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Abstract—CO, absorption by ammonia added triethanolamine aqueous solution as a promoter was investigated in
terms of absorption percentage (AP), overall volumetric mass transfer coefficient (Ksa,), and molar flux (N,) in a packed
column. Three variables of ammonia concentration (0-5wt%), Triethanolamine concentration (10-30 wt%), and gas
flow rate (1,500-2,500 ml/min) were considered as significant variables in absorption performance. Effect of these vari-
ables and their interactions were inspected using the three level factorial response-surface method. Statistical analysis of
the results showed that an ammonia concentration with 72.99%, 71.83, and 81.12% has the greatest effect on AP%, N,
and Kga,, respectively. Then, gas flow rate with 5.27% and 3.90%, had a great effect on AP% and Kga,, respectively.
Finally, the optimal operating conditions were determined to maximize the responses. Under optimal operating condi-
tions, the maximum values for AP%, Kga,, and N, were 98.94%, 0.202 kmol/h-m’kPa, and 3.901 kmol/m”-h, respec-
tively. Thus, adding ammonia to triethanolamine considerably improves the mass transfer performance of solvent.
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INTRODUCTION

The increase of CO, emission to the environment is of great world-
wide concern, which leads to greenhouse effect and global warm-
ing [1]. Moreover, rise of greenhouse gases in the atmosphere causes
environmental problems such as floods and sea level rise [2]. Car-
bon dioxide accounts for about 64% of greenhouse gases, so it has
the greatest effect on global warming [3]. Thus, by controlling the
CO, emission in the atmosphere, the earths temperature can be con-
trolled [4,5]. There are various methods for CO, capture, such as
absorption, refrigeration, membrane, and adsorption (pressure swing
adsorption and temperature swing adsorption) [6-8]. At present,
the most common technology for CO, capture is absorption using
different types of solvents, which are divided into two categories:
1) absorption using chemical solvents (chemical absorption) and
2) absorption using physical solvents (physical absorption). Recti-
sol and Selexol are physical solvents that have been widely used in
many industrial processes [9]. At low temperature and high par-
tial pressure of acid gases, the absorption process using physical
solvents is preferable to the absorption process using chemical sol-
vents. The advantage of the physical absorption process includes
lower toxicity; lower vapor pressure, less corrosion, and more solvent
stability. However, according to the low partial pressure of acidic gas
in the post-combustion process, chemical absorption is usually used.
Chemical absorption is the most complete technology for CO, cap-
ture. Most commercial units use this technology in the sweetening
process [10]. There are many chemical solvents, such as alkanol-
amines, sodium hydroxide, ionic liquids, deep eutectic solvents, and
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ammonia solution [11,12]. The use of alkanolamines is highly devel-
oped due to their availability, reasonable price, acceptable reaction
rate, and high stability. Alkanolamines are divided into several groups:
primary, secondary, and tertiary. Triethanolamine (TEA) and N-
methyldiethanolamine (MDEA) are tertiary alkanolamines that are
widely used due to their advantages over the primary and second-
ary amines [13]. One of their advantages is their reactive property.
Unlike the primary and secondary alkanolamines, which react with
CO, to form carbamate with high reaction heat and high energy
consumption to regenerate of the absorbent, tertiary alkanolamines
form bicarbonate with a low reaction heat and low regeneration
energy. This means saving energy and reducing the operating costs
of the acid gas removal unit. Furthermore, primary and second-
ary amines cause more corrosion than tertiary alkanolamines [14].
They evaporate quickly, causing a large loss of solvent and degra-
dation in the presence of oxygen. However, tertiary amines reduce
these problems despite their slower reaction rate with CO, [15].
According to the mentioned points, a promoter is needed to im-
prove the absorption rate and reduce energy consumption. In this
regard, developing a new amine absorbent by combining mentioned
properties is necessary [16-18].

Singh et al. [19] studied the CO, absorption process using a mix-
ture of TEA-monoethanolamine in a pack bed with recycle stream.
Various operating parameters such as amine concentration, liquid
flow and gas flow were used to evaluate the system behavior. Tagu-
chi method was applied to determine the significance of parame-
ters in the process.

Yeon et al. [20] investigated the absorption of carbon dioxide and
the chemical reaction kinetics of CO, using a blend of TEA and
piperazine (PZ) in a polyvinylidene fluoride hollow fiber membrane.
Absorption was performed at temperature of 303 K to 382 K with
PZ concentration of 0.26 M and 0.64 M, and TEA concentration
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of 038 M, 1.13 M, and 2.26 M. The experimental results showed
that the absorption capacity of the blend of TEA and PZ with CO,
is mainly controlled by PZ, and adding PZ to TEA makes it possi-
ble to achieve high CO, removal efficiency. Finally, they examined
the kinetic data for the reaction of PZ and CO, and calculated the
activation energy through Arrhenius expression.

Compared with traditional amines, aqueous ammonia is a cheap
solvent, has less corrosion and fewer degradation problems and can
achieve high CO, removal capacity and absorbs items such as NOy,
SO, and CO, [21]. Praveen et al. [22] investigated the absorption
of CO, by aqueous ammonia in a packed column. They studied the
mass transfer coefficient in a wide range of operational variables.
They found that in CO, absorption by aqueous ammonia, the mass
transfer process is controlled by resistance in the liquid phase and
the concentration of ammonia has a significant effect on the mass
transfer coefficient Generally, chemical solvents are not used indi-
vidually in the CO, capture process. They are combined with addi-
tives that improve the absorbent performance and reduce problems
such as corrosion, energy consumption, and erosion [16]. However,
high vapor pressure of ammonia reduces efficiency of the CO, ab-
sorption process. Therefore, regarding the amine and ammonia solu-
tion absorbent, the main focus is on the pros and cons of a method
that uses a mixture of these absorbents. Jeon et al. [23] added ammo-
nia solution to MDEA and 2-amino-2-methyl-1-propanol (AMP)
solutions to increase CO, uptake efficiency. The CO, uptake char-
acteristics of ammonia added MDEA and AMP solutions were eval-
uated using a wetted wall column (WWC) and a packed column.
Ammonia concentrations added to 30 wt% AMP and MDEA were
1-3 wt%. They found that the addition of NH,; significantly increased
the mass transfer performance of MDEA and AMP solutions due
to the increase of free ammonia in the absorbent. They report that
CO, uptake rate in AMP/NH,; solution is higher than aqueous solu-
tion of MDEA/NH,.

From the previous works, it can be said that no former study has
been performed on CO, absorption by adding ammonia to TEA
in a packed column. Due to the ability of ammonia to improve the
rate of absorption and the ability of TEA to reduce vapor pressure
of solution and ammonia loss, in this study, the mass transfer per-
formance of TEA-NH; aqueous solution for CO, capture process
was performed by using a packed column. Ammonia concentra-
tion, TEA concentration and gas flow rate were considered as opera-
tional variables. After determining the thermophysical properties
of TEA-NH,; aqueous solvent, effect of the mentioned variables and
their interactions on AP%, Ka, and N, was investigated using the
three level factorial response-surface method. Finally, the optimal
operating conditions were determined to maximize the responses.

THEORY

1. Chemical Reactions

The CO, reacts with water to produce bicarbonate ion via CO,
hydration reaction and the hydroxyl ion reaction, which are as fol-
lows:

CO,+H,0>HCO; +H" (1)

CO,+OH «<>HCO; ()]

In contrast, the process of CO, hydration is so slow that it can
be ignored, but hydroxyl ion reaction is rapid and is able to increase
mass transfer even at low concentrations.

In general, the reaction between tertiary amines (R;N) and car-
bon dioxide in aqueous solution can be expressed as follows:

CO,+R,N+H,0<>R,NH'+HCO; 3)

Triethanolamine (HO-CH,-CH,),-N-CH,-CH,-OH is a tertiary
alkanolamine, where there is no hydrogen atom attached to the
nitrogen atom in it. Therefore, it cannot react directly with CO, and
acts only as a base catalyst for the formation of hydroxyl ion [24].

The following reactions occur from the interaction of aqueous
ammonia and CO,;

CO,+2NH;—>NH,COONH, “@
CO,+2NH;+H,04>(NH,),CO; 5)
CO,+NH,;+H,0<>NH,HCO, (6)

Reaction (4) consists of the following reactions:
CO,+NH,<>NH,COOH 7)
NH,+NH,COOH«>NH; +NH,COO ®)

Then, the hydrolyze reaction of NH,COONH, occurs immedi-
ately and free ammonia is produced.

NH,COO +H,0<>HCO,+NH, ©)
NH, +H,0<>NH,;H,0 (10)

Unlike reaction (7), which is a very fast reaction, reaction (8) is
slow to affect the rate of the absorption directly. Finally, due to indi-
rect reaction of TEA and CO,, the reaction between ammonia pro-
moted aqueous TEA solution is mainly controlled by reaction (7)
[22].

2. Introducing the Responses
2-1. Absorption Percentage

To determine the CO, absorption percentage (AP), the molar ratio
of CO, in the gas phase should be measured before and after passing
through the packed column and applied in the following equation:

AP(%)z(l—%)xlOO (11)

Y;, and Y,,, represent the molar ratios of CO, at the inlet and
outlet of the absorption bed, respectively.
2-2. Overall Volumetric Mass Transfer Coefficient (K;a,)

The relation proposed by Zeng et al. was used to calculate the
overall volumetric mass transfer coefficient [25]:

Kga= l%[ln(;() (VYo | (12)
where K, a,, E h, and P refer to the mass transfer coefficient (kmol/
m’”h-kPa), effective surface area (m’/m’), the inert gas flow rate
(kmol/m*h), the height of absorption bed (m), and the pressure
(kPa), respectively.
2-3. Volumetric Molar Flux (N,a,)

The following equation has been employed to calculate the vol-
umetric molar flux:
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NAac: E(Yin_Yaut) (13)

N, is the molar flux (kmol/m>h), and a, is the effective surface area
of gas-liquid (m’/m’). To calculate molar flux, effective surface area
must be determined.
2-4. Effective Surface Area of Mass Transfer (a,)

The relation used to determine the effective area is as follows [26]:

—0.45 0.75

a, 05 -0.2
—<=3xg xRe ~xFr
a

xWe (14)
¢is the void fraction, a, is the specific area of the dry packing (m®/
m’), Re is Reynolds number, Fr is Froude number, and We is Weber
number. The dimensionless numbers of Reynolds, Weber, and
Froude have definitions, which are discussed below:

Re; = —x— (15)
L
ap M
uixap
Fr, = (16)
8
2
WeL:lﬁx—L (17)
S ap

Table 1. Thermophysical properties of TEA-NH, aqueous solution

u=2 (8)
In the above relations, Q, A, u;, o1, &, g and 4 represent to the
liquid volumetric flow rate (m/s), cross section area of tower (m’),
superficial velocity (m/s), density of the liquid (kg/m”), surface ten-
sion of the liquid (N/m), gravitational constant (m/s’) and viscos-
ity of liquid (kg/m-s), respectively [27].

EXPERIMENTAL

1. Materials

The materials used in this study are aqueous ammonia (25%)
purchased from Merck, TEA provided from Shazand Petrochemical
Company and carbon dioxide supplied from Caspian Company:
2. Thermophysical Properties

Density, viscosity and surface tension are the thermophysical
properties that play a significant role in the analysis of absorption
and regeneration process. Hence, these thermophysical properties
have been measured under various temperature and concentration
for TEA-ammonia aqueous solution. The mentioned properties are
also important for designing of CO, absorption column, modelling
and designation of reaction rate constants [28]. The accuracy of the

TEA concentration NHj; concentration Temperature Density Kinematic viscosity Surface tension
(Wt%) (Wt%) (°C) (g/cm’) (mm?/s) (mN/m)
10 0 20 1.0104 1.374 58.61
10 0 30 1.0098 1.039 56.16
10 0 40 1.0066 0.923 55.51
20 0 20 1.0270 1.958 57.42
20 0 30 1.0261 1.473 54.26
20 0 40 1.0220 1.278 53.93

30 0 20 1.0428 2.957 54.9

30 0 30 1.0421 2231 52.4

30 0 40 1.0381 1.929 51.52
10 2.5 20 0.9945 1.456 57.23
10 2.5 30 0.9944 1.151 53.97
10 2.5 40 0.9905 0.983 53.44
20 25 20 1.0112 1.996 56.08
20 2.5 30 1.0106 1.640 53.64
20 2.5 40 1.0071 1.420 52.84
30 2.5 20 1.0265 3.020 54.11
30 2.5 30 1.0255 2419 51.43
30 2.5 40 1.0216 1.968 51.07
10 5 20 0.9784 1.493 55.88
10 5 30 0.9783 1.210 53.54
10 5 40 0.9750 1.034 52.66
20 5 20 0.9939 2.152 55.06
20 5 30 0.9933 1.738 52.82
20 5 40 0.9900 1.487 52.19
30 5 20 1.0089 3.323 52.26
30 5 30 1.0084 2.588 50.93
30 5 40 1.0058 2.069 50.25
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results, were confirmed by measuring the physical properties of
pure water and aqueous TEA solution and comparing them with
literature.

2-1. Density

A Gay-Lussac pycnometer with a capacity of 50 ml was employed
to determine the density of TEA-ammonia solution with various
concentration ranges at temperatures of 20, 30, and 40 °C. Note that
to reduce the error in density measurement, each experiment was
repeated three times and finally their mean value was collected in
Table 1. According to the table, density decreases with increasing
temperature and ammonia concentration increases with increas-
ing TEA concentration.

2-2. Viscosity

The viscosity of the hybrid solvent of TEA-ammonia with differ-
ent concentration ranges at temperatures of 20-40 °C was measured
using capillary viscometer model C-100, NO.596, Cannon Fenske.
The results of viscosity measurements are also presented in Table 1
and each value is the mean of three measurements. Pursuant to the
table, it can be said that viscosity increases with increasing ammo-
nia and TEA concentration and decreases with increasing tem-
perature.

2-3. Surface Tension

The Kibron EZ-PI PlusTensiometer is used to determine the sur-
face tension of a TEA-ammonia solvent with measuring range of
1-350 mN/m and accuracy/sensitivity of 0.01 mN/m. The results
of surface tension measurements are in Table 1 and each value is
the mean of three measurements. The reported numbers well indi-
cate that surface tension decreases with increasing temperature,
ammonia concentration and TEA concentration.

3. Setup and Methods

In this study, to experimentally measure of CO, absorption rate
by a mixture of aqueous ammonia and TEA, a device that its sche-
matic is shown in the Fig. 1, has been used.

All experiments were performed at atmospheric pressure, inlet
solvent flow rate 40 ml/min, solvent inlet temperature 40 °C and,
the inlet gas flow rate had different amounts of 1,500, 2,000 and
2,500 ml/min. The absorption tower consisted of a Plexiglass col-
umn with an inner diameter of 5cm and a height of 50 cm that

40 cm from the length of the tower is filled by glass Raschig rings
with a nominal size of 6 mm and 1 mm thickness. The surface area
of the packing was 720 m’/m’ and free volume of 67%. Liquid inlet
and gas outlet were located at the top of the tower and liquid out-
let and gas inlet were at the bottom of the tower. The solution used
in this experiment was made by mixing TEA and aqueous ammo-
nia with the desired percentages. At the beginning of each experi-
ment, the solution after reaching the desired temperature (40 °C)
in reservoir is pumped to the absorption tower in a closed loop.
Then, sufficient time is given to uniform the temperature of absorp-
tion tower and the solution. Note that all devices were insulated to
prevent energy loss. After that, gas was introduced to the packed
bed. In all experiments, feed gas contained 90 vol% of air and 10
vol% of carbon dioxide, which were mixed together before enter-
ing the tower and then passed through a humidifier for humidifi-
cation. Different flow rates for inlet gas were considered during
the tests; for this purpose, mass flow controllers (MFCs) were used
to measure and regulate air and carbon dioxide gas. Subsequently,
the solution and the gas stream flowed through the tower counter-
currently. Exhaust gas from the top of the tower passed through
the gas washing section, containing concentrated sulfuric acid, to
eliminate ammonia and humidity. Finally, gas was passed through
a sensor to measure the amount of carbon dioxide.

To select the upper and lower limit for experiments, at first, the
hydrodynamics of packed bed was investigated by observing the
differential pressure as a function of gas flow rate to determine the
flooding point. Then, 70% flooding was considered for center point,
87% flooding for maximum gas flow and 50% for minimum. In the
case of TEA concentration, preliminary CO, absorption experiments
by aqueous TEA solution in the range of 10-60 wt% were conducted.
Low absorption efficiency (lower than 40%) was observed. More-
over, higher TEA concentration (30-60 wt%) had negative eftect on
absorption efficiency. Therefore, 10-30 wt% was selected for TEA
concentration. According to the literature, a low ammonia concen-
tration (<5 wt%) was selected to reduce ammonia loss [23,29].

All experiments were repeated three times. The uncertainty anal-
yses and device properties, such as flow meters, CO, sensors, and
other controllers, are given in supplementary material. The accu-
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Fig. 1. Schematic of the device used for the absorption of carbon dioxide: 1) Reservoir containing solvent, 2) Temperature controller, 3)
Heater, 4) Peristaltic pump, 5) CO, Cylinder, 6) Air compressor, 7) Mass flow controller, 8) Humidifier, 9) Packed bed, 10) Solvent

tank, 11) Gas washing, 12) CO, sensor, 13) Recorder.
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racy of the results was checked by measuring CO, loading of out-
let liquid stream using the titration technique. The obtained mass
balance error was less than 8.0%.

RESULT AND DISCUSSION

1. Design of Experiments

Design expert software and response surface three level facto-
rial method were used to design experiments and statistical analy-
sis of the results. Three variables of ammonia concentration, TEA
concentration and gas flow were considered as effective variables
on absorption performance. For each variable, three levels of mini-
mum (1), middle (0) and maximum (+1) were defined. These vari-
ables and their values are listed in Table 2. In this study, CO, ab-
sorption performance by TEA-ammonia hybrid solvent was inves-
tigated in terms of absorption percentage (AP%), overall volumet-
ric mass transfer coefficient (Ka,) and molar flux (N,). In Table 3,
the experiments designed by the software (30 experiments with
three replications at middle conditions) and response values are

Table 3. Experimental design and the obtained results

H. Rashidi et al.

Table 2. The operational variables and determined levels

Levels
Variables Unit  Symbol
-1 0 +1
TEA concentration wt% A 10 20 30
NH; concentration wt% B 0 2.5 5
Gas flow ml/min C 1,500 2,000 2,500

presented. In the response surface method, there are many mod-
els, such as quadratic, mean, and linear, to predict the response.
The quadratic model, which is known as the most complete and
reliable model in the following form, was used:

k k k-1 k

Y:ﬂ0+zﬂixi+zﬂiixx‘2+ Z Z ﬂszin (19)
i=1 i=1 i=1j=1+i

where Y is the predicted output, X; and X; are the encoded values

of variables. k is the number of variables. X;X; and X? are terms

related to the interactions and quadratic of variables, respectively.

std Run A: TEA Conc. B: NH; Conc. C: Gas flow rate Kea, AP Ny
(wt%) (wt%) (ml/min) (kmol/m*-h-kPa) (%) (kmol/m*h)
9 1 30 5 1,500 0.21 97.71 2.54
27 2 30 5 2,500 0.14 76.99 3.34
20 3 20 0 2,500 0.02 18.50 0.92
28 4 20 2.5 2,000 0.14 58.57 3.32
14 5 20 2.5 2,000 0.14 58.69 3.32
7 6 10 5 1,500 0.15 93.89 2.97
12 7 30 0 2,000 0.02 2421 0.85
6 8 30 2.5 1,500 0.15 93.08 2.45
24 9 30 2.5 2,500 0.12 71.83 3.15
19 10 10 0 2,500 0.02 17.29 0.95
15 11 30 2.5 2,000 0.15 86.53 3.03
3 12 30 0 1,500 0.02 31.59 0.83
17 13 20 5 2,000 0.17 89.87 3.46
2 14 20 0 1,500 0.02 29.29 0.87
13 15 10 2.5 2,000 0.12 81.12 3.46
23 16 20 2.5 2,500 0.11 69.00 3.34
8 17 20 5 1,500 0.18 95.96 2.77
30 18 20 2.5 2,000 0.14 57.94 3.32
21 19 30 0 2,500 0.02 22.41 0.98
5 20 20 2.5 1,500 0.13 90.96 2.65
29 21 20 2.5 2,000 0.14 58.13 3.32
18 22 30 5 2,000 0.19 9221 3.20
11 23 20 0 2,000 0.02 22.49 0.89
25 24 10 5 2,500 0.12 72.82 3.84
26 25 20 5 2,500 0.13 74.16 3.57
4 26 10 2.5 1,500 0.11 86.04 2.75
22 27 10 2.5 2,500 0.10 65.77 3.50
1 28 10 0 1,500 0.02 2343 0.77
10 29 10 0 2,000 0.02 19.57 0.86
16 30 10 5 2,000 0.14 85.35 3.60
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Table 4. ANOVA table for K;a,
Source SS DF MS F-value P-value
Model 0.1069 8 0.0134 287.89 0.0001> Significant
A: C-TEA 0.0024 1 0.0024 53.34 0.0001>
B: C-NH, 0.0855 1 0.0855 1,842.14 0.0001>
C: Gas flow 0.0023 1 0.0023 48.99 0.0001>
AB 0.0008 1 0.0008 16.28 0.0006
AC 0.0003 1 0.0003 5.88 0.0245
BC 0.0020 1 0.0020 42.71 0.0001>
B 0.0110 1 0.0110 237.39 0.0001>
C 0.0011 1 0.0011 24.03 0.0001>
Residual 0.0010 21 0.0000
Lack of fit 0.0010 18 0.0001
Cor total 0.1079 29
17.2902 1 97.7112 0.0155139H0.20574 0.770894 I 3.84357
120+ 0.25 4-|
(a) (b) (©)
100 0.2
3 o
80“ -]
g T 0.157 2
£ 60 > £ 2
=] = R
E g 0.1 2
40 &~ v N
20- 0.05
0- 0{ * 0
0 20 40 60 80 100 120 0 005 01 015 020 025 0 1 > 3 4
Actual Actual Actual
Fig. 2. Actual values versus predicted values for (a) AR, (b) Kga,, and (c) N,.
B, B, B and ,By represent coefficients of constant, linear, quadratic, N,=+3.24—0.1311A+1.19B+0.2773C—0.1189AB
and interaction, respectively [30]. +0.1742BC~1.03B°~0.2037C” (22)

2. Statistical Analysis

To confirm the validity of the model in the prediction of AP,
Kga, and N, the predicted data were statistically analyzed. The accu-
racy and validity of the model in prediction of Ksa, can be checked
by the analysis of variance (ANOVA) presented in Table 4. Accu-
racy of 95% was considered as the degree of significance of the
terms. Accordingly, terms with P-values less than 0.05 are known
as significant terms and were applied in the model and other terms
were insignificant and removed from the model to increase the
accuracy of the model. It is clear from the ANOVA tables that the
P-value of the model for AP%, K;a, and N, was less than 0.0001,
which shows the validity of the model in predicting these three
responses. Furthermore, according to the p-values it can be found
that for Ksa, the coded terms A, B, C, AC, AB, BC, B>, C’, for
AP% the terms A, B, C, BC, B>, C* and for N, the terms A, B, C,
AB, BC, B, and C are significant. And by placing in Eq. (19), the
following equations can predict the responses:

K2,=+0.1369+0.0116A+0.0689B—0.0112C+0.0079AB

—0.0048AC—0.0129BC—0.0397B*~0.0126C” (20)

AP=+83.77+2.85A+31.68B—8.51C—3.12BC-26.87B>-3.04C’  (21)

Fig. 2 shows the graph of the predicted values versus the experi-
mental values for AP%, Ksa,, and N,. The vicinity of the points
around the diagonal line indicates the high correlation between the
predicted and experimental responses. The values of R, adjusted
R’ and predicted R* for AP%, Ksa,, and N, are collected in Table
5. The value of R” for all three responses is greater than 99%,
which indicates acceptable consistency between experimental and
predicted data, thus, the accuracy and validity of the model. The
predicted R* has a reasonable prediction of the data because its

Table 5. The result of model validation for responses

Kea, AP N,
R’ 0.9910 0.9951 0.9929
Std. Dev. 0.0068 2.31 0.1080
Adjusted R® 0.9875 0.9939 0.9907
Mean 0.1055 65.82 2.49
Predicted R’ 0.9785 0.9916 0.9868
CV.% 6.46 3.51 4.33
Adep precision 52.6106 77.0621 572719
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0.26% 0.59%

mB mB2 mC mBC mC2 mA
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3.90%

.90%1.04%0.76°
2.18%2'28%190 01%0 76% 0.28%

mBEB2 mC mA mBC uC2 mAB mAC

(b)
0.82%0.48%

EB B2 mC mA mBC mC? wAB

Fig. 3. Contribution of each parameter on (a) AP, (b) Ksa,, and (c) N,.

difference with adjusted R’ is less than 0.2. The obtained adequate
precision that determines the signal to noise ratio, for all three
responses, is more than 4, which indicates a suitable signal for model
recognition. To obtain the contribution of each parameter on the
specified responses, the percentage of participation, which is defined
as the sum of squares of each term to the total sum of squares,
must be calculated [31]. Fig. 3 shows the share of each parameter
on AP%, Ka,, and N,. According to the figure, the order of im-
portance of the parameters for Kga, is B>B*>A>C>BC>C’>AB>
AC, for AP% is B>B*>C>A>BC>C* and for N, is as B>B>>C>
BC>A>C’>AB. Statistical analysis of the results showed that the
ammonia concentration with 72.99%, 71.83, and 81.12% has the
greatest effect on AP%, N, and Kga,, respectively. Then, gas flow
rate with 5.27% and 3.90%, has a great effect on AP% and Kga,,
respectively.
3. Effect of Main Variables
3-1. TEA Concentration

Fig. 4 shows the effect of TEA concentration in the range of 10-
30 wt% on the AP% and Kga,. As is clear from the figure, if other
variables (gas flow rate and ammonia concentration) are constant
in their intermediate values, increasing the concentration of TEA

i 025
1001 (a) (b)

804 — g 0.2
. 60- ::; o1s¢
< 3
& 40 3 o4

20 éo.os-

0 0

o 15 20 25 30 10 15 20 25 30

A: TEA Concentration (wt.%) A: TEA Concentration (wt.%)

Fig. 4. Effect of TEA concentration on (a) AP, (b) Kga,.
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in the mentioned range improves the absorption percentage and
the overall volumetric mass transfer coefficient from 81.12 to 86.53%
and from 0.12 to 0.15 kmol/m™-h-kPa, respectively. There are sev-
eral reasons to justify the positive correlation between TEA con-
centration with AP% and Kga,; the absorption process of CO, by
amine solutions is usually dependent on the liquid mass transfer
in the packed column. Thus, the overall volumetric mass transfer

coefficient can be expressed as KiaeEElI: . where, H is Henry’s

constant and E is the enhancement factor. Increasing the TEA
concentration in the solvent increases the number of TEA mole-
cules as active sites per unit volume of solution to react with CO,,
which finally is associated with an increase in the chemical absorp-
tion. Increasing the TEA concentration increases the enhancement
factor (E) and, as a result, decreases the mass transfer resistance of
the liquid phase [25,32-35].

Furthermore, according to the preliminary tests, at high concen-
trations of TEA in the solvent (30-60 wt%), the viscosity also rises,
which is considered an adverse factor on absorption. Since increas-
ing the viscosity increases the mass transfer resistance of the lig-
uid phase, this leads to a reduction in CO, uptake rate. Therefore,
it is necessary to pay attention to the TEA concentration increase
in the solvent [33].

3-2. Gas Flow

Fig. 5 shows the effect of gas flow in the range of 1,500-2,500
ml/min on the AP% and N,. As can be seen, if the other variables
(TEA concentration and ammonia concentration) are constant in
their intermediate values, increasing the gas flow rate in the men-
tioned range reduces the absorption percentage from 90.96 to 69%
and increases the mass transfer flux from 2.65 to 3.34 kmol/m®-h.
The CO, absorption percentage decline in high gas flow rate can
be expressed because by increasing the input gas flow rate, gas veloc-
ity increases. The gas velocity enhancement is associated with reduc-
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Fig. 5. Effect of gas flow rate on (a) AP, (b) N,.

tion of gas phase residence time and thus increasing the CO, con-
centration at the outlet of absorption column. Therefore, by increas-
ing the gas flow, the number of CO, molecules in the inlet and
outlet increases, which finally, according to Eq. (11), leads to a de-
crease in the CO, absorption percentage [10,36].

Moreover, increasing the gas flow rate increases the CO, partial
pressure through the bed, which is a desirable parameter in in-
creasing the mass transfer flux. On the other hand, Eq. (11) shows
the direct relationship between the gas flow rate and the mass trans-
fer flux. This positive correlation is obvious in Fig. 5(b).

3-3. Ammonia Concentration

TEA is a tertiary alkanolamine which reacts slowly with CO,.
Therefore, the addition of NH; to aqueous TEA solution improves
the reaction rate. Effect of ammonia concentration on AP%, Kga,,
and N, is shown in Fig. 6. To investigate effect of ammonia con-
centration in the range of 0-5wt% on the above responses, other
parameters were adjusted at their intermediate values. It is clearly
seen in Fig. 6(b) that with increasing concentration of ammonia,
Kga, increases significantly. There are several reasons to explain
this observation. Raising NH; concentration raises the interaction
between ammonia and CO, molecules, which thus improves the
CO, absorption rate [37]. Increasing the concentration of ammo-
nia leads to increasing the enhancement factor. The enhancement
factor is defined as the ratio of the mass transfer coefficient of lig-
uid film for chemical absorption to the mass transfer coefficient of
liquid film for physical absorption. Increasing the concentration of
ammonia causes more ammonia to be available to absorb CO,
[38]. Ammonia improves the rate of mass transfer and affects the
driving force of mass transfer [39]. Furthermore, added ammonia
acts as a pH buffer, keeping high pH as CO, is absorbed [23].

Figs. 6(a), (c) show that increasing the NH; concentration in the
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Fig. 7. Effect of AB interaction on K;a,.

range of 1-3.5wt% leads to an increase, and in the range of 3.5-
5wt% leads to a decrease in absorption percentage and mass trans-
fer flux. Therefore, in the range of 1-3.5 wt%, with increasing ammo-
nia concentration, the absorption capacity of the liquid phase
increases, but at higher concentrations (3.5-5wt%), volatility and
ammonia stripping prevent the physical solubility of CO, in the
aqueous phase, which has been associated with a decrease in the
absorption percentage and mass transfer flux [37,40]. Note that at
high concentrations of ammonia, the viscosity also increases, which
has an adverse effect on CO, absorption rate.

4. Interaction Between Variables

Figs. 7 and 8 show the three-dimensional diagrams related to
effect of significant interactions on absorption percentage, mass trans-
fer flux and mass transfer coefficient. Several ranges are provided
to determine the number of responses that blue and red areas rep-
resent the minimum and maximum values of the responses, respec-
tively. In examining the interaction effect between the two variables,
the third variable is set at its intermediate level.

Fig. 7 shows the effect of AB interaction on mass transfer coef-
ficient. As can be seen, the maximum amount of mass transfer
coefficient is obtained at high concentrations of ammonia and TEA.
The effect of TEA concentration on Ka, in the absence of ammo-
nia is slight, but in high concentrations of ammonia, increasing
the concentration of TEA significantly improves Ka,.

A three-dimensional chart related to the simultaneous effect of
ammonia concentration and gas flow on absorption percentage,
mass transfer flux and mass transfer coefficient is shown in Fig. 8.
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Fig. 6. Effect NH; concentration of (a) AP, (b) Ksa,, and (c) N,.
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Table 6. The optimal operating conditions
Optimum condition
Variables Unit
AP Kea, N,

TEA concentration wt% 26.68 30 11.95
NH; concentration wt% 3.53 5 3.90
Gas flow ml/min 1,699.46 1500 2,332.02
Optimum response - 98.94% 0.202 kmol/m’-h-kPa 3.901 kmol/m*-h

It is clear that with increasing ammonia concentration to 5 wt%
and decreasing gas flow to 1,500 ml/min, AP% and Kga, increase
t0 97.71% and 0.2057 kmol/m™h-kPa, respectively. Also, with increas-
ing ammonia concentration up to 5wt% and gas flow rate up to
2,500 ml/min, the mass transfer flux reaches 3.8436 kmol/m”h.

OPTIMIZATION
In this study, the optimization method developed by Derringer
and Suich has been used to determine the optimal operating con-
ditions [41]. Table 6 shows the optimal operating conditions for
achieving the maximum value of AP%, K;a,, and N,,. As can be
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seen, the maximum amount of AP% (98.94%) was predicted in
ammonia concentration 3.53 wt%, TEA concentration 26.68 wt%,
gas flow rate 1,699.46 ml/min, and the maximum amount of over-
all volumetric mass transfer coefficient (0.202 kmol/m’-h-kPa) in
ammonia concentration of 5wt%, TEA concentration 30 wt%,
and gas flow rate 1,500 ml/min. The obtained mass transfer coeffi-
cient was compared with Ka, of other mass transfer devices. Accord-
ing to the significance of ammonia concentration in this study, we
focused on the research that applied ammonia for CO, capture. The
literature survey reveals that the order of magnitude of the overall
mass transfer coefficient of TEA-NH; in this study and aqueous
ammonia in packed column, spray tower, and bubble column were
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the same [38,42,43]. Moreover, the maximum amount of mass trans-
fer flux (3.901 kmol/m*h) was obtained in ammonia concentra-
tion 3.90 wt%, TEA concentration 11.95 wt%, gas flow rate 2,332.02
ml/min. To show the superiority of the CO, absorption performance
of the aqueous solution of ammonia-promoted TEA, the opti-
mum absorption percentage (98.94%) was compared with the case
of using only TEA and ammonia. The aqueous solution of TEA,
in the mentioned condition, absorbed 30.84% of CO, and the AP
of aqueous ammonia was 91.48%.

CONCLUSION

CO, absorption by ammonia added triethanolamine aqueous
solution was investigated in terms of absorption percentage (AP%),
overall volumetric mass transfer coefficient (K;a,) and mass trans-
fer flux (N,) in the packed column. Three variables of ammonia
concentration (0-5wt%), TEA concentration (10-30 wt%), and gas
flow (1,500-2,500 ml/min) were considered as significant variables
on absorption performance. For statistical analysis of the results,
the response surface three level factorial method was used.

Statistical analysis of the results showed that an ammonia con-
centration of 72.99%, 71.83, and 81.12% has the greatest effect on
AP%, N, and Kga,, respectively. Then, gas flow with 527% and
3.90%, has great effect on AP% and Ka,, respectively. Thus, the addi-
tion of ammonia increases the mass transfer performance of TEA
solution because it is associated with an increase in free ammonia
in the solvent. The parameters for Kga, as B>B*>A>C>BC>C*>
AB>AC, for AP% as B>B*>C>A>BC>C’ and for N, as B>B*>
C>BC>A>C*>AB were obtained. Also, under optimal operating
conditions, the maximum values for AP%, Ksa, and N, were deter-
mined as 98.94%, 0.202 kmol/m™h-kPa and 3.901 kmol/m™h, respec-
tively. Thus, adding ammonia to TEA improves the mass transfer
performance of solvent, considerably.
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The measurements cannot be performed with perfect accuracy:. Where N is the number of tests performed for some quantity e.g.,
Three replicates were performed for each experiment to verify the X.. The measured values can be reported as x=££RSD (%).
reproducibility and calculate the uncertainties of the measured data. The following table gives the uncertainty values during experi-
Therefore, in order to obtain the uncertainty during experiments, mental measurements.

the relative magnitude of the standard deviation (RSD), which is
determined as follows, must be calculated.

Parameter RSD (%)
RSD(%) =100 Keay 6.18
H AP 417
i and o, are the mean of the measured data, and the standard Density 0.07
deviation, respectively. Which have separate compliments. Viscosity 263
Surface tension 1.52
H= Ni; i
1 N R Information about devices such as flow meters, CO, sensor, and
%= N1 ; Xi-4) other controllers was given below:
Product type Model NO. Measuring range Accuracy
GPC Series-BREEZENS,
MEC eries 0-1000 SCCM +1% full scale

Apasco, Iran

MFC GPC Series BREEZENS, 0-10SLM +1% full scale
Apasco, Iran

Diaph Max. Flow: 1.2]
aphragm Hiton, hf-8367, Taiwan ax. Water Flow: 1.2 lpm
pump Max. Pressure: 125 psi
. N o
Carbon dioxide Cozir, German 0-200,000 ppm (50 me+3 %
gas sensor of reading)

Thermometer BTM-4208 SD, LUTRON +0.1K




