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A cross-flow rotating packed bed (RPB) process was evaluated
for its absorption of some volatile organic compounds
(VOCs) into water, including isopropyl alcohol, acetone, and
ethyl acetate. The experimental results showed that the mass
transfer coefficient (KGa) increased with increasing rotational
speed, liquid rate, and gas rate, and thus an empirical correlation
of KGa was proposed for the cross-flow RPB for the first
time. It was found that this correlation could reasonably estimate
our experimental KGa data as well as those reported in
literatures. Although the mass transfer coefficient was lower
than that in a countercurrent-flow RPB, a cross-flow RPB
is believed to be capable of handling a higher gas rate because
of its flow pattern.

Introduction
Many volatile organic compounds (VOCs) from industrial
processes could create serious environmental concerns, and
therefore need to be well regulated. Among the available
processes for VOCs treatment, including thermal oxidation,
adsorption, condensation, membrane separation, absorption,
and biological treatment, absorption is generally considered
to be a fast, safe, and economically feasible method. The
VOCs absorption process is comprised of a large column
filled with various packings. Because of its poor mass transfer
efficiency, the bulky size of the column is often inevitable,
and this leads to high capital and operating costs. As a result,
some alternatives with high mass transfer efficiency were
developed based on the concept of “process intensification”
such as a rotating packed bed (RPB).

A rotating packed bed, which replaces gravity with
centrifugal force up to several hundred times of gravity to
enhance mass transfer efficiency, plays an important role in
the field of process intensification. The applications of a
countercurrent-flow RPB, such as absorption (1–3), stripping
(4–8), distillation (9, 10), adsorption (11, 12), and nanopar-
ticles preparation (13, 14), have been demonstrated in the
literature. In 2002, Chen and Liu (2) reported a VOCs
absorption application in a countercurrent-flow RPB. The
investigated VOCs were isopropyl alcohol, acetone, and ethyl

acetate, and an empirical correlation of gas-side mass transfer
coefficient was given for the countercurrent-flow RPB (eq 1).
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In 2004, Lin et al. (3) investigated the absorption of isopropyl
alcohol into water in a countercurrent-flow RPB packed with
high-voidage packing. They found that the high-voidage RPB
could perform equally well as compared to the low-voidage
RPB in terms of mass transfer.

In contrast to a countercurrent-flow RPB, a cross-flow
RPB could relax flooding constraint. It would be much more
suitable for handling VOCs from a waste gas stream of high
flow rate. Guo et al. (15) first reported the pressure drop and
gas absorption performance of a cross-flow RPB. An experi-
mental study of a NH3-water system was carried out, and an
algorithm of estimating the gas-side mass transfer coefficient
was developed. Their results showed that the mass transfer
coefficient was proportional to gas flow rate but was not
influenced very much by rotational speed when centrifugal
force was above 15g. In 2006, Lin et al. (16) further performed
an isopropyl alcohol-water absorption study in a pilot-scale
cross-flow RPB. The mass transfer coefficient was presented
as a function of rotational speed and liquid and gas flow
rates. They found that the gas-side mass transfer coefficient
increased with increasing rotational speed and gas flow rate
to the powers of 0.52–1.11 and 0.48–0.96, respectively. Besides,
the mass transfer coefficient was not significantly affected
when the liquid flow rate increased. The mass transfer
coefficient obtained in their experiment was 5–10 times higher
than those in a conventional packed column. Though some
characteristics of absorbing NH3 and isopropyl alcohol have
been investigated in a cross-flow RPB, there is no existing
mass transfer correlation necessary for organizing data and
equipment design. As a result, this study performed additional
VOCs absorption process in a cross-flow RPB. Namely,
isopropyl alcohol, acetone, and ethyl acetate were adopted
as model VOCs, and the gas-side mass transfer coefficients
were obtained as functions of rotational speed, gas flow rate,
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and liquid flow rate, respectively. A correlation for the mass
transfer coefficients in a cross-flow RPB was accordingly
proposed, in addition to the comparison between a cross-
flow RPB and a countercurrent-flow RPB.

Experimental Section
The main structure of a cross-flow RPB is shown in Figure
1. The liquid enters the packed bed from a liquid distributor
and sprays onto the inner edge of the packed bed. The liquid
distributor has two vertical sets of holes in the opposite
direction, and each set has 10 1-mm diameter holes. Then,
the liquid moves outward through the packing due to
centrifugal force, splashes onto the stationary housing, and
exists at the bottom. Inside of the bed, the liquid could be
in forms of thin films on the packing as well as tiny droplets
flying in the void because of high shear force, resulting in
large gas–liquid interfacial area. The gas enters at the bottom,
flows axially through the packing, and leaves the rotor from
the top. Therefore, the gas and the liquid would contact in
a cross-flow mode in the rotor. The rotor can be operated
from 500 to 1600 rpm. The inner and outer radii of the rotor
are 1.3 and 5.5 cm, and the axial height of the rotor is 10.4
cm. The packing used is 0.22-mm diameter stainless steel
wire mesh, whose porosity and interfacial area are 0.962 and
598 m-1, respectively.

In the absorption process, 25 °C fresh water was pumped
into the RPB. The flow rate of water was from 0.2 to 0.7
L/min. An air stream was introduced into a bubbler
containing aqueous VOC and then diluted by another air
stream to the desired VOC concentrations. The VOC con-
centration in the inlet gas stream was maintained at 1600
ppm, and the gas flow rate was from 26.7 to 52.7 L/min. The
VOC concentration in the inlet and outlet gas streams were
measured by a gas chromatograph (Perkin-Elmer Autosys-
tem) equipped with a FID and a fused-silica capillary column
(Supelco 2–5349). Nitrogen was used as a carrier gas. The
temperatures of the injector, column, and detector were set
at 150, 150, and 200 °C, respectively. During our experimental
runs, it usually took 5–10 min to obtain a steady state by
monitoring the concentration in the outlet flow. The varia-
tions of the inlet and outlet concentration measurements
were (5% and (10%, respectively. The Henry’s constants
(Hy) of isopropyl alcohol, acetone, and ethyl acetate are 0.61,
2.38, and 7.45 (17, 18), respectively, and diffusion coefficients
(DG) are 9.9 × 10-6, 1.0 × 10-5, and 8.7 × 10-6m/s2, respectively
(19).

Results and Discussion
The derivation of mass transfer coefficients in a counter-
current-flow RPB has been demonstrated in the literatures
(2, 8). Because the flow in a countercurrent-flow RPB is mainly
in the radial direction, the concentration profile in the axial
direction is assumed to be homogeneous in these derivations.
However, in a cross-flow RPB, the concentration variation
in both radial and axial directions should be considered
because the gas flows in the axial direction while the liquid
flows in the radial direction. In this study, the mass transfer
coefficient was obtained according to the algorithm by Guo
et al. (15). To derive the design equation for a cross-flow
RPB, first consider a differential volume with cross-sectional
area 2πr dz and thickness dr, shown in Figure 1. The mass
balances of solute in this volume are shown in eqs 2 and 3.
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/- CG)2πr dr dz (3)FIGURE 2. Dependence of KGa on rotation speed at different
liquid flow rates for absorption of (a) isopropyl alcohol, (b)
acetone, and (c) ethyl acetate.
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FIGURE 3. Dependence of KGa on gas flow rate at different
rotational speeds for absorption of (a) isopropyl alcohol, (b)
acetone, and (c) ethyl acetate.

FIGURE 4. Dependence of KGa on liquid flow rate at different
rotational speeds for absorption of (a) isopropyl alcohol, (b)
acetone, and (c) ethyl acetate.
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It is suggested that the rotor could be divided into m sections
in both radial and axial directions, and the subscripts j and
k denote the jth and kth segment in the radial and the axial
directions, respectively. Then the parameters r, dr, dz, dCG

and dCL in eqs 2 and 3 can be expressed according to the
following equations.

r )
rj + rj-1

2
(4)

dr ) rj - rj-1 (5)

dz )
zb

m
(6)

dCG ) CGj,k - CGj,k-1 (7)

dCL ) CLj,k - CLj-1,k (8)

In eq 3, CG* is the equilibrium concentration associated with
the liquid concentration.

CGj,k
/ ) HCLj,k (9)

The overall mass balance is given by eq 10,

QGj(CGj,k - CGj,k-1) ) QLk(CLj-1,k - CLj,k) (10)

where QGjand QLk are defined by eqs 11 and 12.
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From eqs 9and 10, the equilibrium concentration associated
with the liquid concentration, CGj,k*, can be expressed as eq
13.

CGj,k
/ ) HCLj-1,k +

HQGj

QLk
(CGj,k-1 - CGj,k) (13)

Then, the concentrations in the liquid stream and gas stream
can be obtained by substituting eqs 4-8 and 11-13 into eqs
2 and 3, respectively,
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where V can be expressed by eq 16.
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The concentrations in the outlet liquid and gas streams of
the cross-flow RPB can be calculated as follows.
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By guessing a KGa value, the concentration profile in gas and
liquid streams in the rotor can be numerically obtained.
Therefore, by comparing the measured outlet concentrations
of gas and liquid against the calculated results, the gas-side
mass transfer coefficient, KGa, can be obtained by a trial-
and-error method.

TABLE 1. The Specifications of the RPBs, Packings, and the Operating Conditions Used in eq 19

Guo et al. (15) Lin et al. (16) This work

system
NH3-water
(absorption)

isopropyl alcohol-water
(absorption)

isopropyl alcohol, acetone, and ethyl
acetate-water (absorption)

dimensions of RPB
ri (cm) 3.2 1.3 1.6
ro (cm) 8.2 7.8 5.45
zb (cm) 20 10 10.4

packing type stainless steel wire mesh
at (1/m) 598a 1900 598
ε 0.96a 0.89 0.96
gas flow rate (L/min) 5000–15000 2500–5000 26–52
liquid flow rate (L/min) 8.3–33 4–10 0.2–0.7
rotational speed (rpm) 700–1500 800–1800 500–1600

a Estimated values.

FIGURE 5. Comparison of the experimental values of KGa with
the results calculated using eq 19.
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Depending on the gas rate, liquid rate, and rotational
speed, the removal efficiencies of isopropyl alcohol, acetone,
and ethyl acetate in a cross-flow RPB were in the ranges of
62–99, 55–98, and 25–92%, respectively. Figures 2-4 showed
the KGa values as a function of rotational speed, gas flow
rate, and liquid flow rate when the solutes were isopropyl
alcohol, acetone, and ethyl acetate. The dependence of KGa
on rotational speed at different liquid flow rates is shown in
Figure 2 for rotational speeds of 500, 800, 1200, and 1600
rpm, providing a centrifugal force ranging from 10 to 97g,
based on the arithmetic radius. As expected, the KGa values
increased with increasing rotational speed, implying that
centrifugal force could effectively reduce the mass transfer
resistance for the VOC absorption process in a cross-flow
RPB. It is found that KGa values increased with increasing
centrifugal force to the exponent of 0.245, which was similar
to the results provided by Liu et al. (5) (0.25) and Chen et al.
(2) (0.27) for a countercurrent-flow RPB. However, this
exponent was smaller than that reported by Lin et al. (16)
(0.26–0.56) for a cross-flow RPB and was different from the
observation of Guo et al. (15) that the mass transfer in a
cross-flow RPB was nearly not influenced by rotational speed
when centrifugal force was above 15g in a NH3-water
absorption process.

Figure 3 showed the dependence of KGa on gas flow rates
(26.7, 37.3, and 52.7 L/min) at different rotational speeds. It
is found in the figure that KGa increased with increasing gas
flow rate. This is because absorption of isopropyl alcohol,
acetone, and ethyl acetate by water was mainly a gas-side
controlled mass transfer process; a reduction of mass transfer
resistance would be expected by increasing gas rate. Figure
4 showed the dependence of KGa on liquid flow rates (0.2,
0.4, and 0.7 L/min) at different rotational speeds. It is shown
in the figure that increasing the liquid flow rate increased
the KGa values. This is probably because there was more
gas–liquid interfacial area, including the films on the packing
surface and the droplets in the bed voidage, when the liquid
flow rate increased. In addition, in Figures 2-4, it is noted
that the mass transfer coefficient for the isopropyl alcohol
absorption process was the highest, and that for the ethyl
acetate absorption process was the lowest. The same
characteristic was reported by Chen and Liu (2) and Lin et
al. (3) and may be attributed to the fact that the Henry’s
constant of isopropyl alcohol was the lowest and that of ethyl
acetate was the highest.

To test if the KGa data of our cross-flow RPB could be
estimated by eq 1 (a correlation of a countercurrent-flow
RPB) or not, a comparison was made, and it was found that
eq 1 could over-predict the experimental data of our cross-
flow RPB by up to 63%. Although with the lower mass transfer
coefficient in a cross-flow RPB, the cross-flow pattern with
the less tendency of flooding is believed to be capable of
handling the higher gas rate, such as in an industrial VOCs
absorption process.

Although Gou et al. (15) and Lin et al. (16) reported some
absorption characteristics, no design equation is currently
available for the mass transfer in a cross-flow RPB. Therefore,
the correlation shown below (eq 19) was developed to
correlate the overall mass transfer coefficient in the cross-
flow RPB, including the data of this study as well as those
reported in literatures (15, 16). The specifications and
operating conditions of the cross-flow RPBs used in this
correlation are summarized in Table 1.

KGa

DGat
2
) 0.0186ReG

0.389ReL
0.534GrG

0.245Hy
-0.185 (19)

The ranges of the dimensionless groups in eq 19 are 0.11
< KGa/DGat

2 < 34.10, 0.28 < ReL < 13.38, 5.52 < ReG < 1.52
× 103 and 1.19 × 104 < GrG < 2.97 × 105. In this equation,

it is found that the mass transfer coefficient increased with
gas flow rate, liquid flow rate, and rotational speed to the
powers of 0.389, 0.534, and 0.49, respectively, and decreased
with Henry’s constant to the power of 0.185. Figure 5 shows
the comparison between the experimental data and the
results calculated by eq 19. As shown in the figure, the
experimental data can be predicted well. Besides, it is also
found that the KGa values reported by Guo et al. (15) and Lin
et al. (16), which were 100-folds of our data mainly due to
their high gas rates, can also be reasonably estimated by eq
19.
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Appendix A

Nomenclature
ac centrifugal acceleration (m/s2)
at surface area of the packing per unit volume of the

bed (1/m)
CG concentration of solute in the gas stream (mol/L)
CG* equilibriumconcentrationassociatedwiththeliquid

concentration (mol/L)
CGj,k concentration of solute in the gas stream in dif-

ferential volume (mol/L)
CG,o concentration of solute in the outlet gas stream

(mol/L)
CL concentration of solute in the liquid stream

(mol/L)
CLj,k concentration of solute in the liquid stream in

differential volume (mol/L)
CL,o concentration of solute in the outlet liquid stream

(mol/L)
DG diffusion coefficient in gas (m2/s)
dp spherical equivalent diameter of the packing ) 6

(1 - ε) / atψ (m)
G gas mass flux ) QGFG / π(ro

2 - ri
2) [kg/(m2s)]

g gravitational force (m/s2)
H Henry’s constant [(mol/L)/(mol/L)]
Hy Henry’s constant [(mol/mol)/(mol/mol)]
KGa overall volumetric gas-side mass transfer coefficient

(1/s)
L liquid mass flux) QLFL / 2πzb(ro - ri)ln(ro / ri) [kg/

(m2s)]
m number of sections of the rotor
QG gas flow rate (m3/s)
QGj gas flow rate in differential volume defined as eq 11

(m3/s)
QL liquid flow rate (m3/s)
QLk liquid flow rate in differential volume defined as eq

12 (m3/s)
ri inner radius of the packed bed (m)
rj radial distance of the differential volume (m)
ro outer radius of the packed bed (m)
zb axial height of the packing (m)

Appendix B

Greek Letters
ε porosity of the packing (-)
µG viscosity of gas (Pa ·s)
µL viscosity of liquid (Pa ·s)
FG density of gas (kg/m3)
FL density of liquid (kg/m3)
ψ sphericity of packing (-)

Dimensionless Groups
GrG gas Grashof number ) dp

3acFG
2⁄ µG

2
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ReG gas Reynolds number ) G⁄ atµG
ReL liquid Reynolds number ) L⁄ atµL

Supporting Information Available
Additional figures of the calculated concentration profiles of
the fluids streams in a cross-flow RPB and the comparison
of its KGa and the overestimations by eq 1 (for the counter-
current RPB) are included in the Supporting Information.
This material is available free of charge via the Internet at
http://pubs.acs.org.
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