the
second step CO2 injection for the fast region
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depth. These two regimes were observed in the experimental
results, which is shown in Figures 3 and 5. The equilibrium
concentration on the gas-liquid interface has been controlled
by the reaction [35-36].
The mass transfer rate was calculated for each time
interval using the total pressure drop and real gas law in that
time interval. Therefore, for all prepared solvents the mass
transfer rate was obtained during the selected time interval.
It indicates the amount of mass that has been transferred in
the fast regime is more than 100 times relating to the slow
regime. In the fast regime, the mass transfer rate is very high
because of very fast reaction speed and in the slow regime,
the reaction speed is slow because the reactions are in their
equilibrium nature. Therefore, the reaction speed will be
settled down when the concentration of reactants and
products reached the equilibrium value [35, 37].
Two facts were indicated in Figures 4, 6 and 7. Firstly,
these figures signify that the controlling phenomenon is the
mass transfer in the liquid phase because the absorption rate
was influenced in both two steps by the SiO 2 nanoparticles.
It is known that when the mass transfer is the controlling
mechanism, the nanoparticles can affect the emersions on
absorption. Secondly, these figures indicate that in each of
the two steps of the CO2 injection, the maximum mass
transfer rate with respect to the base solvent happened at 25
ppm of the nanoparticles concentration.

for the whole absorption process. enhancement in the mass
transfer coefficient that was reported for CO2 absorption by
other researchers is from 31 up to 90% depending on the
material of nanoparticles, size concentration and base solvent
[7, 25, 39]. In the previous work, it was shown that the
nanoparticles have a positive influence on the CO2 loading of
the solvent [28]. Therefore, it can be concluded that the
nanoparticles improved the mass transfer rate of at least 85%
at 25 ppm concentration of the SiO2 nanoparticles. Also, the
results indicate that the mass transfer in the liquid phase is
the controlling phenomenon in both regimes.
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