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Abstract
The removal of H2S from copper smelting contaminated acid using sodium hydroxide (NaOH) as absorbent was investigated
in a RPB reactor. The influences of operating parameters were assessed on the removal efficiency of H2S (E) and overall
volumetric gas side mass transfer coefficient (KGa). The results illustrate that E and KGa increased with increase in high
gravity factor, flow rate and concentration of sodium hydroxide while decreased with increase in mass concentration of H2S
in feed gas. With increase in H2S gas flow rate, E was found to decrease while KGa was found to increase. The increase in
the temperature of absorption did not show any significant effect on E and KGa. The KGa of the rotating packed bed reactor
was about 30 times higher than the conventional packed bed at similar gas liquid throughputs. The superior performance of
RBP certainly demands further investigation, process development, scale-up for economical commercial adoption.
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1 Introduction

The large quantities of sulfur dioxide in the smoke and vapor
exhaust from copper smelting process are normally used
for acid production. Gas washing is necessary before acid-
making stepwhich generates acid wastewater. Due to its high
acidity, smelting enterprises generally refer it as “contami-
nated acid”. The contaminated acid contains high concen-
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tration of fluorine, chlorine, arsenic and copper, zinc, lead,
cadmium and other metals. The sulfide precipitation method
has widely been used in treatment of contaminated acid
due to high-efficiency and simplicity of operation. The sul-
fide precipitation process unfortunately generates significant
quantities of H2S as byproduct, due to the reaction of sodium
sulfide with sulfuric acid [1]. Generation of H2S is a serious
HSE issue, and hence it is imperative to properly handle and
treat H2S, satisfying safety/environmental regulations.

Separation of H2S from mixture of gas streams also
owes its relevance to gas processing and petroleum refin-
ing operations. Natural gas consists of large proportion of
H2S while the liquid crude contains sulfur attached to hydro-
carbons in various forms. The hydro-treating operations in
the petroleum refineries convert sulfur to H2S, while the
gas processing industries separate H2S from the hydrocar-
bons. Handling H2S is of serious HSE concern as it is an
extremely toxic gas even at very low concentrations. Differ-
ent technologies are utilized for separation of H2S of which
amine absorption using mono-, di- or tri-ethanolamines is
considered cost effective and adopted widely in gas pro-
cessing industries. Additionally separation of H2S is also
effected through absorption with NaOH, with reference to
the electrochemical conversion of Na2S to elemental sul-
fur [2–6]. In the alkali absorption process, H2S would react
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with the NaOH to produce the Na2S, which precipitate as
sulfideutilizing the contaminated acid.Alkali absorptionpro-
cess can either be carried out in a packed tower or a plate
tower. The effectiveness of gas liquid absorption process is
governed by the solubility and the kinetics of transfer. The
economics of gas liquid separation in turn depends on these
two factors. A faster transfer rates can significantly alter the
economics as the column size can be considerably reduced.
So as to increase the transfer rates recent process intensifi-
cation efforts include utilization of as membrane contactors,
microchannel reactors and rotating packed beds [7–12].

The rotating packed bed (RPB) reactor rotates at high
speed with doughnut-shaped packing driven by a motor,
which accounts for increased specific surface area of the
liquid [13–16]. The mass transfer rates were reported to
improve up to 3 orders of magnitudes as compared to con-
ventional gas liquid absorption operations in packed towers.
Recently, RPBhas been increasingly tested for its application
for distillation [17], VOCs absorption [18], CO2absorption
[19], O3absorption [20], ozonation[21], reactive precipita-
tion [22], and stripping [23].

The present work attempts to separate H2S produced from
copper smelting process by sodium hydroxide (NaOH) solu-
tion utilizing a RPB reactor. The influences of operating
parameters on the removal efficiency of H2S (E) and over-
all volumetric gas side mass transfer coefficient (KGa) were
estimated, so as to assess its effectiveness in comparisonwith
conventional methods.

2 Experimental Section

2.1 Materials and Setup

The H2S used in experiments was provided by Yunnan Cop-
per (Group) Co., LTD. The sodium hydroxide solution was
purchased from Jilantai Chlor-Alkali Chemical Co., LTD.

Figure 1 is the schematic of the experimental setup for
hydrogen sulfide removal from copper smelting acid gases
using high gravity method. Its major components include an
RPB, a contaminated acid tank, a blower, a drying system,
a liquid feed pump, a liquid heater, two H2S analyzer and
other auxiliary equipment. The RPB was packed with Teflon
mesh, which serve as the packing material enhancing the
contact between the gas and liquid phase. The RPB dimen-
sions and the range of experimental conditions are shown in
Table 1. The influences of high gravity factor (β) were esti-
mated using the high gravity field strength, rω2/g, where
g is gravity acceleration, and r and ω represent the average
radius and rotational velocity of the RPB rotator, respec-
tively.Thevolumeof theRPBabsorption column is estimated
using π(r21 −r22 )ZB, where r1, r2, and ZB represent the outer

radius, inner radius, and axial height of the packed bed rota-
tor, respectively.

2.2 Experimental Procedure

The H2S bearing gas drawn by blower from copper smelting
contaminated acid tank after drying and metering is allowed
to enter from the outer edge to center of the rotating packed
bed, while the sodium hydroxide solution was sprayed from
center to the outer edge of the rotating packedbed.Gas–liquid
phase flowed in the opposite direction forming a counter-
current packed bed rotator. The concentration of H2S was
measured by online hydrogen sulfide analyzer.

The contaminated acids are stored in a tank having dimen-
sion of 6m diameter, height of 8m. The liberation of H2S
was initiated by charging a dose of Na2S. Sufficient time was
allowed for the reaction to complete and to generate sufficient
quantity ofH2Sat knownconcentration.The concentrationof
H2Swas estimated using the online H2S analyzer. A constant
concentration and flow rate of H2S release from the acid tank
were ensured throughout the duration of single experiment.

The removal efficiency of H2S in the rotating packed bed
is defined as

E = C1 − C0

C1
× 100% (1)

where E is the removal efficiency of H2S, C1 and C0 are
the concentrations of H2S in inlet and outlet gas streams,
respectively.

The experimental overall volumetric gas side mass trans-
fer coefficient (KGa) of the rotating packed bed is evaluated
using the equation given below [24]

kGa = −QG

π
(
r21 − r22

)
ZB

ln [1− E] (2)

where, QG represent the volumetric flow rate of gas, and E
is the removal efficiency of H2S, respectively.

3 Results and Discussion

3.1 Effect of High Gravity Factor on Removal
Efficiency of H2S

Figures 2 and 3 show the dependence of removal efficiency of
H2S (E) and overall volumetric gas side mass transfer coef-
ficient (KGa) with high gravity factor for two different gas
flow rates. An increase in the high gravity factor was found to
increase with the E and KGa. The rate of increase was higher
until high gravity factor of 60, while beyond was found to
reach an asymptote. An increase in high gravity factor could
possibly provide smaller liquid droplet, a thinner liquid film,
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Fig. 1 Scheme of experimental setup

Table 1 Design and operating
conditions of packed bed and
rotating packed bed

Items Units RPB

Inner radius of the packed bed (r2) m 0.02

Outer radius of the packed bed (r1) m 0.115

Average radius of the packed bed (ravg) m 0.0675

Axial height of the packed bed (ZB) m 0.045

Volume of the packed bed (VB) m3 0.00181

Specific area of packing per unit volume of a packed bed (ap) m2/m3 960

Porosity (ε) 92%

Rotational speed rpm 300–1200

The influences of high gravity factor (β) 6.66–106.6

absorbent temperature (T) K 293–333

concentration of sodium hydroxide (CNaOH) mol/L 0.3–1.5

mass concentration of H2S in feed gas (CH2S) mg/m3 500–3000

Gas flow rate (QG) m3/h 1–11

Liquid flow rate (QL) L/h 10–70

QG/QL ratio 18–300

and diffusion depth, contributing to an enhancement in the
mass transfer rate. However, on the other hand an increase in
the high gravity factor would reduce the residence time of the
phases that would reduce the mass transfer rate. The effect of
increase in mass transfer rate due to gravity factor was offset
by the decrease in the mass transfer rate due to the reduction
in residence time results in an asymptote beyond the critical
gravity factor. Considering the high absorption efficiency, the
optimal gravitational factor can be considered as 80.

3.2 Effect ofQG on Removal Efficiency of H2S

Figures 4 and 5 present the dependences of removal effi-
ciency of H2S (E) and overall volumetric gas side mass
transfer coefficient (KGa) on the gas flow rate for two grav-
ity factors. An increase in the gas flow rate was found to
decreaseEwhile the KGa was found to increase. An increase
in the gas flow rate is expected to increase the mass transfer
rate (reduced mass transfer resistance) on account of better
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Fig. 2 Removal efficiency of H2S at varied β

Fig. 3 Overall volumetric gas side mass transfer coefficient at varied β

[C1: 1500mg/m3, QL: 55L/h, CNaOH: 1.2mol/L and T: 298K]

turbulence (Reynolds number) while a reduction in E could
be attributed to the combined effect of increase load and
reduction in the residence time of the phased due to high
mass flow rate. The rate of KGa increase is faster at low
gas flow rates while it was slower at higher gas flow rates.
This again could be attributed to the relative magnitude of
the two opposing effects discussed above. The relative mag-
nitude of Q and E in Eq. 2 governs the rate of increase of
KGa. Based on the high absorption efficiency at lower gas
flow rates, a gas flow rate of 3m3/h can be considered opti-
mal.

3.3 Effect ofQL on Removal Efficiency of H2S

Figures 6 and 7 show the dependence of removal efficiency
of H2S (E) and overall volumetric gas side mass transfer

Fig. 4 Removal efficiency of H2S at varied gas flow rate

Fig. 5 Overall volumetric gas side mass transfer coefficient at var-
ied gas flow rate: [H2S concentration of 1500mg/m3, QL of 55L/h,
sodium hydroxide concentration of 1.2mol/L and absorbent tempera-
ture of 298K

coefficient (KGa) on QL for two different gravity factors.
An increase in the liquid flow rate was found to increase E
and KGa. An increase in the liquid flow rate is expected to
reduce the liquid phase mass transfer resistance due to faster
surface renewal contributing to an increase in the gas absorp-
tion. The higher gas absorption is reflected with an increase
in the KGa. Although the absorption efficiency increased
due to decrease in liquid phase resistance, the concentration
of the liquid leaving the absorption system could be lower
demanding higher energy for regeneration. Considering the
high absorption efficiency, the optimal liquid flow rate can
be considered as 55L/h.
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Fig. 6 Removal efficiency of H2S at varied liquid flow rate

Fig. 7 Overall volumetric gas side mass transfer coefficient at var-
ied liquid flow rate: H2S concentration of 1500mg/m3, QG of 3m3/h,
sodium hydroxide concentration of 1.2mol/L, and absorbent tempera-
ture of 298K

3.4 Effect of SodiumHydroxide Concentration on
Removal Efficiency of H2S

Figures 8 and 9 show the dependence of removal efficiency
of H2S (E) and overall volumetric gas side mass transfer
coefficient (KGa) on sodium hydroxide concentration at two
different liquid flow rates. An increase in the NaOH con-
centration is found to increase in E and KGa, attaining
a maximum at concentration of 1.2mol/L. An increase in
the concentration of the absorbent (NaOH) is expected to
increase in the liquid phase concentration driving force and
hence a higher liquid phase transfer rate. An increased liquid
side transfer rate contributes to an increase in the gas phase
absorption efficiency andmass transfer coefficient. Consider-
ing the increaseE and KGa attaining amaximum at 1.2mol/l,

Fig. 8 Removal efficiency of H2S at varied NaOH concentration

Fig. 9 Overall volumetric gas side mass transfer coefficient at varied
NaOH concentration: high gravity factor of 80, H2S concentration of
1500mg/m3, QG of 3m3/h and absorbent temperature of 298K

it can be considered as the optimal liquid phase concentra-
tion.

3.5 Effect of H2 S Concentration on Removal
Efficiency of H2S

Figures 10 and 11 display the dependence of removal effi-
ciency of H2S (E) and overall volumetric gas side mass
transfer coefficient (KGa) with H2S concentration at two
different NaOH liquid flow rates. An increase in the H2S
concentration is found to decrease E as well as KGa. The
reduction in absorption efficiency with increase in the con-
centration of H2S seems to contract the basic principles of
mass transfer from outlook. An increase in the concentration
of absorbate is expected to increase the concentration driv-
ing force and hence should contribute to an overall increase
in the transfer rate. Although the %E decreases, an over-
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Fig. 10 Removal efficiency of H2S at varied H2S concentration

Fig. 11 Overall volumetric gas side mass transfer coefficient at varied
H2S concentration: high gravity factor of 80, NaOH concentration of
1.2mol/L, QG of 3m3/h and absorbent temperature of 298K

all mass balance clearly indicates the transfer rates increase
with increase in the H2S concentration. For example, the net
amount of H2S transferred is about 2400mg of H2S at an
initial concentration of 3000 mg/m3 as compared to 1350mg
at an initial concentration of 1500mg/m3, although the%E is
80% for initial concentration of 3000mg/m3 while it is 90%
for an initial concentration of 1500mg/m3. The definition of
KGa is such it depends on%E and gas flow rate which reflect
the trend of %E.

3.6 Effect of Absorbent Temperature on Removal
Efficiency of H2S

Figures 12 and 13 exhibit the dependence of removal effi-
ciency of H2S (E) and overall volumetric gas side mass
transfer coefficient (KGa) on absorbent temperature at two
different gravity factors.An increase in the absorbent temper-

Fig. 12 Removal efficiency of H2S at varied solution temperature

Fig. 13 Overall volumetric gas side mass transfer coefficient at varied
solution temperature: H2S concentration of 1500mg/m3, NaOH con-
centration of 1.2mol/h, QG of 3m3/h and QL of 55L/h

ature is not found to significantly affect E KGa. An increase
in the temperature of absorbent is expected to increase the
transfer rates on the one hand due to higher diffusional rates,
and favorable physical properties while on the other hand
would reduce the solubility of absorbate in the absorbent.
The effects contradict each other result in insignificant effect
on the absorption efficiency and the gas phase mass transfer
coefficient.

3.7 Comparison of Rotating Packed Bed and
Traditional Tower

Attempt was made to assess the effectiveness of the RPB
absorption system in comparison with the conventional
packed bed absorbers. The comparison of the equipment
dimensions and operating parameters is provided in Table 2.
A comparison of the E and KGa in the rotating packed bed
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Table 2 Comparison of mass
transfer between rotating packed
bed and traditional tower

Items Packed tower RPB

Inner radius of a packed bed (r2), m 0.02

Outer radius of a packed bed (r1), m 0.75 0.115

Axial height of a packed bed (ZB), m 4 0.045

Volume of a packed bed, m3 7.069 0.00181

Specific area of packing per unit volume of a packed bed 2400 960

Absorbent temperature, K 298 298

High gravity factor 80

H2S concentration, mg/m3 1500 1500

NaOH concentration, mol/L 1.2 1.2

Gas flow rate, m3/h 600 3

Liquid flow rate, L/h 12,000 55

QG/QL ratio 50 54.5

E 86% 95.2%

KGa, 1/s 4.6× 10−2 1.4

and a conventional packedwasmade at similar QG/QL ratio,
ensuring similarity of throughput. The removal efficiency of
H2S for the RPB was found to be higher by 10% while the
KGa was found to be 30 times higher. Additionally it should
be noted that the conventional packed dimension is several
orders ofmagnitude higher than theRPB, requiring far higher
capital cost while the RPB would demand an increased oper-
ating cost due to the generation of high gravity factor. The
literature shows that RPB has the advantages of high mass
transfer efficiency, small equipment footprint and low run-
ning cost [25–27].

The rate of mass transfer between gas and liquid in RPB
is 1–3 orders of magnitude larger than that of conventional
method, resulting in a dramatic reduction of reaction time.
RPB is also regarded as an ideal reactor since it is able to
greatly intensify micromixing of fluids, and the rate of mass
transfer in a RPB is much larger than that of traditional
methods[28–30]. Therefore, the profits of RPB are much
higher.

4 Conclusions

The removal of H2S from copper smelting contaminated acid
using sodium hydroxide (NaOH) as absorbent was inves-
tigated in a RPB reactor. The major conclusion can be
summarized as follows:

1. KGa increased with increase in high gravity factor,
absorbent and absorbate flow rate and concentration of
sodium hydroxide while decreased with increase in mass
concentration of H2S in feed gas.

2. E increased with increase in high gravity factor, flow rate
and concentration of sodium hydroxide while decreased

with increase in flow rate and mass concentration of H2S
in feed gas.

3. The increase in the temperature of absorption did not
show any significant effect on E and KGa.

4. The KGa in the rotating packed bed reactor was about 30
times higher than the conventional packed bed at similar
gas liquid throughputs.

5. H2S removal efficiency is about 95.2% which could
be achieved at a gravity factor of 80, gas flow rate of
3m3/h1, liquid flow ratio of 55L/h, concentration of
sodium hydroxide of 1.2mol/L, mass concentration of
H2S lower than 1500mg/m3, at a temperature of 298K.
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