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Abstract—The Inter-governmental Panel on Climate Change (IPCC) reported that human activities result in the pro-
duction of greenhouse gases (CO,, CH,, N,O and CFCs), which significantly contribute to global warming, one of the
most serious environmental problems. Under these circumstances, most nations have shown a willingness to suffer
economic burdens by signing the Kyoto Protocol, which took effect from February 2005. Therefore, an innovative tech-
nology for the simultaneously removal carbon dioxide (CO,) and nitrogen dioxide (NO,), which are discharged in great
quantities from fossil fuel-fired power plants and incineration facilities, must be developed to reduce these economical
burdens. In this study, a blend of AMP and NH; was used to achieve high absorption rates for CO,, as suggested in
several publications. The absorption rates of CO,, SO, and NO, into aqueous AMP and blended AMP+NH; solutions
were measured using a stirred-cell reactor at 293, 303 and 313 K. The reaction rate constants were determined from
the measured absorption rates. The effect of adding NH, to enhance the absorption characteristics of AMP was also
studied. The performance of the reactions was evaluated under various operating conditions. From the results, the reac-
tions with SO, and NO, into aqueous AMP and AMP-+NH, solutions were classified as instantaneous reactions. The
absorption rates increased with increasing reaction temperature and NH; concentration. The reaction rates of 1, 3 and
5 wt% NH, blended with 30 wt% AMP solution with respect to CO,/SO,/NO, at 313 K were 6.05~8.49x107, 7.16-
10.41x107° and 8.02~12.0x 10" kmol m™ s™', respectively. These values were approximately 32.3-38.7% higher than
with aqueous AMP solution alone. The rate of the simultaneous absorption of CO,/SO,/NO, into aqueous AMP+NH,
solution was 3.83-4.87x10°° kmol m™ s™ at 15 kPa, which was an increase of 15.0-16.9% compared to 30 wt% AMP
solution alone. This may have been caused by the NH; solution acting as an alternative for CO,/SO,/NO, controls from
flue gas due to its high absorption capacity and fast absorption rate.
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INTRODUCTION

According to the United Nations Framework Convention on Cli-
mate Change (UNFCCC) in Kyoto, a commitment to reduce CO,
emissions by 6% below 1990 levels was made by several coun-
tries. Industrialized countries, who should take the lead in combat-
ing climate change and its adverse effects [1] because they have
been responsible for the majority of historical cumulative emissions,
therefore were given quantified obligations to reduce emissions in
the Kyoto Protocol [2].

Recently, the State of World Forum (2009.8), held in Brazil Belo
Horizonte, decided to reduce 80% of greenhouse gas emissions by
2020 in the Global 2020 Climate Leadership Campaign. There are
various technologies being used to separate CO, from the flue gas
of conventional fossil fuel fired power plants: chemical absorption,
physical absorption, cryogenic methods, membrane separation and
biological fixation [3]. The chemical absorption process is gener-
ally recognized as the most effective technology [4].

Aqueous MEA solution is the most frequently used alkanola-
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mines absorbent, owing to its high reactivity with CO,, low solvent
cost and ease of regeneration [5]. However, the maximum CO, ab-
sorption capacity in MEA is limited by the stoichiometry to 0.5 mol
CO,/mol amine. A different class of chemical absorbents, sterically
hindered amines, such as 2-amino-2-methyl-1-propanol (AMP),
have been proposed as commercially attractive new CO, absorbent
because of their advantages in absorption capacity, absorption rate,
degradation resistance and ease of regeneration [6].

Previous investigations have shown that the CO, absorption load
capacity of ammonia was twice that of AMP, with a much enhanced
removal efficiency over that of MEA, the use of an anti-bubbling
is also not required and AMP is much cheaper than MEA. 1t is also
expected that AMP will be able to complement the weak point of
the excessive energy consumption and the corrosion of reactor dur-
ing the regeneration process of MEA.

Consequently, this study hopes to show that the addition of am-
monia, which has excellent absorption efficiencies for CO,, SO,
and NO,, will improve the AMP absorption ratio. The simultaneous
absorption rates of CO,/SO,/NO, on the addition of NHj; into aque-
ous AMP solutions were measured using a plane agitation absorp-
tion reactor, with the results compared with those for AMP alone.
The performances were evaluated under various operating condi-
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tions in order to investigate the absorption characteristics of the ab-
sorbents for the removal of CO,/SO,/NO..

THEORETICAL BACKGROUND

The following reactions occur with CO, in aqueous solutions of
primary alkanolamines [7].

CO,+2RNH,=> RNHCOO +RNH; 1)

The Zwitterion mechanism originally proposed by Caplow [8], and
reintroduced by Danckwerts [7], is generally accepted as the mech-
anism for reaction (1).

CO,+RNH,=>RNH,+COO @)
RNH;+COO +B=RNHCOO +BH" 3)

This mechanism is comprised of two steps: the reaction for the for-
mation of the CO,-amine Zwitterion, followed by base-catalyzed
deprotonation of this Zwitterion [reaction (3)]. Here B’ is a base,
which could be an amine, OH, or H,O [9]. The equilibrium loading
capacities of primary and secondary alkanolamines are limited by
the stoichiometry of reaction (1) to 0.5 mol of CO,/mol of amine.
For normal primary amines, such as monoethanolamine (MEA),
the carbamate formed from reaction (1) is quite stable. If the car-
bamate is unstable, as in the case of a hindered amine carbamate,
such as AMP, it undergoes carbamate reversible reaction, as fol-
lows [10]:

RNHCOO +H,0<>RNH,+HCO; @)

Reaction (4) indicates that 1 mol of CO, is absorbed per 1 mol of
hindered amine. However, a certain amount of carbamate hydroly-
sis [reaction (4)] occurs with all amines; therefore, the CO, loading
may exceed stoichiometry (0.5), even with MEA, particularly at
high pressures. Another alternative mechanism for the bicarbonate
formation has been proposed by Chakraborty et al. [11].

RNH,+CO,+H,0<==RNH;+HCO; &)

The chemical reactions between CO, and NH; can be expressed
by the following reactions [12,13]:

2NH;()+COx(g)+H,0() = (NH,),COL(s) (©)
NH;(/+CO,(g)+H,0(/) = NH,HCO(s) ™

The wet method of ammonia scrubbing into flue gas to capture CO,
produces ammonium carbonate (NH,),CO,) and ammonium bicar-
bonate (NH,HCO,) [14].

The chemical reactions between SO, and AMP are based on the
assumption that the SO, combines with water [15] in an aqueous
alkali solution [16]. The reaction is as follows:

SO,(g)+H,0=22H+S0; ®)

H,SO,+2RNH, = (RNH;),SO; ©)
The overall reaction of amine-.SQ, is as follows:

SO,+2RNH,+H,0 <> 2RNH;+S0? (10)

In addition, NH; absorbs SO, according to Eqs. (11) and (12) at room
temperature and atmospheric pressure. The ammonium sulfite (INH,),

SO;) and ammonium bisulfite (NH,HSO;) are formed by reacting
NH, with SO, [17].

2NH,(2)+S0,(g)+H,0(2)= (NH,),SO(s) (In
NH;(2)+50,(2)+H,0(g) = NH,HSO(s) (12)

The reaction between NO, and AMP is assumed to be based on the
combination with water and aqueous nitric acid solution.

2NOL(2)=N,0,(g) (13)
N,O4(g)—N,0,(aq) (14)
N,0,(aq)+H,0—HNO,+HNO, (15)
HNO,+HNO,+2RNH, —>2RNH; +NO; +NO; (16)

Reaction (17) indicates the reaction for the generalization of N,O,
from Egs. (13)-(16)

N,0,(aq)+H,0+2RNH,—2RNH;+NO, +NO; 17)
In addition, ammonia absorbs NO, via reactions (18)-(19) at room
temperature and atmospheric pressure.

2NH,(g)NO,(2)TH,O(g) & (NH.),NO; (s) (18)

NH;(g)+NO,(g)+H,O(g) <= NH,HNO4(s) 19)

For a chemical reaction between a gaseous constituent A and a liquid
reactant B in an aqueous solution to yield a product P:

Fon

A+uB

Products (20)

It is generally accepted that the Zwitterion mechanism governs the
formation of a carbamate from primary and secondary amines. The
first step in the reaction of CO, with AMP is the formation of an
intermediate Zwitterion:

ko

CO,+RNH,=———RNH;COO" @)

ki

On the basis of the Zwitterion mechanism and the assumption of
quasi-steady state for the concentration of the Zwitterion, the expres-
sion for the CO, reaction rate is as follows:

. _k[CO:][RNH,]
4k /2k[B]

When the term k—1/Skb[BJ«l, the analysis is simplified to second-
order kinetics, and the following equation can be used:

22

1,=k,[CO,][RNH,] (23)

The influence on the absorption kinetics of all the chemical reac-
tions between dissolved CO, and the reactants in solution is usually
expressed by an “enhancement factor”, E, over physical absorption
[18]:

N=Bk,C; @4

where E is a function of the Hatta number (H,) and the instanta-
neous reaction enhancement factor (E)) is defined as follows:

2 ot
Ha:(rmDAkm,,(CA) 'cgj /K, 25)

12 1/2C
B-(2) ()" 2
) 5 = (26)
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where C is the concentration of the gas at the interface given by
Henry’ law:

Ci=p,/H, 27

The experimental conditions were selected to ensure the absorption
of CO, into amine solutions in a region of fast pseudo mn- order
reaction was in the range of H, between 3 and E,. If the value of H,
is within this range, E becomes equal to H,, and the following spe-
cific absorption rate is obtained [18,19]:

(m+1)/2 12
N2 (Epk,c) (8)
The slope of the straight line fitting the data of In versus In will give
an order of m with respect to the dissolved gas concentration. The
order of n with respect to the amine concentration can also be found
in an analogous manner by plotting versus In. For a fast chemical
reaction between the dissolved gas and a reactant, the specific ab-
sorption rate is as follows [18-21]:

N,=C,/Dk,, 29

Similarly, using reaction 30, the overall reaction rate (k,,) can be
calculated, as follows:

kw:kmnz(NAH/({nJr l)fl/p/(imv 1 )/2/D111/2)2 (30)

For fast pseudo-mn-order reaction conditions, when the equilib-
rium pressure of CO, contributed by the CO, in solutions is small
compared to the absorption pressure, and where the gas phase re-
sistance is negligible, the absorption rate is given by reaction 31
[15,16] After integrating reaction 28, a reaction rate constant (k)
can be achieved from reaction 29.

\Y ,<dPA) (PA)
g A= / ity
RT\ dt An/Dik,, H, G

- (%) =A/D .k, C, (32)

(?DT‘i):k 33)

2
(—NA}J—) —k,C, (34)
JD,P,

EXPERIMENTAL MATERIALS AND METHODS

1. Materials

Analytical grade AMP solution, with a purity of 99%, was sup-
plied by Acros Organics. A 28 wt% ammonia solution was supplied
by Junsei Chemical. Aqueous solutions were prepared with distilled
water. The CO, and N, gases were of commercial grade, with pur-
ities 0f 99.99%.
2. Absorption Rate Measurement

The experimental apparatus for measuring the absorption rate 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 adhering to the inner wall of the reactor
to act as baffles. The total volume of the reactor was about 1,134
cnr’, with an active interface area (4s) of 70.88 cm®. A two-blade
impeller (70 mmx>20 mm) was installed in the middle of the liquid
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Fig. 1. Schematic diagram of the experimental apparatus for meas-
urement of the absorption rate.
1. N, cylinder 6. Magnetic drive
2. CO,, SO,, and 7. Controller of temperature
NO, cylinder and stirrer speed
3. Mass flow controller 8. Reactor (Agitated vessel)
4. Mixing chamber 9. Soap film flow meter
5. Saturator 10. Analyzer

level. The reactor temperature was measured by a K-type thermocou-
ple, with an accuracy of 0.1 K. Pressure transducers (MGI/MGAMP
series, with an accuracy of (0.1 kPa), were installed in the reactor
and the feeder to measure their pressures. The gas flow rates were
controlled by using mass flow controllers (5850E, Brooks Instru-
ments). After the reactor had been purged with N,, 300 mL of an
absorbent was injected, and the reactor then agitated. The stirring
speed was limited to 50 rpm to keep the gas-liquid interface planar
and smooth. To achieve a good gas-liquid contact, the gas was in-
troduced into the top of the reactor. The absorption rates were cal-
culated from the difference in the amounts of gas between the inlet
and outlet. A ZRF model CO, analyzer (Fuji Electric, 0-20 vol%) was
used to measure the CO, gas concentration at the reactor outlet.

EXPERIMENTAL RESULT

1. Reaction Region Separation

If the reaction rate between AMP and SO,/NO, is fast pseudo-
Ist-order, like that of AMP/CO,, the absorption rate of SO,/NO,
can be determined by measurement of the gas partial pressure and
absorption, according to reaction (28).

To determine m-order and n-order to distinguish the reaction region
of SO,/AMP, the absorption rate is measured with 3, 5, 10 and 15
kPa of SO, and 10, 20 and 30 wt% of AMP at 313 K.
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Fig. 2. Determination of m-order with respect to SO, partial pres-
sure at different AMP concentrations and 313 K.
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Fig. 3. Determination of m-order with respect to SO, partial pres-
sure with different NH, concentrations at 313 K.

Fig. 2 shows a absorption rates between AMP solution and SO,
as a function of the partial pressure of SO,; the slopes of these plots
were 0.345,0.251 and 0.192, with reaction orders, m, of —0.31, —0.50
and —0.62 for 10, 20 and 30 wt% AMP, respectively.

Fig. 3, in addition, shows the absorption rates for 30 wt% AMP
on the additions of 1, 3 and 5 wt% NHj as a function of the partial
pressure of SO,, with slopes of 0.160, 0.143 and 0.124 and reac-
tion orders, m, of —0.68, —0.71 and —0.75, respectively. Therefore,
as seen in Figs. 2 and 3, a reaction region between SO, and AMP
is decided not to fast pseudo-1st-order because m in reaction (28)
from chapter 2 is not 1. As SO, absorbed in alkali solution also is
widely known for very fast reaction with water like hydration, a
reaction region between AMP and SO, is supposed to be an instan-

1 3.5
Cg [kmolm™]
Fig. 4. Determination of m-order with respect to the AMP con-
centration at 313 K.
1
® 1kPa

Ny x 10° [kmol m™®s”)

i

3.5
Cg [kmol m™]

Fig. 5. Determination of n-order with respect to the AMP concen-
tration at 313 K.

taneous reaction.

Fig. 4 shows an n reaction order for the absorption rate (N,,,) and
amine concentration, which involved diffusivity and physical solu-
bility. As seen in Fig. 4, all the plots give straight lines, with slopes
of 0.659, 0.600, 0.502 and 0.435 at 3, 5, 10 and 15 kPa, respec-
tively. In the relation between concentration (C,) and absorption
rate (N,) for a Ist-order reaction, the slope of the plot by reaction
equivalent ratio should be 0.5, but n-order for AMP concentration
is not 1 for all pressure variables.

To find the m- and n-orders to distinguish the reaction region of
NO,/AMP, the absorption rate was measured with an NO, partial
pressure of 1 kPa and AMP concentrations of 10, 20 and 30 wt%
at 313 K. An experiment to find the m-order was impossible because
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Fig. 6. Determination of n-order with respect to the concentration
of NH; added with 30 wt% AMP at 313 K.

of the low NO, concentration, so the reaction follows an n-order.
Therefore, an experimental n-order reaction for the absorption (N,,)
and amine concentration (C,) was performed for the absorption reac-
tion between the gas and liquid phase.

Figs. 5 and 6 show the absorption rates between 30 wt% AMP
solution and NO, with the addition of NH, to the 30 wt% AMP so-
lution to determine the n-order. As seen in Fig. 5 and Fig. 6, the plots
give a straight line, with slopes of 0.3130 and 0.3777, respectively,
with 30 wt% AMP on the addition of 1, 3 and 5 wt% NHj. In the
relation between the concentration (C;) and absorption rate (N,)
for a Ist-order reaction, the slope of the plot by reaction equivalent
ratio should be 0.5, but the n-order is not 0.5 from this result. There-
fore, the reaction region between NO, and AMP is not fast 1st-order,
but an instantaneous reaction.

2. Effect of NH, Addition

Absorption rate tests of the complex gas (CO,/SO,/NO,) into aque-
ous AMP containing NH; as an additive were conducted under many
conditions. The AMP concentrations were 10, 20 and 30 wt%, and
those of the NH; additive 1, 3 and 5 wt%. The absorption rates of
CO,/SO,/NO, were measured at an NO, partial pressure of 1 kPa,
and because of the low gas pressure in the cylinder, the effect of
NO, cannot be tested at high partial pressures. However, the experi-
mental error is large and the experiment hard to conduct; therefore,
the experiments with low partial pressure of NO, were excluded
from this study. Similarly to another test using a single gas, the phe-
nomenon of resistance was disregarded at the gas-liquid interface,
with the stirring speed limited to 50 rpm to maintain a planar and
smooth gas-liquid interface.

To observe the effects of the concentration of the NH; added to
the AMP solution, the partial pressures of CO,(p,,), SO,(p,,) and
NO,(p,,) were fixed at 15, 1 and 1 kPa, respectively. Figs. 7 and 8
show the absorption rates of CO, into aqueous AMP solutions as a
function of the AMP (10, 20 and 30 wt%) and NH; (1, 3 and 5 wt%)
concentrations.

Fig. 7 shows the absorption rates as a function of the AMP con-
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Fig. 7. The absorption rate of CO,/SO,/NO, into aqueous AMP so-
lution as a function of the AMP concentration (10, 20 and
30 wt%) at 303 K.

centration (10, 20 and 30 wt%). The simultaneous absorption rates
of CO,/SO,/NO, were 4.51 to 5.42x10°°, 5.18 to 6.65x10° and 5.65
to 7.37x10° kmol m™” s™', respectively, and generally increased with
increasing AMP concentration. As shown in Fig. 7, the increases
in the rates of absorption as a function of temperature, presented in
the Z axis, were smaller than those due to changes in the solution
concentrations. This was a result of the promotion of mass transfer
with increasing concentration gradient. Also, the absorption of CO,/
SO,/NO, into the absorbent causes increases the temperature, and
therefore, increases the reaction rates, which is why the absorption
rates increased.

m 30GK g «
2 L4, 50 A 33K 47 o N\
Mo;, 55 L 4 N
B0 e +
4 6,5‘5 W

Fig. 8. The absorption rates of CO,/SO,/NQO, into aqueous AMP+
NH; solution as a function of the NH; concentration (1, 3
and 5 wt%) at 303 K.
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Fig. 8 compares the absorption rates of CO, into 30 wt% AMP
on the addition of 1, 3 and 5 wt% NH;, solution compared to that
of 30 wt% AMP solution alone. On the addition of 1, 3 and 5 wt%
NH,, the simultaneous absorption rates of CO,/SO,/NO, were 6.05
to 8.49x107%, 7.16 to 10.41x10°® and 8.02 to 12.0x10°° kmol m™
s, respectively, increases of about 32.3 to 38.7% due to the addi-
tion of NH;. Also, the absorption rates increased with increasing
temperature, but these variations were smaller than those with respect
to concentration. However, on increasing the temperature, the range
of variation also increased because the activation energy (E,,) of
NH, is larger than that of AMP (E,,,); therefore, the contribution
of NH; increases the absorption rates. The simultaneous absorption
rates of CO,/SO,/NO, increased with concentration of solution, and
that of CO, into the 30 wt% AMP solution with the addition of NH,
was faster than that with AMP solution alone. Therefore, the addi-
tion of NH; increases the simultaneous absorption rates of CO,/SO,/
NO, into AMP solution.

3. Effect of CO, Partial Pressure

Absorption rate tests of complex gas into aqueous AMP con-
taining NH; as an additive were conducted under numerous condi-
tions, with the influence of the CO, concentration observed. Figs.
9-10 show the absorption rates of CO, with respect to the AMP and
NH,; solution concentrations; the variables during these experiments
were: NO, 1 kPa, AMP concentrations of 3, 5 and 10 wt%, 1 wt%
NH, in 10 wt% AMP solution and CO, partial pressures of 5, 10
and 15 kPa.

Fig. 9 shows the absorption rates of the complex gas into solu-
tions as a function of the CO, partial pressure. The absorption rates
of CO,/SO,/NO, into 3-10 wt% AMP were 1.54 to 1.92x10°° and
3.83 to 4.87x10°kmol m™ s at 5 and 15 kPa, respectively. As
the AMP concentration and CO, partial pressure were increased,
the absorption rates of the complex gas also increased. The absorp-
tion rate into 10 wt% AMP with the addition of NH, as a function
of the CO, partial pressure (5-15 kPa) was 2.31 to 5.73x10°° kmol
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Fig. 9. The absorption rates of CO,/SO,/NO, into aqueous AMP
and AMP+NH,; solutions as a function of the pressure of
CO, at 303 K.
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Fig. 10. The absorption rates of CO,/SO,/NO, into aqueous AMP
and AMP+NH, solution as a function of the concentra-
tions of AMP and NH; at 303 K.

m s, These results show that the increase in the absorption rate
was higher than those at the partial pressures for SO, and NO,. In
this case, NH; dominates the CO, in the reaction because the partial
pressures of SO, and NO, were lower than 1 kPa. However, as a
function of the partial pressure of SO,, because the partial pressure
of SO, was relatively high, the NH, has an effect on the absorption
of SO, into solution. Conversely, the absorption rates of SO, and
NO, were almost uniform, but that of CO, was increased. Because
the partial pressures of SO, and NO, were 1 kPa, which was lower
than that of CO,, the absorption of SO, was dominated by a hydra-
tion reaction; therefore, SO, had no effect on the partial pressure of
CO.,.

Fig. 10 shows the absorption rate as a function of the partial pres-
sure of CO, from the results in Fig. 9, showing increased absorp-
tion rates with increasing concentrations of AMP and NH;. In gen-
eral, the simultaneous absorption rates of CO,/SO,/NO, were in-
creased by increasing the partial pressure of CO,, as indicated on
the Z axis, and the rate of increased with 10 wt% AMP+1 wt% so-
lution more than with 10 wt% AMP solution alone. Therefore, the
addition of NH, into AMP solution is an effective means of enhanc-
ing the absorption rates of blended gases.

4. Effect of SO, Partial Pressure

To estimate the effects of the SO,(p,,) partial pressures and NH,
additive concentrations in 30 wt% AMP solution, the partial pres-
sures of CO,(p,,) and NO,(p,,) were fixed at 15 and 1 kPa, respec-
tively. Figs. 11-12 show the absorption rates of CO, into aqueous
AMP solution as a function of the SO, partial pressure (1, 3 and 5
kPa) with 10 wt% AMP solution and NH, additive concentrations
of 1, 3 and 5 wt%.

Fig. 11 shows the absorption rates of the blended gas into the AMP
solution as a function of the SO, partial pressure. The absorption
rates of CO,/SO,/NO, into 3-10 wt% AMP solution were 3.83 to
4.87x107° and 4.82 t0 5.82x10° kmol m™s™ at 1 and 5 kPa, respec-
tively, and increased as the AMP concentration and SO, partial pres-
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Fig. 11. The absorption rates of CO,/SO,/NO, into aqueous AMP
and AMP+NH; solutions as a function of the partial pres-
sure of SO, at 303 K.

Fig. 12. The absorption rates of CO,/SO,/NO, into aqueous AMP
and AMP+NH,; solutions as a function of the AMP and
NH; concentrations at 303 K.

sure increased. This resulted from the increased concentration gradi-
ent with increasing amount of SO, absorbed at the gas-liquid inter-
face. On increasing the concentration of the NH, addition (1, 3 and
5 wt%), the simultaneous absorption rates of CO,/SO,/NO, ranged
from 5.73 to 6.64x10° kmol m™ s, increases of about 12.4-15.0%
for the range of SO, partial pressures (1, 3 and 5 kPa).

Fig. 12 shows the absorption rates as a function of the partial pres-
sure of SO, from the results in Fig. 9, showing increases with increas-
ing concentrations of AMP and NH,. Also, the increased rate with
10 wt% AMP solution and the addition of 1 wt% NH, was higher
than that with 10 wt% AMP solution alone, so the addition of NH,
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into 10 wt% AMP solution was effective in enhancing the absorp-
tion rates of blended gases.

CONCLUSION

NH, solution was added to aqueous AMP solution for the simul-
taneous absorption of CO,/SO,/NO,. The absorption rate of CO,/
SO,/NO, into the aqueous blended amine solutions was investigated
by using a stirred cell reactor. The reaction region between SO,/
NO, and AMP was not fast 1st-order but an instantaneous reac-
tion. The NH; additive concentrations to the 10 wt% AMP solu-
tion were 1, 3 and 5 wt%. The absorption rates of CO,/SO,/NO,
into a blend of AMP and NH; as a function of temperature were
32.3 to 38.7% higher than with of AMP alone. The simultaneous
absorption rates of CO,/SO,/NO, into aqueous AMP+NHj solu-
tion ranged from 3.83 to 4.87x107° kmol m™* s at 15 kPa, which
was increased by 15.0 to 16.9% than with 30 wt% AMP solution
alone. This means that NH, solution could act as an altermative control
for CO,/SO,/NO, from a flue gas due to its high absorption capac-
ity and fast absorption rate.

ACKNOWLEDGEMENTS

This research was supported for two years by Pusan National
University Research Grant and the Brain Korea 21 Project in 2010.

REFERENCES

1. UNFCCC, Kyoto Protocol to the United Nations Framework Con-
vention on Climate Change, FCCC/CP/1997/L.7/Add.1, Bonn
(1997).

2. IPCC (Intergovernmental Panel on Climate Change), Policymaker’s
Summary of the Scientific Assessment of Climate Change, Report
to IPCC from Working Group, Branknell, UK: Meteorological Oce
(1990).

3. H. M. Um, The Study on the Development of Demo Plant Scale Car-
bon Dioxide Separation and Conversion Technologies in Power Sta-
tion, 2000-C-CD02-P-01, Korea (2003).

4. A. B.Rao and E. S. Rubin, Environ. Sci. Technol., 36,4467 (2002).

5. B.P.Mandal, A. K. Biswas and S. S. Bandyopadhyay, Chem. Eng.
Sci., 58,4137 (2003).

6. B. P. Mandal and S. S. Bandyopadhyay, Chem. Eng. Sci., 61, 5440
(20006).

7 P. V. Danckwerts, Chem. Eng. Sci., 34,443 (1979).

8. M. Caplow, J. Am. Chem. Soc., 90, 6795 (1968).

9. P. M. M. Blauwhoff, G F. Versteeg and W. P. M. van Swaaij, Chem.
Eng. Sci., 38, 1411 (1983).

10. B. P. Mandal, A. K. Biswas and S. S. Bandyopadhyay, Chem. Eng.
Sci., 58,4137 (2003).

11. A. K. Chakraborty, G Astarita and K. B. Bischoff, Chem. Eng. Sci.,
41, 997 (1986).

12. H. L. Baiand A. C. Yeh, Ind. Eng. Chem. Res., 36,2490 (1997).

13. Y. F. Diao, X. Y. Zheng, B. S. He, C. H. Chen and X. C. Xu, Energy
Convers. Manage., 45,2283 (2004).

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

15. H. Hikita, S. Asai and H. Nose, AIChE J., 24, 147 (1978).



The absorption rate of CO,/SO,/NO, into a blended aqueous AMP/ammonia solution 177

16. H. Hikita, S. Asai and T. Tsufi, AIChE J., 23, 538 (1977). Sci., 50, 3587 (1995).

17. B. He, X. Zheng, Y. Wen, H. Tong, M. Chem and C. Chen, Energy 20. C. Alvarez-Fuster, N. Midoux, A. Laurent and J. C. Charpentier,
Convers. Manage., 44,2175 (2003). Chem. Eng. Sci., 35, 1717 (1980).

18. S. M. Yih and K. P. Shen, Ind. Eng. Chem. Res., 27,2237 (1988). 21. W.J. Choi, B. M. Min, J. B. Seo, S. W. Park and K. J. Oh, Ind. Eng.

19. A. K. Saha, S. S. Bandyopadhyay and A. K. Biswas, Chem. Eng. Chem. Res., 48,4022 (2009).

Korean J. Chem. Eng.(Vol. 28, No. 1)




<<
  /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
  /SyntheticBoldness 1.00
  /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


