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Abstract: The enhancement of mass transfer is very important in CO2 absorption, and a rotating
zigzag bed (RZB) is a promising device to intensify the gas–liquid mass transfer efficiency. In this
study, the mass transfer characteristics in an RZB in relation to the overall gas-phase volumetric
mass-transfer coefficient (KGa) were investigated with a CO2–NaOH system. A mathematical model
was established to illustrate the mechanism of the gas–liquid mass transfer with irreversible pseudo-
first-order reaction in the RZB. The effects of various operating conditions on KGa were examined.
Experimental results show that a rise in the liquid flow rate, inlet gas flow rate, rotational speed,
absorbent temperature, and absorbent concentration was conducive to the mass transfer between gas
and liquid in the RZB. It was found that the rotational speed had the largest impact on KGa in the RZB.
The KGa predicted by the model agreed well with that by the experiments, with deviations generally
within 10%. Therefore, this model can be employed to depict the mass transfer process between gas
and liquid in an RZB and provide guidance for the application of RZBs in CO2 absorption.

Keywords: rotating zigzag bed; modeling; gas–liquid mass transfer; carbon dioxide; absorption

1. Introduction

The rotating zigzag bed (RZB) is an emerging high-gravity device with an innova-
tive zigzag passage structure to enhance fluid turbulence and mass transfer [1,2]. Liquid
disperses and coalesces repeatedly by colliding with the rotating and static baffles continu-
ously in the zigzag passage, leading to a high surface renewal frequency of the liquid [3].
Correspondingly, a significant increase in the gas–liquid contact time and liquid holdup is
achieved in the RZB, which is in favor of mass transfer [4]. Compared to the conventional
rotating packed bed (RPB), the RZB also exhibits the advantages of no demand for the liquid
distributor and static seal, easy realization of the intermediate feed, and configuration of
the multi-stage rotor in one casing [5,6]. Therefore, RZBs have been applied to stripping [7],
distillation [5], extraction [8], and gas–liquid reaction [9,10].

Li et al. [10] studied the mass transfer characteristics of CO2 absorption into NaOH
solution in an RZB and found that the efficiency of liquid-side mass transfer in the RZB was
significantly superior to that in the conventional RPB. Other research has demonstrated
that the effective interfacial area and the efficiency of gas-side mass transfer were on par
with those in RPBs with stainless wire mess packing. In consideration of the rotor structure
with zigzag channel, pressure drop and power requirement in RZB are higher than those
in RPB [1,11]. However, in terms of the study of Liu et al. [12] on the features of CO2
absorption and mass transfer with diethylenetriamine-based absorbents in an RZB, the
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RZB exhibited a better performance on CO2 absorption and mass transfer with decreased
device size and absorbent usage in comparison with an RPB, which could make up for the
above disadvantages of RZB and reduce the operating cost. Moreover, a smaller volume of
RZB with higher gas–liquid mass transfer efficiency makes it more suitable for application
in confined spaces, such as vessels and offshore platforms, relative to conventional columns
and RPBs [12], suggesting that the RZB is a promising apparatus for intensifying the
gas–liquid contact processes.

The overall volumetric mass transfer coefficient is a crucial index to assess the mass
transfer performance of a gas–liquid contact device. Extensive studies on the modelling of
the overall volumetric mass transfer coefficient between gas and liquid in RPBs or other
high-gravity devices have been conducted [13–17]. Additionally, the modelling of local
mass transfer in RPBs has also been proposed [18,19]. However, there are only a few reports
on the performance of mass transfer in the RZB, such as experimental investigations on the
effective interfacial area and local mass transfer coefficient [10] and qualitative analysis of
the mass transfer characteristics [2]. To the best of our knowledge, there is no report on the
modelling of overall volumetric mass transfer coefficient in the RZB. Therefore, modelling
the gas–liquid mass transfer behavior described by the overall volumetric mass transfer
coefficient in the RZB can provide a theoretical basis for process intensification in the RZB.

Herein, based on fluid flow in different regions of the rotor in an RZB, a mechanism
model has been proposed for the first time to describe the reactive mass transfer process
in the CO2–NaOH system and predict the mass transfer performance in the RZB. The
effects of various operating conditions on the overall gas-phase volumetric mass-transfer
coefficient (KGa) were studied. The model was validated by the agreement of the predicted
values with the experimental results.

2. Materials and Methods
2.1. Materials

Granulated sodium hydroxide (purity 98.0%) was provided by Shanghai Macklin
Biochemical Co., Ltd., Shanghai, China. A carbon dioxide cylinder (purity 99.0%) was
supplied by Beijing Shunanqite Gas Co., Ltd., Beijing, China. Deionized water was used
through the experiments.

2.2. Experimental Apparatuses and Procedure

The RZB used in this work is schematically shown in Figure 1 [12], and the specifica-
tions of the RZB are given in Table 1 [12].
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Figure 1. Structure of the rotating zigzag bed (RZB): (1) liquid outlet; (2) rotating disk; (3) rotat-
ing baffles; (4) static baffles; (5) liquid inlet; (6) insulation materials; (7) gas outlet; (8) static disk;
(9) perforations; (10) shell; (11) gas inlet; (12) shaft. (Blue and red lines indicate liquid and gas
streams, respectively).
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Table 1. Specifications of the rotating zigzag bed (RZB).

Item Value

Inner diameter of the rotor (cm) 5.7
Outer diameter of the rotor (cm) 18.3
Inner diameter of the shell (cm) 23.1

Diameter of the static baffles (cm) 5.7, 8.1, 9.9, 11.4, 12.7, 14.0, 15.2, 16.3, 17.3, 18.3
Diameter of the rotating baffles (cm) 7.2, 9.0, 10.7, 12.2, 13.5, 14.7, 15.8, 16.8, 17.8

Volume of the rotor (cm3) 665
Axial depth of the rotor (cm) 2.8

Axial depth of the static baffles (cm) 2.5
Axial depth of the rotating baffles (cm) 2.4

Diameter of perforation in the rotating baffles (mm) 2.1

The rotor is the main component of the RZB. Static and rotating baffles are mounted
alternately in the radial direction on the static and rotating disks, respectively, in the rotor.
The upper section of the rotating baffles is perforated. The annular space between the static
and rotating baffles forms the zigzag passage for fluid streams.

The shell of the RZB was covered with insulation materials to keep the reaction tem-
perature in the RZB at a certain level, and an infrared thermometer (F-380, Shenzhen Flank
Electronic Co., Ltd.) was employed to measure the temperature of the insulation materials.

The experimental setup is illustrated in Figure 2 [12]. The RZB was preheated by
using a NaOH solution until a designated temperature was reached. A mixed gas stream
containing air and CO2 was then directed into the RZB via the gas inlet. When CO2
concentration at the gas inlet reached 4%, the NaOH solution with a preset temperature
was pumped into the RZB through the liquid inlet. The gas stream flowed inwards from the
periphery of the rotor and made contact in a countercurrent with the liquid stream flowing
outwards in the rotor to realize the absorption of CO2 by the NaOH solution. Finally, the
liquid and gas flows left the RZB via the liquid and gas outlets, respectively.
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Figure 2. Experimental setup: (1) absorbent container; (2) thermostatic bath; (3) liquid pump;
(4) liquid rotameter; (5) effluent tank; (6) RZB; (7) motor; (8) dryer; (9) CO2 analyzer; (10) gas
rotameter; (11) gas mixing tank; (12) air compressor; (13) CO2 cylinder.

The experiments were performed at ambient pressure, and the experimental data were
collected when a stable state of CO2 absorption process was achieved. The concentration
of CO2 in gas streams entering and leaving the RZB was measured by an infrared CO2
analyzer (GXH-3010F, Beijing Huayun Analytical Instrument Institution Co., Ltd., Beijing,
China). All the experiments were repeated to validate the reproducibility of the results.
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3. Theory
3.1. Reactions of CO2 in Sodium Hydroxide Solution

When CO2 is absorbed into the NaOH solution, the reactions between CO2 with NaOH
take place. These reactions can be expressed as follows [20]:

CO2 + NaOH↔ NaHCO3 (1)

NaHCO3 + NaOH↔ Na2CO3 + H2O (2)

The rate of the above reactions can be calculated by the following second-order reaction
rate equation [21]:

rCO2 = k2CNaOHCCO2 (3)

The reaction can be regarded as a pseudo-first-order one when in Equation (4) is
satisfied [20,22]. √

1 +
DCO2 k2CNaOH

k2
L

− 1� CNaOH

2C0
(4)

where DCO2 is the diffusion coefficient of CO2 in NaOH solution.
In this study, in Equation (4) held because the left-side of in Equation (4) was over

100 times smaller than the right-side. Therefore, the rate constant of the pseudo-first-order
reaction can be written as:

kapp = k2CNaOH (5)

3.2. Gas and Liquid Flow in the RZB Rotor

Gas and liquid flows in the RZB rotor are presented in Figure 3. Gas flows inwards
from the periphery to the center of the RZB rotor, and the gas velocity can be divided into
tangential component (vθ), radial component (vr), and axial component (vz) in this process.
The ratio of the tangential velocity to the total velocity is 81.6% to 99.3% [23], suggesting
that gas mainly moves in a spiral between the rotating and static baffles.
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Figure 3. Side view of gas and liquid flow in RZB rotor: (1) static disk; (2) liquid inlet; (3) static
baffle; (4) stagnant filmy liquid; (5) perforations; (6) gas stream; (7) shaft; (8) rotating disk; (9) flying
filmy liquid; (10) turbulent filmy liquid; (11) flying fine droplets; (12) rotating baffle; (13) filmy liquid
climbing up on the internal surface of rotating baffle; (14) filmy liquid on the rotating disk. (Red and
blue symbols represent gas and liquid flows, respectively.).

The liquid flow moves outwards through the zigzag passage in the rotor. At the center
of the rotating disk, liquid flows tangentially outwards under the action of centrifugal force
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until it reaches the internal surface of the rotating baffle and then climbs up to the perforated
area. The liquid is dispersed into fine droplets when passing through the perforations in
the upper section of the rotating baffle and flies along a tangential direction to the static
baffle. The fine droplets are captured by the static baffle to form a filmy liquid, which flows
spirally downwards on the internal surface of the static baffle due to gravity and tangential
movement of the liquid. The filmy liquid departs tangentially from the static baffle as a
sheet and reaches the next rotating baffle without falling onto the rotating disk because the
tangential liquid velocity is much larger than the axial liquid velocity caused by gravity.
The liquid is then captured by the next rotating baffle and repeats the above process in the
zigzag passage until leaving the RZB rotor [10].

In terms of the above gas and liquid flow characteristics in the RZB rotor, the gas–
liquid contact area can be divided into three different zones, as shown in Figure 3, as
zones I, II, and III, and all of them make contributions to the mass transfer [3]. In zone I,
fine droplets contact with gas in a spiral movement in the space formed by the rotating
and static baffles, contributing to the gas–liquid mass transfer. In zone II, mass transfer is
scarcely attributed to contact between gas and the stagnant filmy liquid formed by droplets
on the upper section of the static baffle, but mainly results from the surface renewal caused
by droplets continually impinging on the turbulent filmy liquid on the lower section of
the static baffle [2]. In zone III, the liquid exists as an intact sheet when there is no gas
flow, but some fine droplets may result from rupture of the sheet when gas flows through
the passage. The contact of the flying liquid and gas in zone III also contributes to mass
transfer. Hence, the rotor of the RZB can be regarded as a series of wetted-wall columns
with the centrifugal field [3].

It has been reported that mass transfer in zone II contributes most to the overall mass
transfer because the continued horizontal impingement by liquid jets on the turbulent filmy
liquid on the static baffles brings about a great surface renewal rate. Mass transfer in zones
I and III is at least one order of magnitude less than that in zone II because the renewal
time of the liquid surface in zones I and III is longer than that in zone II according to the
penetration theory [2].

3.3. Model Development

According to the flow characteristics of gas and liquid in the RZB rotor, model assump-
tions for CO2 absorption into the NaOH solution in the RZB were made as follows:

(1) Velocity of droplets leaving the rotating baffle along the tangential direction in zone I
was equal to the circumferential velocity of the rotating baffle [11].

(2) Only the tangential velocity of gas phase in the RZB rotor was considered, and the
radial and axial velocities of gas were ignored because the tangential velocity was the
main component of the gas velocity [23].

(3) It should be noted that the tangential gas velocity is smaller than the circumferential
velocity of rotating baffles when the gas flow rate is low [23]. Because the gas flow
rate was less than 1200 L/h in this study, the tangential gas velocity was much lower
than the tangential liquid velocity in the space between the static baffle and rotating
baffle. Thus, it was assumed that the effect of gas flow on the liquid form could be
ignored in zone III, where the flying liquid remained in the form of an intact sheet [11].
Meanwhile, the liquid form in zones I and II was not affected by gas flow either.

(4) Liquid existed as droplets in zone I and filmy liquid in zone II [10]. Hence, the overall
gas–liquid effective interfacial area was the sum of the surface area of droplets in zone
I, turbulent filmy liquid on the static baffle in zone II, and the flying intact liquid sheet
in zone III [2,11].

(5) Liquid left the rotating baffle only through the lowest circle of perforations in the
rotating baffles because the perforations were closely spaced [24]. Droplets formed by
every perforation had the same amount, lifetime, velocity, and diameter.
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(6) Liquid film is a thin surface layer in the filmy liquid. The liquid film in the turbulent
filmy liquid in zone II was renewed by impingement of fine droplets from zone I, and
the liquid film in the filmy liquid in every zone of the RZB had the same lifetime [2].

(7) The reaction between CO2 and NaOH was considered to be a pseudo-first-order
reaction. The concentration of OH− in the liquid film was assumed to be constant
during the CO2 absorption process, and thus kapp was regarded as a constant in the
liquid element.

For the chemical absorption of CO2 into NaOH solution, CO2 is absorbed from the
gas phase to the liquid phase via a gas–liquid interface. During this process, the gas–liquid
mass transfer depends both on the liquid-phase and gas-phase mass transfer. Therefore,
the gas–liquid effective interfacial area (a), liquid-side mass-transfer coefficient (kL), and
gas-side mass-transfer coefficient (kG) should be considered for calculating KGa.

The space in the rotor of the RZB was divided into certain annular regions for model
development (Figure 4). Nine rotating baffles (1, 2, . . . , ia, ia + 1, . . . , 9) and ten static
baffles (0′, 1′, . . . , ib, ib + 1, . . . , 9′) were radially alternately arranged. Region i was the
annular region between the rotating baffle ia of radius ra,i and static baffle ib of radius rb,i,
and region i’ was the annular region between the static baffle ib of radius rb,i and rotating
baffle ia + 1 of radius ra,i+1. Mass transfer zones I and II were located in region i, while zone
III was in region i’.
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Figure 4. Top view of liquid and gas flows in the rotor of RZB.

In zone I of region i, droplets left the rotating baffle ia of radius ra,i with a tangential
velocity ua,i along the tangential direction to the static baffle ib. The lifetime of droplets in
zone I tI,i is written as:

tI,i =

√
r2

b,i − r2
a,i

ua,i
(6)

ua,i = ωra,i (7)

where ω represents the angular velocity of the RZB rotor.
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The liquid holdup of droplets εI,i in this area can be calculated by the following equation:

εI,i =
QLtI,i

π
(

r2
b,i − r2

a,i

)
z
=

QL

πωzra,i

√
r2

b,i − r2
a,i

(8)

where QL is the liquid volumetric flow rate in the RZB rotor and z is the axial depth of
the rotor.

The correlation of the effective mass transfer area of droplets AI,i in zone I of region i
is as follows [16]:

AI,i = aI,iπ
(

r2
b,i − r2

a,i

)
z =

6εI,i

di
π
(

r2
b,i − r2

a,i

)
z (9)

where di is the average diameter of droplets in zone I of region i.
In zone II of region i, the surface area of the turbulent filmy liquid is equal to the

effective mass transfer area in this zone, which can be obtained by the following equation:

AII,i = 2πrb,i A2hII (10)

where A2 is a turbulent coefficient used to correct the variation of surface area of the filmy
liquid caused by the impingement of droplets (with a value of 2.19) [25] and hII represents
the axial length of the turbulent filmy liquid.

In zone III of region i’, the liquid remained in the form of an intact sheet between the
static and rotating baffles according to assumption (4). The filmy liquid tangentially left the
static baffle of radius rb,i with a tangential velocity of ub,i, and thus the lifetime of the flying
filmy liquid in zone III of region i’ tIII,i’ is expressed as follows:

tIII,i′ =

√
r2

a,i+1 − r2
b,i

ub,i
=

√
r2

a,i+1 − r2
b,i

ua,i
ra,i
rb,i

(11)

Thus, the surface area of the flying filmy liquid equals the gas–liquid effective mass
transfer area in this zone:

AIII,i′ = (2πrb,i + 2πra,i+1)

√
(ra,i+1 − rb,i)

2 +

(
ug,itIII,i′ +

1
2

gt2
III,i′

)2
(12)

where ug,i is the axial component of the turbulent filmy liquid velocity in zone II.
Therefore, the gas–liquid effective interfacial area in the RZB rotor can be obtained

as follows:

a = aI + aII + aIII =
∑9

i=1 AI,i + ∑9
i=1 AII,i + ∑8

i′=1 AIII,i′

π
(
r2

o − r2
i
)
z

(13)

The mass transfer in the liquid phase consists of that in the droplets and filmy liquid.
Because the droplets were treated as rigid balls without inside circulation during the flight
due to a small distance in zone I of region i [26], the following mass partial differential
equation can be used to present the CO2 diffusion process from gas bulk to droplets based
on the pseudo-first-order irreversible chemical reaction:

∂CCO2

∂tI,i
= DCO2

∂2CCO2

∂R2 +
2DCO2

R
∂CCO2

∂R
− kapp

(
CCO2 − C∗CO2

)
(14)

I.C. tI,i = 0, R ≥ 0 : CCO2 = C∗CO2
;

B.C. R = 0, tI,i ≥ 0 : CCO2 = C∗CO2
;

R =
di
2

, tI,i ≥ 0 : CCO2 = C0; (15)



Processes 2022, 10, 614 8 of 19

where C0 (=PCO2,0/H) and CCO2
* are the molar concentration of CO2 at the gas–liquid

interface and the equilibrium molar concentration of CO2 in the liquid bulk, respectively.
Letting CA = CCO2 − CCO2*, the following expressions can be obtained:

∂CA

∂tI,i
= DCO2

∂2CA

∂R2 +
2DCO2

R
∂CA

∂R
− kappCA (16)

I.C. tI,i = 0, R ≥ 0 : CA = 0;

B.C. R = 0, tI,i ≥ 0 : CA = 0;

R =
di
2

, tI,i ≥ 0 : CA = C0 − C∗CO2
; (17)

After Laplace transform, the following ordinary differential equation is derived:

d2u
dR2 +

2
R

du
dR
−

kapp + s
DCO2

u = 0 (18)

Letting β = u × R, Equation (22) can be obtained by Equations (19)–(21).

dβ

dR
=

du
dR

R + u (19)

d2β

dR2 =
d2u
dR2 R + 2

du
dR

(20)

1
R

d2β

dR2 =
d2u
dR2 +

2
R

du
dR

(21)

d2β

dR2 =
kapp + s

DCO2

β (22)

The general solution of β can be calculated by Equation (23):

β = u× R = C1e
−R
√

kapp+s
DCO2 + C2e

R
√

kapp+s
DCO2 (23)

Then, the following equation is obtained by Laplace inverse transform:

CA = C1
2R exp

(
R
√

kapp
DCO2

)
er f c

(
− R

2
√

DCO2 tI,i
−
√

kapptI,i

)
+ C1

2R exp
(
−R
√

kapp
DCO2

)
er f c

(
− R

2
√

DCO2 tI,i
+
√

kapptI,i

)
+ C2

2R exp
(
−R
√

kapp
DCO2

)
er f c

(
R

2
√

DCO2 tI,i
−
√

kapptI,i

)
+ C2

2R exp
(

R
√

kapp
DCO2

)
er f c

(
R

2
√

DCO2 tI,i
+
√

kapptI,i

)
(24)

where erfc(x) is the excess error function.
To simplify Equation (24), B is defined as follows:

B = exp

(
di
2

√
kapp

DCO2

)
er f

(
di
2

2
√

DCO2 tI,i
+
√

kapptI,i

)
+ exp

(
−di

2

√
kapp

DCO2

)
er f

(
di
2

2
√

DCO2 tI,i
−
√

kapptI,i

)
(25)

where erf (x) is the error function.
Letting C1 = −C2 and substituting Equation (17) into Equation (24), C1 and C2 can be

expressed as follows:

C1 =
C0 − C∗CO2

2B
di (26)
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C2 = −C1 = −
C0 − C∗CO2

2B
di (27)

Therefore, Equation (28) can be obtained by combining Equations (24), (26) and (27):

CA =

(
C0−C∗CO2

)
di

2RB exp
(

R
√

kapp
DCO2

)
er f
(

R
2
√

DCO2 tI,i
+
√

kapptI,i

)
+

(
C0−C∗CO2

)
di

2RB exp
(
−R
√

kapp
DCO2

)
er f
(

R
2
√

DCO2 tI,i

−
√

kapptI,i
) (28)

In terms of Fick’s first law, the rate equation describing mass transfer at the gas–liquid
interface can be written as:

kL−I,i

(
CCO2 − C∗CO2

)
= DCO2

∂CA

∂R
|
R= di

2
(29)

It was assumed that CO2 was completely consumed by chemical reaction of CO2 and
NaOH in the liquid bulk. Thus, CCO2

* can be ignored, and kL−I,i in zone I is given by
Equation (30):

kL−I,i =
√

kappDCO2 −
2DCO2

di
(30)

In regard to liquid film in the turbulent filmy liquid in zone II of region i, CO2 diffusion
into the liquid film with a pseudo-first-order reaction can be expressed as:

∂CCO2

∂tII,i
= DCO2

∂2CCO2

∂x2 − kapp

(
CCO2 − C∗CO2

)
(31)

I.C. tII,i = 0, x ≥ 0 : CCO2 = C∗CO2
;

B.C. x = 0, tII,i ≥ 0 : CCO2 = C0;

x = δ(→ ∞), tII,i ≥ 0 : CCO2 = C∗CO2
; (32)

where δ is the average thickness of the liquid film in zone II and tII,i is the lifetime of the
liquid film, which is the average time consumed for renewing the liquid film once.

The following equation can be obtained from Equations (31) and (32):

∂CA

∂tII,i
= DCO2

∂2CA

∂x2 − kappCA (33)

I.C. tII,i = 0, x ≥ 0 : CA = 0;

B.C. x = 0, tII,i ≥ 0 : CA = C0 − C∗CO2
;

x = δ(→ ∞), tII,i ≥ 0 : CA = 0; (34)

By Laplace transform, the following equation is derived:

d2u
dx2 −

kapp + s
DCO2

u = 0 (35)

B.C. x = 0, s ≥ 0 : u =
C0 − C∗CO2

s
;

x = δ(→ ∞), s ≥ 0 : u = 0; (36)
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Substituting the boundary conditions in Equation (36) into Equation (35), the general
solution of u can be obtained by Equation (37):

u =
C0 − C∗CO2

s
exp

(
−x

√
kapp + s

DCO2

)
(37)

By the Laplace inverse transform, the relationship of the CO2 concentration distribu-
tion, lifetime, and liquid film thickness can be described by the following equation:

CA =

(
C0−C∗CO2

)
2 exp

(
x
√

kapp
DCO2

)
er f c

(
x

2
√

DCO2 tII,i
+
√

kapptII,i

)
+

(
C0−C∗CO2

)
2 exp

(
−x
√

kapp
DCO2

)
er f c

(
x

2
√

DCO2 tII,i

−
√

kapptII,i
) (38)

Hence, the mass transfer rate at the gas–liquid interface in zone II can be obtained
based on Fick’s first law.

RCO2−II,i = DCO2

∂CA

∂x
|x=0 =

(
C0 − C∗CO2

)(√
kappDCO2 er f

√
kapptII,i +

√
DCO2

πtII,i
exp
(
−kapptII,i

))
(39)

According to assumptions (5) and (6), the renewal of the liquid film in zone II was
caused by the impingement of droplets, which came from the lowest circle of the perforated
area in the rotating baffle. It was assumed that the droplets formed by every perforation
had the same amount, lifetime, velocity, and diameter. Therefore, the renewal frequency, Si,
defined as the number of droplets leaving the rotating baffles per unit time, in zone II of
region i is expressed as:

Si =
36QL

πna,idi
3 (40)

where na,i is the number of perforations in the rotating baffle ia.
Then the lifetime of the liquid film in the turbulent filmy liquid can be calculated by

Equation (41) [18]:

tII,i =
1
Si

(41)

It was assumed that tII,i caused by every droplet was the same. Thus, Equation (42)
can be used to express the Higbie distribution function of the lifetime of the liquid film [16]:

ψ(tII,i) =
1

tII,i
(42)

Hence, the relationship between the liquid-side mass-transfer coefficient in zone II
(kL−II,i) and the mass transfer rate of liquid film at the gas–liquid interface can be written as:∫ tII,i

0
RCO2−II,iψ(tII,i)dt = kL−II.i

(
C0 − C∗CO2

)
(43)

Based on the same assumption for droplets, CCO2
* can be ignored. Therefore, kL−II,i

related to kapp, DCO2, and tII,i can be deduced as follows:

kL−II.i =

√
kappDCO2

tII,i

[
tII,ier f

(√
kapptII,i

)
+

√
tII,i

πkapp
exp
(
−kapptII,i

)
+

1
2kapp

er f
(√

kapptII,i

)]
(44)

As for the liquid film in the flying filmy liquid in zone III of region i’, the model
development process of kL−III,i’ was the same as that of kL−II,I, and thus the expression of
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kL−III,i’ was similar to that of kL−II,i, except for the lifetime of the liquid film in the flying
filmy liquid, which was calculated by Equation (11).

Hence, kLa in the RZB rotor is written as follows:

kLa = kL−IaI + kL−IIaII + kL−IIIaIII =
∑9

i=1 kL−I,i AI,i + ∑9
i=1 kL−II,i AII,i + ∑8

i′=1 kL−III,i′AIII,i′

π
(
r2

o − r2
i
)
z

(45)

To date, there is no available expression to calculate kG in the RZB rotor. Thus, a
surface renewal model reported by Guo et al. [27] was employed to calculate kG in the RZB
rotor as follows:

kG =
√

DGksv2
θ (46)

where DG is the diffusion coefficient of CO2 in gas phase, ks is the proportionality coefficient,
and vθ is the average tangential gas velocity in the RZB rotor.

The KGa of the RZB can be calculated by [15]:

1
KGa

=
1

kGa
+

H
kLa

(47)

The experimental KGa can be determined by Equation (48), which was obtained in the
previous study on CO2 absorption [12]:

KGa = G′

πPz(r2
o−r2

i )

[
ln

yCO2−in(1−yCO2−out)
yCO2−out(1−yCO2−in)

+
( yCO2−in

1−yCO2−in
− yCO2−out

1−yCO2−out

)] (48)

where G’ is the inlet gas flow rate of inert gas (without reaction or dissolution), P is the
total pressure, and yCO2−in and yCO2−out denote the molar fraction of CO2 in the inlet and
outlet gas streams, respectively.

By substituting the experimental KGa from Equation (48) and the calculated kLa and a
from Equations (45) and (13), respectively, into Equation (47), kG can be obtained. Conse-
quently, ks can be obtained, which is necessary for the establishment of the mass transfer
model. Thus, the calculated kG, kL, a, and KGa for the RZB were obtained from this mass
transfer model.

The density and viscosity values were obtained from reference [28], while the surface
tension value was from reference [29]. The equilibrium, kinetics, and transport parameters
used for modeling are tabulated in Table 2.

Table 2. Parameters for model development.

Parameter Expression

H [30] log H
HW

= ∑ hI
HW [30] HW = 101.3 ∗ (23.9 + 0.757(T/◦C− 18))

DCO2 [31] DCO2 µL = DWµW
DW [31] log DW = −8.1764 + 712.5

T − 2.591×105

T2

DG [32] DG = 2.189× 10−5 − 0.393× 10−5[OH−
]

k2 [31] log k2
k∞

OH−
= 0.221I − 0.016I2

k∞
OH− [31] log k∞

OH− = 11.895− 2382
T

di [27] di = 0.7284
(

σ
ω2ra,iρL

)0.5

vθ [23] vθ
vin

= 101.9987Re−0.7004
G

(
rm
ra

)−1.6356(
ω2ra

g

)−0.4384

ug,i [25] ug,i =

(
ρLgQ2

L

3π2µL(2rb,i)
2

) 1
3
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4. Results and Discussion
4.1. Model Validation

The RZB had an average value for ks of 6.17 × 10−8 kmol2 s/kPa2 m8 under the
experimental conditions. By using kL, kG, and a obtained from the above model and the
average value of ks, the calculated KGa of the RZB was obtained according to Equation (47).
The comparison of kL, kG, and a between this work and reference [10] can be found in
Table S1 in the Supplementary Materials file.

Figure 5 is the diagonal diagram of the predicted and experimental values of KGa.
It is shown that this model provided good predictions on KGa of CO2 absorption in the
RZB, with deviations generally less than 10% in comparison with the experimental results.
Additionally, in the Figures shown in Sections 4.2–4.6, the curves for the predicted values
were consistent with those for the experimental results. In addition, the values of individual
and overall mass transfer parameters have been presented in Table S2 in the Supplementary
Materials file.
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Figure 5. Diagonal diagram of experimental and predicted KGa.

4.2. Effect of Liquid Flow Rate

Figure 6 presents the effect of the liquid flow rate on KGa in the RZB. It can be seen
that KGa in NaOH solution obviously increased, with a rise in the liquid flow rate from 25
to 40 L/h.

With a rising liquid flow rate, more fine droplets from the rotating baffles are produced.
The falling velocity of the filmy liquid on the static baffles also increases in terms of the
expression of ug,i in Table 2, causing an increasing area of the flying liquid sheet between
the static and rotating baffles according to Equation (12). These factors enhance the liquid
holdup in the RZB, thereby causing a rising gas–liquid contact area based on Equation (8).
Meanwhile, with the increase of the liquid flow rate, the circumferential distribution of
droplets in zone I is improved [10], and more droplets continually impinge on the filmy
liquid on the lower section of the static baffles, leading to an enhancement of liquid
turbulence and a higher surface renewal rate of liquid film in the turbulent filmy liquid in
zone II, as suggested by Equation (40), which are conducive to the liquid-side mass transfer.
Therefore, a higher liquid flow rate brought about a larger KGa in this study because a and
kL contributed notably to KGa for CO2 absorption into NaOH solution.
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Figure 6. Effect of liquid flow rate on KGa in the RZB (G = 1000 L/h, T = 298.15 K, Tgas = 298.15 K,
yCO2-in = 4%, CNaOH = 0.15 kmol/m3).

4.3. Effect of Inlet Gas Flow Rate

The influence of the inlet gas flow rate on KGa in the RZB is given in Figure 7, which
shows that KGa in the NaOH solution rose from 6.13 × 10−5 to 8.26 × 10−5 kmol/kPa m3 s
and from 6.67 × 10−5 to 9.65 × 10−5 kmol/kPa m3 s, with the inlet gas flow rate increasing
from 200 to 1200 L/h at the rotational speed of 600 rpm and 1200 rpm, respectively.
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Figure 7. Effect of inlet gas flow rate on KGa in the RZB (L = 25 L/h, T = 298.15 K, Tgas = 298.15 K,
yCO2-in = 4%, CNaOH = 0.15 kmol/m3).

Because KGa in the NaOH solution is affected by kGa, a rising inlet gas flow rate in
the RZB increases the tangential gas velocity in the annular space between the rotating
and static baffles, which leads to the increase of gas turbulence and a decrease of gas
film thickness [16]. Therefore, the mass transfer resistance in the gas side reduces and
consequently kGa increases, thereby enhancing KGa in the RZB. Hence, an increasing inlet
gas flow rate brought about a rise in KGa in the experimental range.

4.4. Effect of Rotational Speed

The variation of KGa with the rotational speed is shown in Figure 8. KGa augmented
with a rise in the rotational speed from 400 to 1200 rpm.
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Figure 8. Effect of rotational speed on KGa in the RZB (L = 25 L/h, T = 298.15 K, Tgas = 298.15 K,
yCO2-in = 4%, CNaOH = 0.15 kmol/m3).

When the rotational speed rises, a larger centrifugal force is created by the rotating
baffles, leading to an enhanced liquid turbulence and higher tangential velocity of droplets
departing from the rotating baffles according to Equation (7), which reduces the size of
droplets in the space between the rotating and static baffles based on the expression of
droplet diameter in Table 2. Therefore, a in zone I increase.

At the same time, rising rotational speed causes an increase in the number of droplets
impinging on the turbulent filmy liquid as a result of the reduction in droplet size and a
larger circumferential velocity of the turbulent filmy liquid in zone II, which is equal to
the tangential velocity of the flying liquid sheet leaving the static baffles in zone III [11],
resulting in a rise in the surface renewal frequency of the liquid film in the turbulent
filmy liquid on the static baffles in terms of Equation (40) and a decrease in the lifetime of
the flying liquid sheet in zone III according to Equation (11). The former factor brought
about an increase in kL−II in zone II, and the latter factor was conducive to kL-III in zone III
according to Equation (44).

The above analysis indicates that a higher rotational speed led to higher a and kL,
which markedly an enhanced KGa of the CO2-NaOH system in the RZB.

4.5. Effect of Absorbent Temperature

The effect of the absorbent temperature on KGa is presented in Figure 9. The fig-
ure indicates that a higher temperature of NaOH solution is favorable for KGa, which
increased from 7.95 × 10−5 to 8.80 × 10−5 kmol/kPa m3 s and from 9.35 × 10−5 to
1.02 × 10−4 kmol/kPa m3 s with an increase in temperature from 293.15 to 313.15 K at the
liquid flow rate of 25 L/h and 35 L/h, respectively.

In accordance with the Arrhenius equation for the reaction rate constant in Table 2, a
higher temperature of NaOH solution increases the second-order rate constant k2, thereby
leading to a larger pseudo-first-order reaction rate constant kapp, which is favorable for
the liquid-side mass transfer performance. Moreover, the resistance in liquid-side mass
transfer reduces and the diffusion of CO2 in the liquid phase is improved with increasing
temperature [12]. These factors promoted mass transfer and caused a higher kL, thereby
leading to an increasing KGa.
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Figure 9. Effect of absorbent temperature on KGa in the RZB (G = 1000 L/h, N = 800 rpm,
Tgas = 298.15 K, yCO2-in = 4%, CNaOH = 0.15 kmol/m3).

4.6. Effect of Absorbent Concentration

Figure 10 illustrates the effect of NaOH absorbent concentration on KGa in the RZB. It is
noted that KGa increased from 7.43 × 10−5 to 9.25 × 10−5 kmol/kPa m3 s with an increase
in the absorbent concentration from 0.1 to 0.2 mol/L at the liquid flow rate of 25 L/h,
while KGa increased from 8.62 × 10−5 to 1.07 × 10−4 kmol/kPa m3 s as the absorbent
concentration rose from 0.1 to 0.2 kmol/m3 at the liquid flow rate of 35 L/h.
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Figure 10. Effect of absorbent concentration on KGa in the RZB (G = 1000 L/h, N = 800 rpm,
T = 298.15 K, Tgas = 298.15 K, yCO2-in = 4%).

When the concentration of NaOH solution increases, the second-order reaction rate
constant between CO2 and the absorbent rises according to the expression of k2 shown in
Table 2. Meanwhile, a higher k2 and CNaOH can concurrently enhance the pseudo-first-order
reaction rate constant kapp, causing a higher kL in every mass transfer zone of the RZB.
Hence, KGa increased with an increasing NaOH concentration.

4.7. Comparison between Spray Column and RZB

Table 3 reveals comparative results of mass transfer efficiency between a spray column
and the RZB. It was found that the experimental KGa in the spray column was less than
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that in the RZB on the basis of a similar gas–liquid volume ratio. Additionally, the RZB
possessed a greater mass transfer efficiency accompanied by a much lower NaOH solution
concentration compared to the spray column, suggesting that an obvious enhancement of
mass transfer in CO2 absorption can be realized by the RZB.

Table 3. Comparison between spray column and RZB.

Javed et al. [33] This Work

Reactor Spray column RZB
Mass transfer zone volume (cm3) 9813 665

Liquid flow rate (L/h) 120–300 25–40
Gas–liquid volume ratio 32–42 25–40
Rotational speed (rpm) / 400–1200

Absorbent 1.25 kmol/m3 NaOH 0.10–0.20 kmol/m3 NaOH
Inlet CO2 concentration (%) 2.5 4
Absorbent temperature (K) ca. 298 K 298 K
KGa (105 × kmol/kPa m3 s) 2.65–4.56 6.81–11.28

Considering an enhanced dispersion and coalescence of the liquid phase in the annular
regions between the static and rotating baffles, a shorter lifetime of the liquid element in
the RZB is gained compared to the spray column, and the intensification of mass transfer is
thus expected in the RZB, conducing to the CO2 absorption process.

5. Conclusions

In this study, by obtaining the analytical expressions of the gas–liquid effective interfa-
cial area, liquid-side and gas-side mass-transfer coefficients in an RZB, a mathematic model
of CO2 absorption into NaOH solution with irreversible pseudo-first-order reaction in the
RZB was established to quantitatively describe the gas–liquid mass transfer process and
predict KGa.

The KGa calculated by the model was consistent with the experimental data under
different operating conditions. The calculated KGa exhibited deviations generally less
than 10% in comparison with the experimental data, which demonstrated the excellent
predictability of this model for CO2 absorption in an RZB. Meanwhile, the influences
of various operating conditions on KGa in the RZB were predicted reasonably by this
model. Experimental results indicate that higher liquid flow rate, inlet gas flow rate,
rotational speed, absorbent temperature, and absorbent concentration favored gas–liquid
mass transfer in the RZB. It was found that the rotational speed had the largest impact on
KGa in the RZB. This study provides the theoretical basis for potential application of RZBs
in CO2 absorption.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/pr10030614/s1, Table S1: Comparison of mass transfer performance
between RZB in this work and that in Reference 10; Table S2: Values of individual and overall mass
transfer factors in RZB.
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Nomenclature

a gas–liquid effective interfacial area, m2/m3

aI, aII, aIII gas–liquid effective interfacial area in zone I, II, and III, respectively, m2/m3

aI,i gas–liquid effective interfacial area in zone I of region i, m2/m3

AI,i, AII,i effective mass transfer area in zone I and II of region i, respectively, m2

AIII,i’ effective mass transfer area in zone III of region i’, m2

A2 turbulent coefficient
CA difference between actual and equilibrium CO2 concentration in liquid phase,
kmol/m3, CA = CCO2–CCO2

*

CCO2 concentration of CO2 in liquid phase, kmol/m3

CCO2
* equilibrium concentration of CO2 in liquid bulk, kmol/m3

C0 concentration of CO2 at gas–liquid interface, kmol/m3

CNaOH concentration of NaOH solution, kmol/m3

di average droplet diameter in zone I of region i, m
DCO2 diffusion coefficient of CO2 in NaOH solution, m2/s
DG diffusion coefficient of CO2 in gas phase, m2/s
DW diffusion coefficient of CO2 in water, m2/s
g acceleration of gravity, m/s2

G inlet gas flow rate, L/h
G’ inlet flow rate of inert gas (without reaction and dissolution), kmol/s
h constant related to h+, h−, hg, m3/kmol
h+, h−, hg constant of cation, anion, and gas, respectively, m3/kmol
hII axial length of turbulent filmy liquid, m
H Henry’s constant of NaOH solution, kPa m3/kmol
HW Henry’s constant of water, kPa m3/kmol
I ionic strength, kmol/m3

k2 second-order reaction rate constant, m3/kmol s
kapp pseudo-first-order rate constant, 1/s
kG gas-side mass-transfer coefficient, kmol/kPa m2 s
KGa overall gas-phase volumetric mass-transfer coefficient, kmol/kPa m3 s
kL liquid-side mass-transfer coefficient, m/s
kL−I, kL−II, kL−III liquid-side mass-transfer coefficient in zone I, II, and III, respectively, m/s
kL−I,i, kL−II,i liquid-side mass-transfer coefficient in zone I and II of region i, respectively, m/s
kL−III,i’ liquid-side mass-transfer coefficient in zone III of region i’, m/s
kLa liquid-side volumetric mass-transfer coefficient, 1/s
k∞

OH− reaction rate constant in infinitely dilute NaOH solution, m3/kmol s
ks proportionality coefficient, kmol2 s/kPa2 m8

L liquid flow rate, L/h
na,i number of perforations in rotating baffle ia
P gas phase pressure, kPa
PCO2,0 partial pressure of CO2 in gas phase at gas–liquid interface, kPa
QG gas volumetric flow rate, m3/s
QL liquid volumetric flow rate, m3/s
ra,i radius of rotating baffle ia, m
rb,i radius of static baffle ib, m
rh hydraulic radius of annular region between rotating and static baffles, m
ri inner radius of rotor, m
ro outer radius of rotor, m
rm radius of logarithmic mean, m
rCO2 reaction rate of CO2 with NaOH solution, kmol/m3 s
R radial coordinate of a droplet, m
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RCO2-II,i mass transfer rate of liquid film at the gas–liquid interface in zone II of region
i, mol/m2 s
ReG gas Reynolds number, ReG =

4rhvGρG
µG

s complex variable
Si renewal frequency of liquid film in zone II of region i, 1/s
tI,i lifetime of droplets in zone I of region i, s
tII,i lifetime of liquid film in turbulent filmy liquid in zone II of region i, s
tIII,i lifetime of liquid film in flying filmy liquid in zone III of region i’, s
T absorbent temperature, K
Tgas gas temperature at gas inlet of RZB, K
ua,i tangential velocity of droplets leaving rotating baffle ia, m/s
ub,i tangential velocity of flying filmy liquid leaving static baffle ib, m/s
ur,i radial component of ua,i, m/s
ug,i axial component of turbulent filmy liquid velocity on static baffle ib, m/s
vG gas velocity in annular region between rotating and static baffles, m/s
vθ average tangential component of gas velocity, m/s
vr radial component of gas velocity, m/s
vz axial component of gas velocity, m/s
vin gas velocity at gas inlet of RZB, m/s
x liquid film thickness of filmy liquid from gas–liquid interface, m
yCO2-in molar fraction of CO2 in gas inlet of RZB, %
yCO2-out molar fraction of CO2 in gas outlet of RZB, %
z axial depth of rotor, m
α angle between ua,i and tangent to static baffle ib, ◦

ω angular velocity, rad/s
εI,i liquid holdup of droplets in zone Iof, region i
δ average thickness of liquid film in zone II, m
ρG density of gas phase, kg/m3

ρL density of NaOH solution, kg/m3

µG viscosity of gas phase, pa s
µL viscosity of NaOH solution, pa s
µW viscosity of water, pa s
σ surface tension of NaOH solution, N/m
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