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ABSTRACT: This work presents experimental results on the solubility of CO, in a new blend of diethanolamine (DEA) and
trisodium phosphate (TSP) at temperatures ranging from (303.14 to 333.14) K and partial pressures from (10.133 to 20.265) kPa.
Total concentrations of aqueous DEA + TSP blends were taken as (1.0, 1.5, and 2.0) mol-dm >. Ina particular blend, the mole
fraction of TSP was in the range 0.02 to 0.20. The results show that CO, solubility in a blend with a particular total concentration
increases with increasing mole fraction of TSP at fixed temperature and partial pressure of CO,. The solubility of CO, in the blend
decreases with increasing temperature but increases with increasing CO, partial pressure. The maximum CO, solubility in DEA +
TSP blends was found to be 0.869 (mol of CO,) - (mol of absorbent) " at 313.14 K, a total concentration of 2.0 mol-dm >, and a
TSP mole fraction of 0.2. The experimental results of the present study are compared with those for other blends available in the

literature.

B INTRODUCTION

Fossil fuels are the main source of energy and also, unfortu-
nately, of pollutants, greenhouse gases (GHGs), and other trace
atmospheric varieties. Coal is the primary fuel in thermal power
plants; gasoline and diesel are the primary fuels for automobiles.
There is also limited use of natural gas in these energy activities.
Combustion of fossil fuels releases a massive amount of CO, into
the atmosphere. It has been reported that as a result of human
activities, roughly (26 to 30) % of the total CO, comes from fossil
fuel combustion used for electricity generation.' > Scientists
have found a direct relationship between CO, emissions and
global warming and climate change (CO, accounts for more than
approximately 55 % of the total observed global warming).*
Amine-based chemical absorption is a well-established and
mature technology among several technologies available to
reduce CO, emission from industrial gas streams. Commonly
used amines are monoethanolamine (MEA), diethanolamine
(DEA), N-methyldiethanolamine (MDEA), and di-2-propano-
lamine (DIPA).>® Other absorbents, such as diglycolamine (DGA),
2-(2-aminoethylamino )ethanol (AEE), 2-amino-2- methyl-1-pro-
panol (AMP), N-(2-aminoethyl)-1,3-propanediamine (AEPDNH,),
triethanolamine (TEA), triethylenetetramine (TETA), piper-
azine (PZ), glucosamine (GA), sodium hydroxide (NaOH),
ammonia (NH;), potassium carbonate (K,CO3), potassium
hydroxide (KOH), sodium carbonate (Na,COs3), and so on
w2>were also tested for CO, removal. Most of the amines
mentioned have been used in large-scale units for CO, removal
successfully for decades.

Blends of alkanolamines have also recently been suggested to
capitalize on the advantages of each amine (e.g, a primary or
secondary alkanolamine and a tertiary alkanolamine or a steri-
cally hindered alkanolamine). Activation of alkanolamine sol-
vents for CO, removal to take advantage of a relatively high rate
of reaction of CO, with the activating agent can be combined
with the advantages of the high loading capacity of tertiary
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alkanolamines or hindered alkanolamines and the relatively low
cost of regeneration of the activated solvent.”

Many researchers have reported the absorption characteristics
of CO, in blended amines. The low vapor pressure of DEA
makes it suitable for low-pressure operations, as vaporization
losses are quite negligible. Further, DEA solutions are less
corrosive than MEA solutions. In view of this, DEA-based blends
appear to be potential solvents for gas treatment processes.® The
solubilities of CO, in various DEA blends have been reported in
the literature.® '

Trisodium phosphate (TSP) is an inorganic solvent that is
highly alkaline and nonvolatile in nature and undergoes negli-
gible thermal degradation. It has properties suitable for use as an
absorbent for acid gas treatment. There is no work listed to date
in the literature concerning the solubility of CO, in aqueous
blends of DEA and TSP. In this work, the absorption of CO, by
aqueous blends of DEA and TSP has been experimentally
studied to generate new solubility data at total blend concen-
trations in the range (1.0 to 2.0) mol - dm 3, temperatures from
(303.14 to 333.14) K, and CO, partial pressures from (10.133
to 20.265) kPa.

B EXPERIMENTAL SECTION

Materials. All of the chemicals used were AR-grade. DEA with
minimum purity 98 % (Sisco Research Laboratories Pvt. Ltd.,,
Mumbai, India) was used to prepare amine blends. TSP with
minimum purity 98 % (RFCL Ltd., New Delhi, India) was used
without further purification. All solutions were prepared using
deionized water. Two gas streams, one from a cylinder containing
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Figure 1. Schematic diagram of the experimental setup: 1, CO, gas
cylinder; 2, N, gas cylinder; 3, mixing device; 4, gas-flow rotameter; S, 6,
10 and 13, SS valves; 7, bubble column; 8, thermometer 9, water bath;
11, silica gel bed; 12, gas analyzer; 14, wet-gas flow meter; 15, exhaust.

20 % CO, in N, and another from a cylinder containing 99.99 %
pure N,, were mixed together in a gas-mixing and pressure-
release chamber to get the desired composition of CO, in the
inlet gas stream. The volume of gas passed was measured using a
wet-gas flow meter. A microprocessor-based CO, analyzer
[UNIPHS 225 p.m., (0 to 100) % CO, by volume] with an
accuracy of &= 0.2 % was used for CO, analysis in the gas phase. A
constant-temperature water bath (CE404, Narang Scientific
Works Pvt. Ltd, New Delhi, India) with a range of (0 to
200) °C and an accuracy of & 0.1 °C was used to monitor the
operating temperature.

Apparatus and Procedure. The experimental setup de-
scribed in our earlier communication'” with little modification
was used for the measurement of CO, solubility in aqueous
blends of DEA and TSP in the present work. A schematic
diagram of the experimental apparatus is shown in Figure 1.
The bubble column containing an aqueous solution of DEA +
TSP blend was placed into the constant-temperature water bath.
Thermometers with subdivisions of 0.1 K were used to regulate
both the bath and the liquid temperature inside the column. The
bubble column of about 500 cm® capacity was filled with an
aqueous solution of blend prior to the start of the experiment.
After a constant temperature was maintained inside the bath, the
main gas stream was slowly turned on, and the gas was allowed to
bubble into the liquid at the minimum possible flow rate to
ensure that the bubbles did not collapse during the flow in the
liquid. After a regular time interval of 10 min, the CO, composi-
tion in both the inlet and outlet gas streams was measured using
the microprocessor-based CO, analyzer. This procedure was
continued until the CO, composition in the outlet gas stream
became same as the inlet gas composition, indicating that
equilibrium had been attained. The CO, solubility in the liquid
phase was estimated by acidifying a known volume of the loaded
liquid sample with 0.6 mol % HCI solution. At a given tempera-
ture and pressure, at least two liquid equilibrium samples were
taken to check the reproducibility, and the data were found to be
reproducible to within 1 %. The temperature was controlled
within &= 0.1 K of the desired value, and the equilibrium total
pressure was measured with an accuracy of &= 0.5 kPa in the range
studied.

B RESULTS AND DISCUSSION

The CO, solubility was determined for aqueous DEA + TSP
blends having total concentrations of blend (Cr) in the range

Table 1. Experimental Data on the Solubility of CO, in
Aqueous DEA + TSP Blends

T Cr Pco, mco,
(mol of CO,)-

run K X mol-dm kPa  (mol of absorbent)
1 313.14  0.02 1.0 15.199 0.6200
2 313.14  0.0S 1.0 15.199 0.6548
3 313.14 0.10 1.0 15.199 0.6980
4 31314 0.20 1.0 15.199 0.7344
S 313.14 0.02 1.5 15.199 0.6380
6 313.14 0.05 1.5 15.199 0.6770
7 313.14 0.10 1.5 15.199 0.7100
8 313.14 0.20 1.5 15.199 0.7861
9 313.14 0.02 2.0 15.199 0.6780
10  313.14 0.0 2.0 15.199 0.7165
11 313.14 0.10 2.0 15.199 0.7395
12 313.14 0.20 2.0 15.199 0.8419
13 313.14 0.02 2.0 10.133 0.6910
14 31314 0.0S 2.0 10.133 0.7050
15 313.14 0.10 2.0 10.133 0.7180
16 31314 020 2.0 10.133 0.8290
17 313.14  0.02 2.0 12.666 0.7030
18 313.14 0.0 2.0 12.666 0.7110
19  313.14 0.10 2.0 12.666 0.7280
20 31314 0.20 2.0 12.666 0.8310
21 313.14  0.02 2.0 17.732 0.7290
22 313.14 0.08 2.0 17.732 0.7320
23 313.14 0.10 2.0 17.732 0.7530
24 313.14 0.20 2.0 17.732 0.8510
25 313.14 0.02 2.0 20.265 0.7450
26  313.14 0.0 2.0 20.265 0.7490
27 313.14 0.10 2.0 20.265 0.7690
28 313.14 020 2.0 20.265 0.8690
29 303.14 0.20 2.0 15.199 0.8690
30 323.14 0.20 2.0 15.199 0.7946
31 333.14 0.20 2.0 15.199 0.7424

(1.0 to 2.0) mol-dm > and TSP mole fractions from 0.02 to
0.20 over the temperature range (303.14 to 353.14) K at partial
pressures of CO, from (10.133 to 20.265) kPa. The experimental
data on the solubility of CO, in aqueous DEA + TSP blends are
given in Table 1. The effect of the mole fraction of TSP on CO,
solubility was investigated by varying the TSP mole fraction in
the DEA + TSP blend from 0.02 to 0.20 with changing propor-
tions of DEA and TSP for a fixed total blend concentration of 2.0
mol-dm (Figure 2). At a particular mole fraction of TSP in the
blend, the amount of CO, absorbed increases with time to a
maximum value and then remains constant at this value, indicat-
ing that no further absorption takes place (i.e., equilibrium is
achieved). It is clearly seen from Figure 2 that the CO, solubility
increases with increasing mole fraction of TSP in the blend. At
the onset of the experiment, the amounts of CO, absorbed in
blends having TSP mole fractions of 0.02, 0.05, and 0.10 are
higher than that for a TSP mole fraction of 0.20 up to certain
time, whereas at later times the CO, loading is highest in the
blend with a TSP mole fraction of 0.20, followed by the blends
with TSP mole fractions of 0.10, 0.05, and 0.02. At the early stage,
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Figure 2. Time variation of the amount of absorbed CO, (mcoz) in
2.0 mol-dm > DEA + TSP blends with various mole fractions of TSP at

T =313.14 Kand pco, = 115.199 kPa.
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Figure 3. CO, solubility mco, in blends of DEA with various additives
(PZ, AMP, TSP) as a function of X, the mole fraction of the additive, at
T=313.14Kand pco, = 15.199 kPa: @, DEA + PZ (Mondal'*); A, DEA
+ AMP (Seo and Hong"?); B, DEA + TSP (this work).

CO, absorption due to the reaction between CO, and the
dissolved alkalinity mostly offered by DEA seems to occur very
fast. As time proceeds, the active amount of DEA in the solution
decreases. As a result, more and more dissolution of TSP occurs
as aresult of the decrease in the pH of the solution. Therefore, in
the latter stage, absorption is dominated by TSP, which leads to
higher equilibrium solubility of CO, in the blend for larger TSP
mole fractions. In Figure 3, the experimental results for the
present DEA + TSP blends are also compared with those for
other DEA-based blends available in the literature. From Figure 3,
it is clear that the present system has greater solubility of CO,
than the DEA + PZ and DEA + AMP blends.

Figure 4 shows the effect of the total blend concentration on
the CO, solubility at a temperature of 313.14 K, a CO,, partial
pressure of 15.199 kPa, and a TSP mole fraction of 0.2. The
CO; solubility in blends usually decreases with Cr because of
the smaller extent of reversion of carbamate to bicarbonate at
higher concentrations. This behavior was observed by Lee
et al.">and Mondal,'* as shown in Figure 4. In contrast, in the
present DEA + TSP blends, the CO, solubility increases as Ct
increases. This may be due to the fact that TSP has a higher
equilibrium CO, solubility and that continuous reversion of
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Figure 4. CO, solubility mco, at different total absorbent concentra-
tions Cr at T = 313.14 K: B, DEA + TSP (this work); @, DEA + PZ
(Mondal'®); A, DEA (Lee et al.'®).
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Figure 5. Time variation of the amount of absorbed CO, at various inlet
partial pressures of CO, in a 2.0 mol-dm > DEA + TSP blend with a
TSP mole fraction of 0.2 at 313.14 K.
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Figure 6. CO, solubility mco, in various DEA blends as a function of
the inlet partial pressure pco, at T = 313.14 K: B, DEA + TSP (this
work); @, DEA + PZ (Mondal'?); ¥, DEA + AMP (Seo and Hong"?);
A, DEA + MDEA (Kundu and Bandyopadhyay®).

carbamate to bicarbonate at higher concentrations can occur
because of the presence of TSP.

The inlet CO, partial pressure also plays an important role in
CO, absorption. Its effect on the CO, solubility was studied in a
2.0 mol-dm > DEA + TSP blend with a TSP mole fraction of
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Figure 7. Time variation of the amount of adsorbed CO, with
temperature in a 2.0 mol-dm > DEA + TSP blend having a TSP mole
fraction of 0.2 at 15.199 kPa.

0.9

0.8 L

0.7 1

06 o

0.5+

m.., / (mole CO,/mole absorbent)
L

T T T T T T T T T T T T T T
300 305 310 315 320 325 330 335
TK

Figure 8. CO, solubility mco, in various DEA-based blends as a
function of temperature T: M, DEA + TSP (this work); ®, DEA + PZ
(Mondal'?); A, DEA + MDEA (Kundu and Bandyopadhyay®).

0.20 at 313.14 K for CO, partial pressures in the inlet gas stream
ranging from (10.199 to 20.265) kPa. Figure S shows that the
CO, partial pressure has a very small effect on the CO,
solubility for the range studied. The CO, solubility increases
from (0.83 to 0.87) (mol of CO,) - (mol of absorbent) " as the
CO, partial pressure increases from (10.133 to 20.265) kPa.
The experimental results were also compared with the pub-
lished data (Figure 6). Figure 6 shows that the CO, solubility
increases with increasing CO, partial pressure in the inlet gas
stream because it increases the interfacial mass transfer by
dominating the gas-phase mass transfer as a result of the
increase in the driving force from the bulk of the gas phase to
the gas—liquid interface. The experimental data obtained in
DEA + TSP blends show a higher absorption capacity relative to
the results available in the literature.®'>"?

The effect of temperature on the CO, solubility in DEA + TSP
blends over the temperature range (303.14 to 333.14) K is shown
in Figure 7. The inlet CO, partial pressure, total blend concentra-
tion, and TSP mole fraction in the blend were 15.199 kPa, 2.0
mol-dm 3, and 0.2, respectively. From Figures 7 and 8, the
solubility of CO, decreases with increasing temperature, in asgree-
ment with the data reported by Kundu and Bandyopadhyay~ and

Table 2. Maximum CO, Solubilities in Various Blends

Mmco,
(mol of CO,)-
entry amine blend (mol of absorbent) reference

1 DEA+ TSP 0.869 this work
2 MDEA +PZ 0.75 Ali and Aroua'®
3 DEA+ MDEA 0.706 Benamor and Aroua'”
4 DEA + MDEA 0.690 Kundu and Bandyopadhyay®
S DEA+PZ 0.662 Mondal'?
6 DEA + AMP 0.614 Seo and Hong"?
7 DEA + MDEA 0.585 Murrieta-Guevara et al.''
8 MDEA + PZ 0.561 Jenab et al.'®
9 MDEA +PZ 0.500 Liu et al."’

10 DEA + MDEA 0.492 Austgen et al’

11 TIPA +PZ 0271 Daneshvar et al.*

Mondal.'* There may be two reasons for this: (1) most of the
reactions involved in CO, absorption in amines are reversible, and
as the temperature is increased, equilibrium shifts in the backward
direction; (2) at higher temperatures, desorption of CO, also takes
place, which is quite natural because the solubility of gases generally
decreases with increasing temperature. Maximum CO, loadings
reported by various researchers for different blends are given in
Table 2. It has been observed that the present DEA + TSP blends
have a higher loading value than the other blends reported in the
literature.

B CONCLUSIONS

Plots of the time variation of the amount of absorbed CO,
have the same trend (i.e., the amount of absorbed CO, initially
increases more rapidly and then with increasing time increases
more slowly, finally attaining a constant value showing
equilibrium) irrespective of the CO, partial pressure, TSP mole
fraction, and total blend concentration. The total blend concen-
tration showed a positive effect on the CO, solubility, which is
the opposite of the behavior for other blends available in
literature. The time required to reach equilibrium was varied
from (285 to 615) min. At the early stage, CO, absorption in the
DEA + TSP blends seemed to be dominated by DEA. As time
proceeds, more and more dissolution of TSP occurs because of
the decrease in the pH of the solution. Therefore, in the latter
stage, the absorption is dominated by TSP. The addition of a
small amount of TSP to an aqueous DEA solution significantly
enhances the CO, absorption, and a higher proportion of TSP in
the blend leads to a higher CO, loading. The CO, solubility
increases with increasing inlet CO, partial pressure but decreases
as temperature increases. The solubility of CO, in the present
DEA + TSP blends is larger than those in other published works,
so the present blends may become suitable and feasible absor-
bents for removal of postcombustion CO, from power plants.
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