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Abstract−Carbon dioxide (CO2) is a major greenhouse gas, the emissions of which should be reduced. There are
various technologies for the effective separation of CO2. Of these, chemical absorption methods are generally accepted
as the most effective. The monoethanolamine (MEA) process is an effective way to remove CO2, but is an expensive
option for the separation of CO2 from massive gas-discharging plants. Therefore, ammonia solution, which is less ex-
pensive and more effective than MEA, was used for the removal of CO2. In this study, the physical solubility of N2O
in (ammonia+water), (ammonia+2-amino-2-methyl-1-propanol+water), (ammonia+glycerol+water) and (ammonia+
ethylene glycol+water) was measured at 293, 303, 313, 323 K. Additive concentrations of 1, 3, and 5 wt% AMP, glycerol
and ethylene glycol were added for each 9 wt% ammonia solution. A solubility apparatus was used to investigate the
solubility of N2O in ammonia solutions. The diffusivity was measured with a wetted wall column absorber. The “N2O
analogy” is used to estimate the solubility and diffusivity of CO2 in the aqueous ammonia solutions. OriginPro 7.5 was
used to correlate the solubility and diffusivity of N2O in ammonia solutions. The parameters of the correlation were
determined from the measured solubility and diffusivity.
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INTRODUCTION

Various technologies, such as chemical absorption, physical adsorp-
tion, cryogenic methods, membrane separation and biological fixa-
tion, are used to separate CO2 from flue gas. Chemical absorption
is generally recognized as the most effective [1]. Industrially impor-
tant chemical absorbents include monoethanolamine (MEA), dieth-
anolamine (DEA) and N-methyldiethanolamine (MDEA). A dif-
ferent class of chemical absorbents-sterically hindered amines, such
as 2-amino-2-methyl-1-propanol (AMP)-have been proposed as
new, commercially attractive CO2 absorbents due to their absorp-
tion capacity, absorption rate, degradation resistance and regenera-
tion energy [2]. Furthermore, ammonia (NH3) solution can be an
alternative for the control of the CO2 emitted from flue gas as a result
of its high absorption capacity and fast absorption rate [3,4].

Aqueous ammonia is a good example to serve the characteris-
tics and has been used for many years at several steel works for the
removal of CO2 and sulfur compounds from coke oven gas (COG).
Studies on aqueous ammonia for the absorption of greenhouse gases
have been undertaken since those of Bai and Yeh [5] and Yeh et al.
[6]. Moreover, Resnik et al. [7] and Diao et al. [8] have subse-
quently reported an aqua ammonia process and ammonia scrub-
bing for the capture of CO2. Therefore, aqueous ammonia, which
has a low regeneration temperature, is recommended for the pro-
cess of CO2 absorption at iron and steel works that produce much
heat sensitive wastes at low and medium temperatures.

However, although a high NH3 concentration solution enables a
high CO2 absorption efficiency, it causes ammonium ions to be lost
as ammonia vapor, resulting in a reduction of CO2 absorption by
means of a lower concentration of ammonia absorbent. Their per-
formance is likely due to the interactions between the hydroxyl groups
of the additives and ammonia via hydrogen bonding [9]. AMP, glyc-
erol and ethylene glycol are potential materials for the control of
the vapor pressure of NH3 and to improve the CO2 absorption char-
acteristics.

For the analysis of the experimental absorption rate and for the
rational design of gas absorption units, two of the most important
parameters required are the physical solubility and diffusivity of
the solute gases in the solvents. Since CO2 reacts in ammonia solu-
tions, its physical solubility and diffusivity cannot be measured di-
rectly [10]. Therefore, the solubility and diffusivity of CO2 in aque-
ous solvents were estimated by using the “N2O analogy method”
as a function of temperature (293, 303, 313 and 323 K).

EXPERIMENTAL METHODS

1. Materials
Analytical grade AMP solution, with a purity of 95 wt%, was

supplied by Acros Organics. 28 wt% ammonia solution, 99 wt% glyc-
erol and 99.5 wt% ethylene glycol were supplied by Junsei Chemical
co. Ltd. All chemicals were used without further purification. Aque-
ous solutions were prepared with distilled water. Double-distilled
water degassed by boiling was used to make the ammonia solu-
tions. The CO2 and N2 gases were of commercial grade, with purities
of 99.99%. High purity N2O (99.9%) gas was also used.
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2. Physical Solubility Measurement
The experimental apparatus for measuring the physical solubili-

ties is shown in Fig. 1. The reactor, with a height of 160 mm and
i.d. of 95 mm, was located inside a temperature-controlled vessel,
with four 5-mm-wide glass plates adhered to the inner wall of the
reactor as baffles. The total volume of the reactor was about 1,134
cm3, with an active interface area (As) of 70.88 cm2. A two-blade
impeller (70 mm×20 mm) was installed in the middle of the liquid
level. The reactor temperature was measured with a K-type ther-
mocouple, with an accuracy of 0.1 K. A pressure transducer (MGI/
MGAMP series, accuracy of ±0.1 kPa) was installed in the reactor,
with a feeder used to measure the pressure. The gas flow rates were
controlled using mass flow controllers (5850E, Brooks Instruments).

After the temperature of the reactor had stabilized, the reactor
was purged with pure N2O for one hour to remove the remaining
air from the reactor. After the reactor had reached atmospheric pres-
sure, 200 mL of an amine solution was injected, using a syringe,
and then agitated. The reactor pressure decreased as the amine so-
lution absorbed N2O; therefore, N2O was continuously injected to
maintain the reactor pressure at 1 atm. When the reactor pressure
had stabilized, without the need for further N2O injection, the solu-
bility was calculated by the difference in the feeder pressures before
and after the absorption. The experimental uncertainty in the meas-
ured solubility was estimated at about ±2%.
3. Diffusivity Measurement

A cylindrical wetted wall column absorber was constructed of
316 stainless steel, with an outside diameter of 2.54 cm and a height
of 8.6 cm, to estimate the diffusivities of CO2 in water and the amine
solutions using the N2O analogy method. The apparatus and exper-
imental procedure used were the same as those described by Li
and Lai [10]. A thin solution film was maintained on the outside
wall of the column by adding 0.03-0.05 vol% of Tween 80 to each

Fig. 1. Schematic diagram of experimental apparatus for measure-
ment of physical solubility.
1. N2O cylinder 6. Controller of temp.
2. CO2 cylinder 6. and agitation speed
3. Mass flow controller 7. Reactor (Agitated vessel)
4. Feeder 8. Pressure transducer
5. Magnetic drive 9. Computer

Fig. 2. Schematic diagram of experimental apparatus for measurement of diffusivity.
1. N2O cylinder 4. Saturator 7. Water bath 10. Refrigerator and heater
2. CO2 cylinder 5. Soap bubble meter 8. Wetted wall column 11. Air bath
3. Mass flow controller 6. Solution storage 9. Liquid pump
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amine solution. When the solution was uniformly distributed, the
diffusivity was determined by the difference between the inlet and
outlet gas flow rates. The estimated experimental uncertainty in the
measured diffusivity was ±2% on the basis of comparisons with
literature data for the diffusivities of N2O in water.

THEORETICAL BACKGROUND

1. Physical Properties
Determining the physical solubility and diffusivity of CO2 in the

amine solutions is very important in understanding their reaction
kinetics and for effective process design. However, the physical solu-
bility and diffusivity are not easily determined for the chemical reac-
tions between CO2 and amine solutions. As a result, the N2O anal-
ogy method was used to estimate the solubility and diffusivity of
CO2 in the amine solutions, as the use of a nonreacting gas, such as
N2O, with similar mass, molecular structure and molecular interac-
tions is required [11-13]. The N2O analogy method for measuring
the physical solubility and diffusivity of CO2 in amine solutions is
as follows:

(HCO2
)a min e=(HN2O)a min e×(HCO2

/HN2O)water (1)

(DCO2
)a min e=(DN2O)a min e×(DCO2

/DN2O)water (2)

The solubility and diffusivity of CO2 in ammonia solution were cal-
culated using the N2O analogy method employing Eqs. (1) and (2)
as the structure and properties of ammonia solution are similar to
those of amines.
2. Physical Solubility

The physical solubility was calculated in terms of Henry’s law
constant, as follows:

P=HACA
+ (3)

The concentration of the gas in the bulk liquid at gas-liquid equi-
librium (CA

+) was calculated from the following mass balance:

(4)

3. Diffusivity
Higbie penetration theory gives the specific absorption rate (NA),

as follows:

NA=2(DA/πd/L)1/2(pA/HA) (5)

The contact time (tc) can be derived from a wetted wall column,
using the following equation:

tc=(2h/3)(πd/L)2/3(3η/ρg)1/3 (6)

The diffusivity (DA) of the gas absorbed via Eqs. (5) and (6) is ex-
pressed as follows:

DA=(NAHA)2πtc/(2pA)2 (7)

4. Calculation of the Average Absolute Deviation
Henry’s constant and the diffusivity of the target absorbent were

studied experimentally. The experimental data were fitted to a single
equation of concentration and temperature from the general model.
The average deviation between the calculated and experimental val-
ues was analyzed by using Eq. (8).

(8)

RESULTS AND DISCUSSION

1. Solubility
To predict of the solubility of CO2 in the amine, the N2O analogy

method, which uses N2O gas, was used because it is impossible to
measure the solubility of CO2 in NH3 solution. The solubility of
N2O in NH3 solution (5, 7, 9 and 11 wt%) was measured at various
temperatures (293, 303, 313 and 323 K) before measuring the solu-
bility of CO2 in the NH3 solution containing additive in order to com-
pare the results.

Table 1 shows the measured and inferred solubilities using the
N2O analogy method (Eq. (1)). Figs. 3 and 4 show Henry’s con-
stants for CO2 in NH3 solution as functions of the temperature and

CA
+

 = 
PfVf( ) − Pc − Pvap( )Vf[ ]

RTVL
---------------------------------------------------

σ = 
1
n
--- Hm calc,  − Hm exp,

Hm exp,
--------------------------------

i=1

n

∑

Table 1. Henry’s constants for N2O and CO2 in aqueous NH3 solu-
tions as a function of temperature

T/K
HN2O/kPam3kmol−1

Water 5 wt%
NH3

7 wt%
NH3

9 wt%
NH3

11 wt%
NH3

293 3504 3496 3667 3858 4101
303 4745 4102 4282 4480 4750
313 5882 4638 4858 5100 5416
323 7035 5102 5329 5564 5879

HCO2
/kPam3kmol−1

T/K Water 5 wt%
NH3

7 wt%
NH3

9 wt%
NH3

11 wt%
NH3

293 2625 2619 2747 2890 3072
303 3491 3018 3151 3296 3494
313 4172 3290 3446 3617 3842
323 4875 3535 3693 3856 4074

Fig. 3. Henry/s constant for N2O in aqueous NH3 solutions as a func-
tion of temperature.
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concentration. As shown in Figs. 3 and 4, Henry’s constant increased
with increasing concentration, which means the solubility of CO2

decreased with increasing NH3 solution concentration. Also, Henry’s
constant increased with increasing NH3 concentration, so the solu-
bility of CO2 increased with decreasing solution concentration. Con-
centration increase of aqueous ammonia makes an NO2 dissolution
decreasing in reactor. From Eq. (4), solubility decreased as temper-
ature increased, so Henry's constant increased.

To predict Henry’s constants as functions of the temperature and
concentration of the NH3 solution, a regression analysis was con-
ducted by using Eq. (9).

H/10−6 kPam3kmol−1=(a1+a2M1)×106exp(c/T) (9)

Where a1, a2, c is a required parameter, the molarity of AMP and T

the absolute temperature. Table 2 shows the results of the regres-
sion analysis using OriginPro 7.5, with a dependent variable (H)
and independent variables (M1, T). The solid lines in Figs. 3 and 4
are from the experimental data and the data calculated using Eq.
(9), which show that the modeled equation simulated by the calcu-
lation program corresponded with the experimental values.

The N2O analogy method was also used to measure the CO2 sol-
ubility in 9 wt% NH3 solution containing additives (1, 3 and 5 wt%
AMP, glycerol and ethylene glycol) at 303, 313 and 323 K. Tables
3 and 4 show the solubilities of N2O and CO2 as a function of tem-
perature. Figs. 5 and 6 show Henry’s constants for N2O and CO2 at
313 K, which is an ideal condition for CO2 absorption into NH3 solu-
tion. Henry’s constants for 9 wt% NH3 solution containing additives
(AMP, glycerol and ethylene glycol) were higher than that for NH3 9
wt% solution alone, and the rate of increase was similar for each NH3

solution irrespective of the additive. This was because the difference
between the partial pressure of the gas and the vapor pressure slowly
influences the vapor pressure in the supply vessel. Henry’s constant
as functions of the solution temperature and concentration, with addi-
tive, was predicted using the above results and Eq. (10).

H/10−6 kPam3kmol−1=(b1+b2M1+b3M2+b4M1M2)exp(−c/T) (10)

b1, b2, b3, b4, c are parameters for obtaining, M1 and M2 the molari-
ties of each 9 wt% NH3 solution and additives. A regression analysis

Fig. 4. Henry’s constant for CO2 in aqueous NH3 solution as a func-
tion of temperature.

Table 2. Solubility correlation parameters and AAD% of aque-
ous NH3 solution

N2O
a1 a2 c AAD%

NH3 1.552×10−1 8.170×10−3 −1.148×103 1.20
CO2

a1 a2 c AAD%
NH3 4.908×10−2 2.590×10−3 −8.953×102 1.42

Table 3. Henry’s constants for N2O and CO2 in aqueous 9 wt% NH3 solution containing additives as a function of temperature

T/K

HN2O/kPam3kmol−1

9 wt% NH3

1 wt%
AMP

3 wt%
AMP

5 wt%
AMP

1 wt%
Glycerol

3 wt%
Glycerol

5 wt%
Glycerol

1 wt%
Ethylene glycol

3 wt%
Ethylene glycol

5 wt%
Ethylene glycol

293 3872 3900 3928 3874 3884 3898 3860 3870 3883
303 4531 4564 4597 4533 4545 4561 4517 4528 4544
313 5402 5441 5480 5403 5418 5437 5385 5398 5416
323 6354 6400 6446 6356 6373 6395 6334 6349 6371

T/K

HCO2
/kPam3kmol−1

9 wt% NH3

1 wt%
AMP

3 wt%
AMP

5 wt%
AMP

1 wt%
Glycerol

3 wt%
Glycerol

5 wt%
Glycerol

1 wt%
Ethylene glycol

3 wt%
Ethylene glycol

5 wt%
Ethylene glycol

293 2901 2922 2943 2902 2910 2920 2892 2899 2909
303 3334 3358 3382 3335 3344 3356 3323 3332 3343
313 3831 3859 3887 3833 3843 3856 3819 3829 3842
323 4403 4435 4467 4404 4417 4432 4389 4400 4415
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was conducted with a set of independent variables (M1, M2, T) and
a dependent variable (H), the results of which are shown in Table 4.

The solid lines in Figs. 4 and 5 were obtained using Eq. (10) and
the parameters in Table 4. From the results, the AAD% of N2O and
CO2 were below 1%; therefore, the prediction equation corresponded
with the experiment data.
2. Diffusivity

The measured diffusivity, like the solubility, was calculated by
using the N2O analogy method. Before the diffusivity measurements
for the additions of AMP, glycerol and ethylene glycol to NH3 solu-
tion, the diffusivity of N2O was obtained as a function of the aqueous
NH3 solution concentration at 293, 303, 313 and 323 K. The diffu-
sivity of CO2 using the N2O analogy method is shown in Figs. 7
and 8. As seen, the overall diffusivities of N2O and CO2 decreased
as concentration of aqueous NH3 solution increases, due to the dif-
fusivity of the solution decreasing with increasing viscosity. When
a small molecule in solvent was diffused in the solution, according
to tc increase, the diffusivity increased from Eq. (6). Meanwhile,
based on the results shown in Figs. 7 and 8, Eq. (11) was used to
predict the diffusivity as functions of the temperature and concen-

tration of the AMP solution.

(11)

a1, a2, c are required parameters, M1 is the molarity of AMP and T
is absolute temperature. Table 6 shows the results of a regression
analysis using OriginPro 7.5, with a dependent variable (H) and
independent variables (M1, T), and the AAD(%) of N2O and CO2

were 2.22 and 2.93, respectively.
The experimental diffusivities of N2O and CO2 with AMP, glyc-

erol and ethylene glycol added to the NH3 solution are shown in
Table 7; the diffusivities of N2O and CO2 are shown in Figs. 9 and
10 at 313 K, which is an ideal condition for CO2 absorption into
NH3 solution. The diffusivities of 9 wt% NH3 solution on the addi-
tions of AMP, glycerol and ethylene glycol were higher than that
for aqueous NH3 solution alone, but according to the blended addi-
tives the diffusivity tended to decrease, which was caused by a de-
crease in the viscosity with increasing NH3 concentration, a basic
characteristic of diffusivity. Meanwhile, Eq. (12) was used to ana-
lyze the diffusivity as functions of the temperature and concentration.

D/109m2s−1= p1+ p2M1+ p3M1
2( ) − 

z
T
---⎝ ⎠

⎛ ⎞exp

Fig. 5. Henry’s constants for N2O in aqueous 9 wt% NH3+AMP,
glycerol and ethylene glycol solution as a function of the addi-
tive concentration at 313 K.

Fig. 6. Henry’s constant for CO2 in aqueous 9 wt% NH3+AMP, glyc-
erol and ethylene glycol solution as a function of the addi-
tive concentration at 313 K.

Table 4. Solubility correlation parameters and AAD% of aqueous 9 wt% NH3 solution+additives

N2O
b1 b2 b3 b4 c AAD%

9 wt% NH3+AMP 4.304×10−1 8.144×10−2 1.393×10−2 −2.640×10−3 1.587×103 0.67
9 wt% NH3+glycerol 4.305×10−1 8.146×10−2 6.160×10−3 −1.170×10−3 1.587×103 0.66
9 wt% NH3+ethylene glycol 4.292×10−1 8.121×10−2 3.910×10−3 −7.400×10−4 1.587×103 0.67

CO2

b1 b2 b3 b4 c AAD%
9 wt% NH3+AMP 1.323×10−1 2.503×10−2 4.290×10−3 −8.100×10−4 1.325×103 0.45
9 wt% NH3+glycerol 1.322×10−1 2.513×10−2 9.187×10−1 −1.731×10−1 1.325×103 0.45
9 wt% NH3+ethylene glycol 1.320×10−1 2.498×10−2 1.220×10−3 −2.300×10−4 1.324×103 0.45
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D/109 m2s−1=(q1+q2M1+q3M1
2+q4M2+q5M2

2+q6M1M2)exp(−z/T) (12)

q1, q2, q3, q4, q5, q6 and z are parameters that need to be obtained
and M1 and M2 are the molarities of each additive in the 9 wt% NH3

solution (AMP, glycerol, ethylene glycol). The regression analysis
obtained from a set of independent variables (M1, M2, T) and a de-
pendent variable (diffusivity, D) and q1, q2, q3, q4, q5, q6 and z are
shown in Table 8. The solid lines in Figs. 9 and 10 were obtained
using Eq. (10) and the parameters in Table 8. From the results, the
AAD% of N2O with AMP, glycerol and ethylene glycol were 3.16,
1.91 and 1.93, respectively, and those of CO2 were 2.55, 1.27 and
1.42; therefore, the prediction equation corresponded with the experi-
ment data.

CONCLUSIONS

The physical solubilities and diffusivities of N2O and CO2 in aque-
ous ammonia solutions on the additions of AMP, ethylene glycol

Fig. 7. Diffusivities of N2O in aqueous NH3 solution as a function
of temperature.

Fig. 8. Diffusivities of CO2 in aqueous NH3 solution as a function
of temperature.

Table 5. Diffusivities of N2O and CO2 in aqueous AMP solution
as a function of temperature

T/K
DN2O/109 m2s−1

Water 5 wt%
NH3

7 wt%
NH3

9 wt%
NH3

11 wt%
NH3

293 1.5321 1.456 1.454 1.451 1.448
303 2.0084 1.892 1.875 1.857 1.846
313 2.5549 2.319 2.311 2.300 2.229
323 2.9238 2.665 2.645 2.613 2.587

T/K
DCO2

/109 m2s−1

Water 5 wt%
NH3

7 wt%
NH3

9 wt%
NH3

11 wt%
NH3

293 1.6683 1.334 1.332 1.329 1.326
303 2.1434 1.777 1.762 1.744 1.734
313 2.7868 2.120 2.112 2.102 2.095
323 3.1814 2.447 2.429 2.399 2.375

Table 6. Diffusivity correlation parameters and AAD% of the aque-
ous NH3 solutions

N2O
p1 p2 p3 z AAD%

NH3 7.422×102 −4.513 −1.108 1.815×103 2.22
CO2

p1 p2 p3 z AAD%
NH3 6.346×102 −3.333 −4.117×10−2 1.785×103 2.93

Fig. 9. Diffusivities of N2O in aqueous 9 wt% NH3+AMP, glycerol
and ethylene glycol solutions as a function of the additive
concentration at 313 K.
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and glycerol have been calculated at 293, 303, 313, 323 K. The N2O
analogy method was used to estimate the solubility and diffusivity
of CO2 in the amine solutions as the use of a nonreacting gas, such
as N2O. The solubility and diffusivity of CO2 in ammonia solution
were calculated by using the N2O analogy method as the structure
and properties of ammonia solution are similar to those of amines.
New correlations are developed for the solubilities and diffusivities
of N2O and CO2 in aqueous ammonia and additives solutions.
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NOMENCLATURE

AAD% : average absolute percent deviation [%]
CA

* : dissolved gas concentration in equilibrium at the gas-liq-

Table 7. Diffusivities of N2O and CO2 in aqueous 9 wt% NH3+additive solutions as a function of temperature

T/K

DN2O/109 m2s−1

9 wt% NH3

1 wt%
AMP

3 wt%
AMP

5 wt%
AMP

1 wt%
glycerol

3 wt%
glycerol

5 wt%
glycerol

1 wt%
ethylene glycol

3 wt%
ethylene glycol

5 wt%
ethylene glycol

293 1.320 1.265 1.219 1.606 1.521 1.468 1.591 1.514 1.467
303 1.801 1.621 1.579 1.810 1.705 1.695 1.815 1.725 1.703
313 2.236 2.114 2.006 2.200 2.130 2.089 2.222 2.130 2.120
323 2.532 2.463 2.262 2.468 2.428 2.295 2.434 2.415 2.333

T/K

DCO2
/109 m2s−1

9 wt% NH3

1 wt%
AMP

3 wt%
AMP

5 wt%
AMP

1 wt%
glycerol

3 wt%
glycerol

5 wt%
glycerol

1 wt%
ethylene glycol

3 wt%
ethylene glycol

5 wt%
ethylene glycol

293 1.209 1.159 1.117 1.471 1.393 1.345 1.458 1.387 1.344
303 1.692 1.523 1.483 1.700 1.601 1.592 1.704 1.620 1.599
313 2.044 1.932 1.833 2.011 1.947 1.909 2.031 1.947 1.938
323 2.325 2.261 2.077 2.266 2.230 2.107 2.235 2.218 2.142

Table 8. Diffusivity correlation parameters and AAD% of aqueous 9 wt% NH3+additive solutions

N2O
q1 q2 q3 q4 q5 q6 z AAD%

9 wt% NH3+AMP 4.014×102 7.601×101 1.439×101 −1.233×102 −4.368×101 −2.335×101 1.974×103 3.16
9 wt% NH3+glycerol 8.023×101 1.519×101 2.876 −2.058×101 8.395 −3.896 1.469×103 1.91
9 wt% NH3+ethylene glycol 8.042×101 1.522×101 2.883 −1.592×101 −1.310×101 −3.014 1.470×103 1.93

CO2

q1 q2 q3 q4 q5 q6 z AAD%
9 wt% NH3+AMP 3.336×102 6.316×101 1.195×101 −1.046×102 −3.044×101 −1.981×101 1.941×103 2.55
9 wt% NH3+glycerol 6.762×101 1.280×101 2.424 −1.744×101 7.336 −3.303 1.442 ×103 1.27
9 wt% NH3+ethylene glycol 6.773×101 1.282×101 2.428 −1.338×101 −1.095×101 −2.534 1.442×103 1.42

Fig. 10. Diffusivities of CO2 in aqueous 9 wt% NH3+AMP, glyc-
erol and ethylene glycol solutions as a function of the addi-
tive concentration at 313 K.
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uid interface [kmol m−3]
CB : total ammonia concentration [kmol m−3]
d : diameter of wetted wall column [m]
DA : diffusion coefficient of gas liquid [m2 s−1]
h : height of wetted wall column [m]
L : liquid flow rate [m3 s−1]
M1 : concentration of ammonia [kmol m−3]
M2 : concentration of added absorbent [kmol m−3]
NA : specific absorption rate
P : pressure
pA : CO2 partial pressure [kPa]
R : gas constant [J mol−1 K−1]
T : temperature
tc : contact time [s]
V : volume in the stirred cell [m3]

Greek Letters
η : viscosity of aqueous ammonia [cP, mPas]
ρ : density of liquid [g cm−3]

Subscripts
A : gaseous species that is being absorbed into liquid B
calc : calculation
exp : experimental
f : feeder
L : liquid phase
vap : vapor

REFERENCES

1. C. Hendriks, Kluwer Academic Publishers, Dordrecht, The Nether-
lands (1994).

2. G. Sartori and D. W. Savage, Ind. Eng. Chem. Fundam., 22, 293
(1983).

3. J. T. Yeh, K. P. Resnik, K. Rygle and H. W. Pennline, Fuel Process.
Technol., 86, 1533 (2005).

4. W. J. Choi, J. B. Seo, S. W. Park and K. J. Oh, Korean J. Chem. Eng.,
26, 705 (2009).

5. H. Bai and A. C. Yeh, Ind. Eng. Chem. Res., 36, 2490 (1997).
6. J. T. Yeh, K. P. Resnik and H. W. Pennline, Prepr. Am. Chem. Soc.,

Fuel Chem., 49 (2004).
7. K. P. Resnik, J. T. Yeh and H. W. Pennline, Int. J. Environ. Technol.

Manage., 4, 1 (2004).
8. Y. Diao, X. Y. Zheng, B. S. He, C. H. Chen and X. C. Xu, Energy

Convers. Manage., 45, 2283 (2004).
9. J. K. You, H. S. Park, S. H. Yang, W. H. Hong, W. Shin, J. K. Kang,

K. B. Yi and J. N. Kim, J. Phys. Chem., 112, 4323 (2008).
10. B. P. Mandal, M. Kundu and S. S. Bandyopadhyay, J. Chem. Eng.

Data, 50, 352 (2005).
11. G. F. Versteeg and W. P. M. van Swaaij, J. Chem. Eng. Data, 33, 29

(1988).
12. M. H. Li and M. D. Lai, J. Chem. Eng. Data, 40, 486 (1995).
13. B. P. Mandal, M. Kundu, N. U. Padhiyar and S. S. Bandyopadhyay,

J. Chem. Eng. Data, 49, 264 (2004).



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile (Color Management Off)
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 200
  /ColorImageDepth 8
  /ColorImageDownsampleThreshold 1.00000
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth 8
  /GrayImageDownsampleThreshold 1.33333
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /DetectCurves 0.000000
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /PreserveDICMYKValues true
  /PreserveFlatness true
  /CropColorImages true
  /ColorImageMinResolution 290
  /ColorImageMinResolutionPolicy /Warning
  /ColorImageMinDownsampleDepth 1
  /CropGrayImages true
  /GrayImageMinResolution 290
  /GrayImageMinResolutionPolicy /Warning
  /GrayImageMinDownsampleDepth 2
  /CropMonoImages true
  /MonoImageMinResolution 800
  /MonoImageMinResolutionPolicy /Warning
  /CheckCompliance [
    /None
  ]
  /PDFXOutputConditionIdentifier ()
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [2834.646 2834.646]
>> setpagedevice


