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Abstract—To investigate the performance of a jet loop reactor with the two-fluid swirl nozzle (TSN), CO, absorption
experiments in an alkaline solution were performed. The experimental results obtained in the reactor were compared
with those in a jet loop reactor with the two-fluid conventional nozzle (TCN). The neutralization time of alkaline so-
lution and the CO, removal efficiency were used as the indices for a comparison of the reactor performance. Due to
the swirling flow, the neutralization times of alkaline solutions by CO, in the reactor with the TSN were shortened com-
pared with those in the reactor with the TCN. Also, the instantaneous and/or overall CO, removal efficiencies in the
reactor with the TSN were higher than those in the reactor with the TCN at the same liquid circulation flow rate.
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INTRODUCTION

The gas absorption efficiency of an absorption tower is largely
affected by the gas residence time and the absorption rate [1]. Previ-
ous research topics focused around developing absorption equip-
ment to improve gas absorption efficiency in gas-liquid systems.
Accordingly, developments were made on many types of absorption
equipment such as the packed tower [2], spray tower [3], bubble
column [4,5], and agitated vessel [6], and such equipment was used
in various fields.

Gaddis [7] reported that bubble columns are structurally simple
and thus are easy to manufacture with corrosion-resistant materials,
but show poor mass transfer performance compared to other equip-
ment. The agitated vessel is characterized by its enhanced mass trans-
fer rate due to the strong turbulence intensity in the liquid, which is
created with the impeller and the small gas bubbles with a high sur-
face area per unit volume, but it requires additional power to operate
the impeller. Moreover, the packed tower has advantages of having
a wide gas-liquid contact area because the system fills a packing
material in the equipment and sprays liquid on it, but it has a disad-
vantage of high pressure drop.

Bohner et al. [8] developed a jet loop reactor that can form very
small bubbles to achieve a higher absorption rate and to improve the
turbulence intensity of the gas-liquid absorption system. The jet loop
reactor forms very small bubbles due to the shear field induced by
the liquid jet at the nozzle outlet when gases and liquids are sprayed
from the two-fluid nozzle installed in the draft tube, which produces
in a wide contact area between gas and liquid and a high turbu-
lence intensity. Moreover, due to the small size of bubbles, the bubble
residence time increases as the liquid flows down the dratft tube and
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flows up through the annular space, and as parts of the gas and liquid
recirculate in the upflow stream into the draft tube [9]. Such charac-
teristics improve the mass transfer rate in the gas-liquid system. There-
fore, studies are focused on advancing the application of such ad-
vantages to chemical and biological treatments, including gas-liquid
systems, such as denitrification by ammonia stripping [10], removal
of organic matter from piggery wastewater [11], aerobic treatment of
winery wastewater [12], and neutralization of highly alkaline waste-
water using CO, [13]. Recently, Lee and Son [14] devised a jet loop
reactor with a two-fluid swirl nozzle (TSN) that forms swirling flow
both inside and outside the draft tube when gas and liquid are sprayed
through the nozzle tip. The jet loop reactor with the TSN produces
smaller bubbles than those produced by the jet loop reactor with
the two-fluid conventional nozzle (TCN), increases the turbulence
intensity when gas and liquid pass the draft tube and the annular
space, and is likely to further improve the mass transfer rate in the
gas-liquid system.

We investigated the performance of a jet loop reactor with the
TSN during CO, absorption in an alkaline solution and compared
it with that of a jet loop reactor with a TCN. Their performance levels
were compared based on the alkaline solution neutralization time
and the CO, removal efficiency.

EXPERIMENT

The lab-scale jet loop reactor system that was used in this study
(Fig. 1) consisted mainly of a jet loop reactor, a storage tank, a volu-
metric pump, a circulation pump, and a CO, bomb. The jet loop
reactor used in this experiment had a downstream circular cylinder
shape, and its interior consisted of a reaction tube, a draft tube, a
gas-liquid separation tank, and a two-fluid nozzle. The reaction tube,
draft tube, and gas-liquid separation tank were used with a trans-
parent acryl that was shaped like a cylinder. The total height and
effective volume of the jet loop reactor were 1 m and 28.5 L, re-
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Fig. 1. Schematic of the experiment apparatus that was used in this study.
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spectively. The height and the inner diameter of the reaction tube
were 0.75 m and 0.10 m; of the draft tube, 0.60 m and 0.049 m; and
of the gas-liquid separation tank, 0.35 m and 0.30 m, respectively.
The liquid induction tube of the two-fluid nozzle was used with
a PVC tube with an inner diameter of 16 mm. The interior of the
lower part of the nozzle was comn-shaped, and the inner diameter
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Fig. 2. The cross-section of the nozzles and routes of liquid, gas,
and two-fluid flows: (a) TSN and (b) TCN.
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of the nozzle at the point that was 40 mm above the liquid nozzle
tip gradually decreased to 5 mm at the liquid nozzle tip. The gas
induction tube was used a stainless tube with an outer diameter of
3 mm, and was fixed coaxially at the center of the liquid induction
tube. In this experiment, two types of nozzle as two-fluid nozzle
(TCN and TSN) were used as shown in Fig, 2.

A liquid storage tank with a height of 1.15 m, a diameter of 0.92
mm, and a total volume of 600 L was used. The liquid storage tank
contained an alkaline solution with a pH of 10.1 and 60 ppm of NH-
N, which was manufactured by injecting NaOH and NH,Cl into
tap water. A volumetric pump (WT600-2J, Longer Co., China) with
rotation rate of 60-600 rpm, and cir- culation pump (PSS80-066,
Hanil Co., South Korea) with a maximum discharge amount of 80 L/
min, were used; and the CO, bomb was filled with gas mixture of
85% air and 15% CO..

To operate the equipment, the jet loop reactor was filled with 28.5
L of alkaline solution using the volumetric pump, and the alkaline
solution flowed into the liquid induction tube with the two-fluid
nozzle using the circulation pump. Simultaneously, the gas con-
taining CO, was supplied through the gas induction tube. Circula-
tion and gas dispersion were achieved by a liquid jet drive at the
nozzle tip. At this moment, when the TCN was used (Fig. 2(a)),
liquid and gas each were vertically discharged at the nozzle tip and
formed a two-fluid (gas and liquid) liquor. The two-fluid liquor in-
dicates the liquid stream in which small gas bubbles are homoge-
neously dispersed. The two-fluid liquor then passed down vertically
the draft tube and up the outer annulus of the reactor [8,9,11]. When
the TSN was used, at the nozzle tip, gas was vertically discharged,;
however, liquid was tangentially discharged by a swirl guide attached
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in the liquid induction tube. As mentioned earlier, the two-fluid liquor
passed down tangentially the draft tube and up the outer annulus of
the reactor. This swirling flow in the draft tube and the annular space
was visually observed throughout this experiment. During this pro-
cess, parts of the two-fluid liquor ascended along the streamline
close to the outer wall of the draft tube and recirculated into the draft
tube. However, the liquor that flowed close to the outer wall of the
reaction tube (that is, the liquor that flowed far from the outer wall
of the draft tube) from the upward stream did not recirculate and
flowed into the gas-liquid separation tank. Among gas and liquid
in the two-fluid liquor that flowed into the gas-liquid separation tank,
the gas was separated and discharged through the gas discharge valve
in the upper part, and the liquid in the gas-liquid separation tank
was recirculated through the circulation pump to outside the reac-
tor and discharged again through the two-fluid nozzle.

To compare the performance levels of the TCN and the TSN in
the semi-batch mode, the reactors which the TCN and the TSN were
separately attached were initially filled with 28.5 L of the alkaline
solution. The circulation flow rates of the alkaline solution were
changed to 12-32 L/min, and the pH variations of the alkaline solu-
tion were measured at a constant gas flow rate (1 L/min). The time
it takes for the pH of the alkaline solution to be neutralized from
10.1 to 7.0 was defined as the neutralization time. In addition, the
CO, mole fraction, among the discharged gases, was continuously
measured at constant time intervals (2 minutes) from the CO, injec-
tion time using a CO, gas analyzer (Optima 7, MRU Instruments,
Inc., Germany). Here, the instantaneous CO, removal efficiency
and the overall CO, removal efficiency were calculated from the
measurement results.

RESULTS AND DISCUSSION

1. Neutralization Time Dependence on Changes in the Liq-
uid Circulation Flow Rate

To compare the performance of the TCN and the TSN in the semi-
batch mode, the pH variation characteristics affected by the changes
in the liquid circulation flow rates (Qz=12-32 L/min) were measured.
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Fig. 3. pH changes with respect to the liquid circulation flow rates
in the reactors with TCN and TSN.
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Fig. 4. Effect of the liquid circulation flow rate on the neutraliza-
tion time.

This took place while the gas was continuously being injected into
the jet loop reactors to which each nozzle was attached separately
at a constant gas flow rate of 1 L/min (Fig. 3).

Fig. 3 shows the tendency of the alkaline solution to be neutral-
ized and of the pH to decrease during the continuous injection of
the gas with an inlet CO, mole fraction of 0.15. This is attributed to
the absorption of the CO, in the gas into the alkaline solution, its
reaction with OH’, and its neutralization of the solution. Based on
such results, the time required for the pH of the initial alkaline solution
to change from 10.1 to 7.0 due to the changes in the liquid circulation
flow rate (Qg) in the cases with different types of nozzles, that is, the
neutralization time, was measured. The results are shown in Fig. 4.

The two types of nozzles presented different neutralization times
but showed equal neutralization time tendencies (Fig. 4). The neu-
tralization time decreased with the increase in the liquid circulation
flow rate (Qp), reached its minimum value at 16-24 L/min, and in-
creased with a further increase in the Q. These results showed trends
similar to those of the results of the study of Son et al. [13], due to
the increase in the turbulence intensity as the liquid circulation flow
rate increased. Due to the increase in the mass transfer rate in the
gas-liquid system, the neutralization time decreased. However, the
neutralization time increased with a further increase in the liquid
circulation flow rate. With the increase in the liquid circulation flow
rate, the residence time of the gas bubbles in the gas-liquid system
decreased despite the increase in turbulence intensity. The absolute
values in the results of this study appear different from those of the
study of Son et al. [13], presumably due to the difference in the quan-
tity of the alkaline solution used.

In most cases, the neutralization time was shorter with the TSN
than with the TCN at the same liquid circulation flow rate (Fig. 4).
This result is attributed to the swirling flow formed at the nozzle tip
of the TSN. By design, the TSN forms swirling flow and enhances
the turbulence intensity in the gas and liquid films, therefore result-
ing in an improved mass transfer rate between the gas and the liquid,
compared to the TCN [14,15].

2. CO, Removal Efficiency
2-1. Instantaneous CO, Removal Efficiency
The variations in the alkaline solution pH and the CO, mole frac-
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Fig. 5. Effects of the CO, injection time on alkaline solution pH
and mole fraction of CO, at the outlet (Q,~1 L/min, Q,=
20 L/min).

tion in the outlet gas stream according to the CO, injection time were
measured at constant time intervals (2 minutes) under the experi-
mental conditions that were used, which are shown in Fig. 5.

Fig. 5 shows the tendencies of the pH of the alkaline solution to
decrease and of the CO, mole fraction in the outlet gas to increase
with the CO, injection time. Such results are attributed to the de-
crease in the solution pH with its neutralization by CO, absorption.

The CO, mole fraction in the outlet gas stream increased as the
solution pH decreased by following reaction mechanism during the
CO, absorption in the alkaline solution [16,17].

CO,(g) +H,0COy(aq) M
CO,(aq)+OH <HCO; Q)
HCO; +OH <CO0; +H,0 3)

In the alkaline solution with higher pH, the CO, (aq) absorbed
in the solution with reaction (1) was quickly consumed by reac-
tions (2) and (3) because of the high OH™ concentration. However,
reaction (2) was limited by the lower OH™ concentration in the solu-
tion with lower pH. Therefore, the CO, mole fraction in the outlet
gas increased with the lower alkaline solution pH.

The instantaneous CO, removal efficiency at the arbitrary time t,
can be calculated using Eq. (4), with the measurement results (Fig.
5) for the CO, mole fraction in the inlet gas injected into the reactor
and in the outlet gas discharged from the reactor [13].

QG, in X y{.‘();,in - QG,aul X y(,'();,,ou/
QG, inXYco,in

Mo %) = %100 ©)
In Eq. (4), 770, represents the instantaneous CO, removal effi-
ciency; Qg, the inlet gas flow rate; y,,, the CO, mole fraction; and
the subscripts ‘in” and ‘out’ represent the inlet and outlet of the reactor,
respectively.
Qg . can also be expressed as follows.

Y,
QG,aul = QG,in X S (5)
air,out

Accordingly, the instantaneous CO, removal efficiency can be
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Fig. 6. Effect of the CQO, injection time and the solution pH on the
instantaneous CO, removal efficiency (Q;=20 L/min).

written as follows by substituting Eq. (5) into Eq. (4).

yair, in

QG,in XYco.,in~ QG,in XY co.,ou™
yair,out
x 100 ©6)

Meo (%)= QX Yco,im

Therefore, the CO, mole fractions in the inlet and outlet of the
reactor at constant time intervals (2 minutes) from the initial CO,
injection were measured and used to calculate the instantaneous
CO, removal efficiency (Fig. 6).

As shown in Fig. 6, the instantaneous CO, removal efficiency
decreased as the CO, injection time, i.e., the CO, injection amount,
increased. This result is attributed to the decrease in solution pH as
the alkaline solution was neutralized with increased CO, injection.

In addition, the instantaneous CO, removal efficiency appeared
higher when the TSN was used with the same CO, injection time.
This is attributed to the shrinkage of the bubbles, the increase in the
turbulence intensity, and the longer retention time of small bubbles
due to the swirling flow formed by the TSN. These effects resulted
in improved mass transfer rate between the gas and liquid films.

The results shown in Fig, 5 were used to represent the instanta-
neous CO, removal efficiency depending on the changes in the pH
of the alkaline solution (Fig. 6).

As shown in Fig. 6, the instantaneous CO, removal efficiency
appeared higher in the alkaline solution at a higher pH and decreased
as the solution pH decreased. According to previous studies [16,
17], reaction (2) is the rate-determining step among the CO, ab-
sorption reactions in an alkaline solution. Furthermore, reaction (2)
represents an irreversible reaction, and its reaction rate appears as a
second-order reaction, as follows [16,17]:

0. =K [CO,][OH ] )

Therefore, the reaction rate of reaction (2) increased when the
alkaline solution pH remained high and the instantaneous CO, re-
moval efficiency appeared higher.

In addition, the instantaneous CO, removal efficiency tended to
decrease in both the TCN and the TSN as the solution pH decreased.
However, the case with the TSN presented a higher instantaneous
CO, removal efficiency than the case with the TCN under the same
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removal efficiency.

solution pH, due to higher turbulence intensity and the longer reten-
tion time of bubbles formed by the TSN.
2-2. Overall CO, Removal Efficiency

The overall CO, removal efficiency (77co,), which was calculated
using the time-integral value of the instantaneous CO, removal effi-
ciency derived from Eq. (6), is defined as the CO, actually used to
neutralize the initial alkaline solution pH from 10.1 to 7.0. The rela-
tionship between the instantaneous CO, removal efficiency and the
overall CO, removal efficiency is as follows (Eq. (8)):

Z( 77('03(0 x At)

Tco%)=
co: to=7—1

®

Here, 77.0,(t) refers to the instantaneous CO, removal efficiency;
At, to the constant time interval (2 minutes); t,,,, to the neutraliza-
tion time; and t,, to the initial time (zero).

As shown in Fig. 7, there is an optimum range where the overall
CO, removal efficiency peaks as the liquid circulation flow rate in-
creases. The peaking of overall CO, removal efficiency was expected
from the previous results (Fig. 4) and showed maximum value when
the liquid circulation flow rate ranged from 16 to 24 L/min.

Both nozzles presented that the overall CO, removal efficiency
was higher than 97%), likely due to the enlargement of the jet loop
reactor in the interfacial area between gas and liquid films. The en-
largement was attributed to the creation of minute bubbles, and to
the achievement of a high mass transfer rate due to the significant
turbulence intensity and the longer retention time of small bubbles.
In addition, a higher overall CO, removal efficiency was shown at
the same liquid circulation flow rates when the TSN was used.

CONCLUSIONS

To investigate the performance of a jet loop reactor with the two-
fluid swirl nozzle (TSN), CO, absorption experiments in the reac-
tor were performed in an alkaline solution. The results obtained were
compared with the same sized jet loop reactor with the two-fluid
conventional nozzle (TCN). The following conclusions were made.

1. At constant gas flow rate (Q;=1 L/min), the neutralization times
in the jet loop reactors with both the TCN and the TSN decreased

with the liquid circulation flow rate (Q;), reached their minimum
value in the Q, range of 16-24 L/min, and increased with a further
increase in the Q. Furthermore, the neutralization time decreased
in the case of the TSN compared to that of the TCN at the same
Qe

2. When CO, gas was continuously injected into the jet loop reac-
tors with both the TCN and the TSN, at an arbitrary time t, the in-
stantaneous CO, removal efficiency appeared higher when the TSN
was used. Moreover, the instantaneous CO, removal efficiency showed
an increasing tendency as the alkaline solution pH increased.

3. The overall CO, removal efficiency peaked in the Q; range of
16-24 L/min in both cases when TCN and TSN were used. How-
ever, the overall CO, removal efficiency was higher when the TSN
was used at the same liquid circulation flow rate.
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