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Abstract  The removal of a volatile organic compound (VOC) from high viscous liquid was carried out in a rotat-
ing packed bed (RPB) in this study. The mixed liquid of syrup and acetone was used as simulated high viscous 
polymer solution with acetone as the volatile compound. The influence of the rotating speed of RPB, liquid viscos-
ity, liquid flow rate, vacuum degree, and initial acetone content in the liquid on acetone removal efficiency was in-
vestigated. The experimental results indicated that the removal efficiency increased with increasing rotating speed 
and initial acetone content in the viscous liquid and decreased with increasing liquid viscosity and flow rate. It was 
also observed that acetone removal efficiency increased with an increasing vacuum degree and reached 58% at a 
vacuum degree of 0.1 MPa. By the comparison with a flash tank devolatilizer, it was found that acetone removal ef-
ficiency in RPB increased by about 67%. 
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1  INTRODUCTION 

In the manufacture of a wide variety of polymers, 
the presence of impurities is very common, which are 
unwanted in final products. Such impurities typically 
include residual monomers, solvents that are used in 
the preparation of the polymers, and low molecular 
weight organic species such as dimers and trimers that 
may be formed during the polymerization process [1]. 
The removal of volatile compounds constitutes an 
important “unit operation” in the processing of poly-
meric materials. This operation is commonly referred 
to as “polymer devolatilization” since these com-
pounds in most cases are volatile relative to their 
polymeric hosts and usually deleterious in polymer 
applications [2]. These volatiles will adversely affect 
the final use of polymeric products since they change 
the taste, color, toxicity, or thermophysical properties 
of polymers through plasticization or depolymeriza-
tion [3]. For example, some polymers are used as food 
packaging where the migration of residual monomers 
from the polymer into the food will cause problems of 
undesirable odor, and/or flavor (taint). Thus, volatile 
impurity contents in polymers are strictly limited. 

In many industrial processes, a great number of 
apparatuses and methods for the removal of volatile 
compounds from polymers are used. The volatile 
compounds are commonly removed from polymers in 
its molten state through a sudden pressure reduction 
(application of vacuum [4-6]), which causes the vola-
tile compounds to be evaporated into a contiguous gas 
phase. Most equipment currently used to devolatilize 
polymer melts contains a rotating shaft for conveying 

and mixing. Examples are thin-film evaporators with 
pitched scraper blades [7-9], single-screw extruders, 
and twin-screw extruders [10-13], both corotating and 
counter-rotating types. The basic process elements, 
which comprise the active loci for devolatilization, are 
rotating melt pools and stationary melt layers or films 
in such equipment. Also, this kind of equipment is 
usually called “Surface Renewal Apparatuses”, which 
can increase mass transfer rate by enhancing the sur-
face renewal rate and forming thin-film, namely, ob-
tain better devolatilization efficiency in limited resi-
dence time. 

The surface renewal rate and liquid film thick-
ness in above equipment are affected by many factors, 
such as liquid viscosity and apparatus structure. The 
viscous liquid commonly includes low viscosity liquid 
(＜5 Pa·s), medium viscosity liquid (5-50 Pa·s), high 
viscosity liquid (50-500 Pa·s), and superhigh viscosity 
liquid (＞500 Pa·s) [14]. High and superhigh viscosity 
liquid usually has poor fluidity. Although increasing 
the liquid film thickness can enhance the fluidity of 
the liquid, it also increases the resistance of mass 
transfer, leading to a contradictory effect on devola-
tilization. Compared with above equipment, rotating 
packed bed (RPB) provides an ideal way to address 
this problem. Rotating packed bed is an apparatus 
consisting mainly of a packed rotator, which can en-
hance micromixing and mass transfer by the genera-
tion of a simulated high-gravity environment via the 
action of centrifugal force. Rotating packed bed has 
found a variety of applications, such as nanomaterials 
preparation [15-18], polymer devolatilization [19, 20], 
absorption [21-24], distillation [25], and ozone oxida-
tion [26, 27]. In RPB, high viscosity liquid flows rapidly 
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in the forms of droplets, threads, and thin-films with 
fast surface renewal rate, which is favorable for the 
mass transfer and the removal of volatile compounds 
[19]. In addition, the physical size of RPB can be dra-
matically reduced, and as a result, the investment and 
operating costs can also be reduced. 

Haw applied RPB to polymer devolatilization in 
the system of polystyrene/styrene/ethylbenzene with 
high viscosity (400 Pa·s) [19]. The devolatilization was 
performed at 260°C and at the pressure of 1333.22 Pa 
(10 mmHg), and the contents of styrene and ethyl-
benzene were reduced to less than 65×10－6 (65 ppm) 
and 16×10－6 (16 ppm), respectively. Yang et al. [20] 
used RPB for removing volatile compounds from a 
viscous liquid of less than 3 Pa·s, where a high pres-
sure gas was introduced into the RPB peripherally 
and/or a suction force source was connected to a posi-
tion near the rotation axis, so that a volatile compo-
nent contained in the viscous liquid was entrained in 
the gas counter currently flowing through the RPB, 
and thus the volatile component was removed from 
the viscous liquid. 

In this article, RPB was used for the removal of a 
volatile organic compound (VOC) from high viscous 
liquid with acetone as the VOC and syrup as the vis-
cous liquid. The effects of operating parameters on 
acetone removal efficiency were investigated. In addi-
tion, a comparison of devolatilization effects between 
RPB and a laboratory-scale flash tank was carried out. 

2  EXPERIMENTAL 

2.1  Materials 

Syrup containing 78% (by mass) of caramel and 
22% (by mass) of water (8-100 Pa·s at 12°C) was 
purchased from Beijing Caramel Factory. Acetone 
(A.R.) was obtained from Beijing Chemical Corpora-
tion and used as received. Acetone was selected as the 
volatile component for avoiding the azeotropy, as well 
as the good dissolvability of acetone in syrup. The 
viscosity of syrup was measured using a HAAKE 
RS150L Rheometer (Germany). 

2.2  Devolatilization 

The packed rotator in the RPB has an inner ra-
dius of 4.6 cm, an outer radius of 11 cm, and an axial 
length of 3 cm. As a result, the radial thickness and the 
volume of the rotator are 6.4 cm and 947 cm3, respec-
tively. Stainless wire mesh was used for the packing, 
which is composed of interconnected wires with a 
mean diameter of 0.22 mm and an average mesh di-
ameter of 4 mm. 

Figure 1 schematically depicts the experimental 
setup in this work. Rotating packed bed was con-
nected to a vacuum system and the pressure, in the 
range of 1325.22 Pa (9.94 mmHg) to atmospheric 
pressure, was measured using a set of manometers. 
The rotating speed was controlled by a frequency 

modulation device. The acetone and syrup solution 
was stored in a tank and driven by nitrogen gas to 
flow into the inner side of the rotator via a liquid dis-
tributor. Liquid stream moved outward through the 
packing under the action of the centrifugal force and 
was split into very small droplets, threads, and thin 
films, whereas acetone evaporated into the gas phase 
rapidly in this process. Finally, the liquid was col-
lected at the liquid outlet of the RPB under atmos-
pheric pressure. 

The devolatilization was performed at 12°C. The 
rotating speed varied from 556 to 1390 r·min－1 and 
the liquid flow rate from 44 to 164 ml·min－1, whereas 
the vacuum degree varied from 0.084 to 0.1 MPa. The 
initial content of acetone in syrup was maintained in 
the range of 0.33% to 0.81% (by mass) throughout all 
the experiments. 

2.3  Calculation of the volatile content and volatile 
removal efficiency 

The mass percent of acetone before and after de-
volatilization was measured using a spectrophotome-
ter (UV-2501PC, Shimadzu Corporation, Japan). The 
syrup and acetone solution was diluted by deionized 
water with the mass ratio of the solution to deionized 
water as 6 to 4. Acetone content was determined by 
UV-Vis absorption spectra of acetone at 265 nm and 
calculated by the following equation: 

( ) / 0.60.018 0.36C A= + × .        (1) 
Acetone removal efficiency is defined as follows: 
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3  RESULTS AND DISCUSSION 

3.1  Effect of rotating speed 

Figure 2 illustrates the effects of the rotating 

 
Figure 1  Experimental set-up for devolatilization 
1—RPB; 2—surge flask; 3—vacuum pump; 4—tank; 5—ni-
trogen inlet; 6—liquid inlet; 7—liquid outlet; 8—vacuum de-
gree control valve 
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speed on acetone removal efficiency. The vacuum de-
gree, initial acetone content in syrup, liquid flow rate, 
and viscosity were 0.0987 MPa, 0.66% (by mass), 100 
ml·min－1, and 70 Pa·s, respectively. It can be observed 
from Fig. 2 that acetone removal efficiency initially 
increased and then decreased with the increase of the 
rotating speed. 

The high viscous media were thrown outwards 
by the centrifugal force in the high-gravity environ-
ment of RPB in the form of microsized or nanosized 
films, threads, and droplets, leading to a significant 
increase of the gas-liquid contact area. The high-gravity 
environment also enhances the turbulent motion and 
the surface renewal rate of the fluid. The high-gravity 
level can be calculated by the following equation: 

2 2 2
1 22
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.         (3) 

Equation 3 illustrates that the high-gravity level 
depends strongly on the rotating speed of RPB and 
varies with the second power of the rotating speed. 

The residence time of liquid in the packing and 
the liquid film thickness decreased with the increase 
of the rotating speed, whereas acetone removal effi-
ciency increased with an increasing residence time or 
decreasing liquid film thickness due to the decrease of 
the diffusion distance. The liquid film thickness de-
creased quickly as the rotating speed increased at low 
rotating speed, overwhelming the unfavorable effects 
of the decrease of the residence time and leading to 
the increase of acetone removal efficiency. However, 
according to the result of Munjal [28], as the rotating 
speed increased at high rotating speed, the liquid film 
thickness remained almost unchanged due to the high 
viscosity and shearing strength inside the liquid film, 
whereas the residence time of liquid decreased sig-
nificantly, resulting in the decrease of acetone removal 
efficiency. 

Furthermore, the surface renewal of high viscous 
liquid is required for promoting mass transfer of the 
volatile compounds with a concurrent displacement of 
the equilibrium composition. The removal of dis-
solved gases from polymer melts is also commonly 
carried out as a physical separation process in which 
surface renewal rate has an important effect [29]. Since 

the surface renewal rate of the liquid was enhanced by 
increasing the rotating speed of RPB, better acetone 
removal efficiency resulted. 

3.2  Effect of viscosity 

Table 1 lists the effect of viscosity on acetone 
removal efficiency. The vacuum degree, initial ace-
tone content in syrup, rotating speed, and liquid flow 
rate were 0.0983 MPa, 0.79% (by mass), 1112 r·min－1, 
and 130 ml·min－1, respectively. 

Table 1  Effect of viscosity on acetone removal efficiency 

μ/Pa·s E/% 
8 53.9 

16.5 50.8 
100 42.6 

As shown in Table 1, acetone removal efficiency 
decreased with the increase of viscosity. The liquid 
film thickness in packing was calculated as follows [28]: 
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The liquid film thickness increased with the in-
crease of viscosity, which is unfavorable for the de-
volatilization. Furthermore, the diffusion resistance 
also increased with the increase of viscosity, resulting 
in the deterioration of acetone removal efficiency. 

3.3  Effect of liquid flow rate 

Figure 3 presents the effect of liquid flow rate on 
acetone removal efficiency. The vacuum degree, initial 
acetone content in syrup, rotating speed, and viscosity 
were 0.0986 MPa, 0.81% (by mass), 1112 r·min－1, 
and 100 Pa·s, respectively. It can be seen from Fig. 3 
that acetone removal efficiency decreased with an in-
creasing liquid flow rate. According to Fick’s first law 
of diffusion, the molecular diffusion rate of acetone is 
a constant at certain temperature, vacuum degree, liquid 

 
Figure 2  Effect of rotating speed on acetone removal effi-
ciency 
 

 
Figure 3  Effect of liquid flow rate on acetone removal 
efficiency 
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viscosity, and initial acetone content. The liquid film 
thickness increased as the liquid flow rate increased, 
leading to the increase of the mass transfer resistance of 
acetone and the decrease of acetone removal efficiency. 

3.4  Effect of vacuum degree 

Figure 4 indicates the effect of vacuum on ace-
tone removal efficiency. The initial acetone content in 
syrup, liquid flow rate, rotating speed, and liquid viscos-
ity were 0.71% (by mass), 59 ml·min－1, 834 r·min－1, 
and 70 Pa·s, respectively. It was observed from Fig. 4 
that the removal efficiency increased with the increase 
of the vacuum degree from 0.084 MPa to 0.1 MPa, 
where the saturated vapor pressure of acetone was 
higher than the pressure in RPB. It was observed that 
acetone removal efficiency increased with an increas-
ing vacuum degree and reached 58% at a vacuum de-
gree of 0.1 MPa. An increase in vacuum degree re-
duced the partial pressure of acetone in the gas phase, 
enhancing the driving force for acetone mass transfer 
from the liquid to the gas phase. 

 
Figure 4  Effect of vacuum degree on acetone removal 
efficiency 

As shown in Fig. 4, the sensitivity of acetone 
removal efficiency to the variations of vacuum degree 
at low vacuum degree was much lower than that at 
high vacuum degree. This may be attributed to the fact 
that the diffusion rate of acetone is slow and the diffu-
sion flux is low at low vacuum degree. As the vacuum 
degree increased, the diffusion rate of acetone in-
creased accordingly, leading to an increase in acetone 
removal efficiency. 

3.5  Effect of initial acetone content in syrup 

Figure 5 illustrates the effect of initial acetone 
content on acetone removal efficiency. The vacuum 

degree, liquid flow rate, rotating speed, and liquid 
viscosity were 0.098 MPa, 62.5 ml·min－1, 1112 r·min－1, 
and 100 Pa·s, respectively. It was found from Fig. 5 
that acetone removal efficiency increased with the 
increase of the initial acetone content in syrup. Since 
the viscous liquid was split into very small droplets, 
threads, and films when flowing through the packing, 
the mass transfer of acetone inside the liquid can be 
neglected and acetone diffusion process can be as-
sumed to carry out on the surface of liquid film, and 
acetone is removed immediately by the vacuum when 
entering the gas phase. The increase of acetone content 
enhanced the driving force for mass transfer on liquid 
film surface and boosted acetone removal efficiency. 

3.6  Comparison of devolatilization effects of RPB 
and flash tank 

Flash tank devolatilizer, devolatilizing extruder, 
and heavy-duty, wiped-film evaporator are commonly 
used to perform devolatilization. Among these three 
apparatuses, the flash tank devolatilizer has the sim-
plest structure and been widely used commercially [4]. 
A flask equipped with a vacuum pump, agitating de-
vice, and temperature controller was used as a flash 
tank devolatilizer to compare with RPB for devola-
tilization effects. As shown in Table 2, acetone re-
moval efficiency enhanced significantly from 6.1% 
(by mass) in the flash tank to 10.2% (by mass) in RPB, 
an increase by about 67%, indicating that RPB can 
boost the removal efficiency of volatile compounds 
from polymers and is an excellent apparatus for poly-
mer devolatilization. 

4  CONCLUSIONS 

This work has investigated the devolatilization of 

Table 2  Comparison of devolatilization effects of RPB and flash tank 

 T/°C μ/Pa·s P/MPa N/r·min－1 Rd/ml·min－1 C0/% E/% 

flash tank 12 70 0.0975 100 60 0.68 6.1 
RPB 12 70 0.0975 834 63.6 0.68 10.2 

 
Figure 5  Effect of initial acetone content in syrup on ace-
tone removal efficiency 
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high viscous liquid in RPB using acetone as the vola-
tile compound and syrup as the viscous liquid. Ex-
perimental results indicated that RPB boosted the re-
moval efficiency of volatile compound because the 
desorption of the volatile compound from the viscous 
liquid was enhanced due to the increase of the surface 
renewal rate of the liquid and the decrease of the mass 
transfer resistance of the volatile compound, which 
resulted from the very small liquid droplets, threads, 
and films generated in the packed rotator. By the 
comparison with the laboratory-scale flash tank de-
volatilizer, it was found that the removal efficiency of 
acetone in RPB increased by about 67%. These results 
demonstrated that RPB could be used as an ideal de-
volatilizer for volatile compound removal from high 
viscous liquid. 

NOMENCLATURE 

A height of the absorption peak of acetone at 265 nm in UV-Vis spectra 
C mass percent of acetone in the sample, % 
Cin mass percent of acetone in the inlet liquid stream, % 
Cout mass percent of acetone in the outlet liquid stream, % 
E acetone removal efficiency, % 
gr high-gravity degree, m·s－2 
h liquid film thickness, cm 
N rotating speed, r·min－1 
P vacuum degree, MPa 
Q liquid flow rate per unit width on a flat surface, cm2·s－1 
Rd devolatilization rate, ml·min－1 
r radial distance, cm 
r1 inner radius of packing, m 
r2 outer radius of packing, m 
T temperature, °C 
μ liquid viscosity, Pa·s 
νL kinematic viscosity, cm2·s－1 
ω rotational speed, rad·s－1 
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