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bstract

Zn–Mn based sorbents supported on SiO2, �-Al2O3 and ZrO2, prepared by the incipient wetness impregnation method with calcination at 973 K
ere investigated for the removal of H2S from coal derived gas at the temperature ranges of 773–973 K. Results reveal that the SiO2 and ZrO2

upports exhibit the better performance because better removal efficiency. The addition of manganese effectually improves the vaporization of zinc.
n addition, some operating parameters were also considered in order to understand as well as screen the suitable conditions for the development of
n–Mn based sorbents on the removal of H2S. Over 98% sorbent utilization was established for the use of SiO2 at 873 K. On the other hand, within

he 5–15 wt% of Zn–Mn oxides, no significant change in the sorbent utilization was observed. Up to 30 wt% the sorbent utilization decreased
lightly compared to lower contents, which may be attributed to the deficient dispersion. With increasing the H concentration, the sorbent utilization
2

ecreases and an adverse result is observed in the case of increasing CO concentration. The relationship between CO and H2 could be explained
ia the water–gas shift reaction. Moreover, the apparent activation energy and frequency factor as well as the predicted results were studied with a
eactivation model. The results of regression fitting reveal the accurate prediction breakthrough behaviors for the removal of H2S.

2007 Elsevier B.V. All rights reserved.
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. Introduction

Coal is the most plentiful energy resource in the world and
ontinues to be the major fuel utilized by electric power plants
1]. In past decades, conventional coal-fired systems such as
ressurized fluidized bed combustion (PFBC) and low emission
oiler system (LEBS) were the main power generation systems.
n these systems, more than 60% of the energy originally present
n the coal is wasted during the process and an efficiency of only
0–35% can be realized. To achieve the goals of higher effi-
iency, less pollution and lower costs, another advanced electric
ower generation system, integrated gasification combined cycle
IGCC), has lately been receiving the most attention. During the

oal gasification process, sulfur is primarily transformed into
ydrogen sulfide and blends with syngas. Prior to syngas being
sed to generate electric power, hydrogen sulfide needs to be
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emoved to protect the equipment used later in the process and
o meet strict government regulations for sulfur emissions.

Many commercial treatment techniques have been devel-
ped for removal of H2S. Conventional treatment methods are
dsorption by activated carbon, condensation, chemical oxida-
ion, incineration or catalytic combustion and wet absorption
2–6]. Among these treatment techniques, adsorption and wet
bsorption techniques have been used most frequently. How-
ver, the disadvantage of these commercial techniques for the
urification of coal gas is that hot coal gas must be cooled down
o ambient temperature and then preheated to a high temperature
efore it is fed into the gas turbine. This significantly decreases
he thermal efficiency of the system.

The high temperature desulfurization technique has received
great deal of attention because this method reduces H2S down
o 10 ppm as well as prevent heat loss [7–9]. The basic high
emperature desulfurization reaction scheme may be represented
s follows:

O + H2S → MS + H2O (1)

mailto:chuhsin@mail.ncku.edu.tw
dx.doi.org/10.1016/j.jhazmat.2007.01.018
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Nomenclature

a activity of the solid reactant
Q0 gas flow rate (m3 min−1)
C outlet concentration of H2S (kmol m−3)
C0 inlet concentration of H2S (kmol m−3)
kd deactivation rate constant (min−1)
k0 initial sorption rate constant (m3 kg−1 min−1)
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W active species mass (kg)

here MO and MS are the metal oxide and metal sulfide, respec-
ively.

Zinc oxides are known as one of the metal oxides that have
he favorable thermodynamic for H2S removal and continu-
usly to be major sorbents. It is still a hot metal oxide for the
emoval of H2S and is modified by adding Ti or other metals
n order to improve its disadvantages [10–12]. Unfortunately,
espite its attractive thermodynamic property, the reduction of
nO and subsequent vaporization of elemental zinc present a
erious problem when the temperature is up to 823 K [13–15].
lthough the vaporization of zinc overcomes by adding Fe or Ti,

ome disadvantages such as extensive spalling and cracking of
ellet remain serious problem for the development of zinc-based
orbents.

In this study, zinc–manganese based sorbents coated on dif-
erent support materials were prepared and further evaluated to
est their performance on the removal of H2S in a fixed-bed reac-
or ranged from 773–973 K. In addition, the characterizations of
he zinc–manganese based sorbents were identified by an X-
ay powder diffraction spectroscopy and nitrogen adsorption to
btain more information for the development of new sorbents.

. Experimental

.1. Preparation of zinc–manganese oxides

The support materials used for the sorbent preparation were
ure commercial products �-Al2O3, SiO2 and ZrO2. The powder
f the supports was shattered and sieved to the required mesh size
30–50 mesh) before being mixed with metal aqueous solutions.
he metal oxide sorbents were prepared by the incipient wetness

mpregnation method using aqueous metal nitrate solutions.
The appropriate amounts of the metal nitrate salts were added

n de-ionized water and mixed with commercial supports. After
mpregnation the samples were dried for 2 h at room tempera-
ure followed by drying for 1 day at 393 K in an oven. Finally,
amples were calcined at 973 K for 8 and 2 h in airflow condi-
ions, respectively. The composition of the prepared sorbent was
wt% ZnMn2O4.

.2. Removal experiment
The removal experiment of this study was carried out using
bench-scale fixed-bed system reactor near atmospheric pres-

ure. The experimental system consisted of three parts: (1) a coal

2

e
t
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asified gas simulation system; (2) a desulfurization reactor sys-
em; and (3) an exiting gas analyzing system. The composition
f the simulation coal gas involved was 1 vol% H2S, 25 vol%
O, 15 vol% H2, and 59 vol% N2, which is close to the typical
oal gasifier gas. Gases were supplied from gas cylinders and
ow rates were monitored through mass flow controllers. All
ass flow controllers were monitored accurately by an IR soap

ubble meter and the concentration of all species calculated at
he condition of STP. Prior to entering the reactor the gases were
onducted in a mixing pipe to confirm that the mixture gas was
urbulent flow. The reactor consisted of a quartz tube, 1.6 cm
.d., 2.0 cm o.d., and 150 cm long, located inside an electric fur-
ace. Quartz fibers were set in the reactor in order to support
he sorbents. Weight hourly space velocity (WHSV) was set at
000 ml h−1 g−1 to avoid severe pressure drops and channeling
ow effect, and provided enough retention time for sorbent with
2S. Two K-type thermocouples were inserted exactly into the

eactor near the positions on the top and bottom of the sorbent
acking to measure and control the inlet and outlet tempera-
ures. Before sorption proceeding, a pure nitrogen gas (purity
9.99%) was fed into the reactor for 30 min at 773 K in order
o remove adsorbed water and impure materials, which coated
n the surface of the sorbent. In addition, blank breakthrough
xperiments were also executed under the same conditions and
erified that no reaction was taking place anywhere between
2S and the lines/reactor. The inlet and outlet concentration of
2S was analyzed by an on-line gas chromatograph (Shimadzu,
C-14B) equipped with a flame photometry detector (FPD) and
tted with a GS-Q capillary column. A six-port sampling with
.5 mL sampling loop was used to sample the inlet and outlet
oncentration of H2S. The removal experiment was terminated
hen the outlet H2S concentration from the reactor approached

he inlet concentration of H2S. In this study, the breakthrough
ime was defined as the time from the beginning of the sorption
o the point outlet H2S concentration reached 100 ppm.

.3. Characterization of zinc–manganese based sorbent

.3.1. X-ray powder diffraction spectroscopy
Crystalline structures of zinc–manganese based sorbent

efore and after reaction were determined by X-ray powder
iffraction (RIGAKU Model D/MAX III-V) with Cu K� radi-
tion. The applied current and voltage were 30 mA and 40 kV,
espectively. The diffraction patterns were recorded from 3 to
0◦ by using a scan rate of 3◦ min−1.

.3.2. Surface area analysis
The surface area was measured with a Micromeritics ASAP

010 instrument using adsorption of nitrogen at 77 K. Prior to
dsorption measurements, the samples were degassed under a
acuum of 5 �m Hg at 373 K for 2 h. The surface area was
alculated by the BET equation.
.3.3. Elemental analysis (EA)
Elementar vario EL III Heraeus CHNOS Rapid F002,

quipped with a flash combustion furnace and thermal conduc-
ivity detector (TCD) was used for sulfur determination.
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Table 1
Concentrations of zinc and manganese along with the recovery coated on the
different supports after calcination process

Sample Contents of Zn and
Mn (g kg−1 sorbent)

Recovery (%)

5% ZnMn2O4/�-Al2O3

Zn 13.7 100.7
Mn 23.4 101.7

5% ZnMn2O4/SiO2

Zn 13.4 98.5
Mn 23.7 103.1

5% ZnMn2O4/ZrO2

Zn 13.2 97.1
Mn 23.7 103.0

P
P

3

3

o
u
t
o
e
no vaporization or loss was observed for three supports after
calcination processes.

The H2S breakthrough curves for Zn–Mn oxide sorbents
coated on different supports are shown in Fig. 1. The SiO2 is
36 T.-H. Ko et al. / Journal of Haza

.3.4. Analysis of zinc and manganese
The zinc–manganese based sorbents were digested with aqua

egia solution in a microwave oven. After the digestion, filtra-
ion and dilution processes, the extracted solution was analyzed
y inductively coupled plasma atomic emission spectrometry
ICP/AES, JY38P model, JOBIN YVON) for the determination
f the concentration of zinc and manganese.

.4. Deactivation model for kinetic study

The formation of a dense product layer over the solid reac-
ant creates an additional diffusion resistance and is expected
o cause a drop in the reaction rate. One would also expect it
o cause significant changes in the pore structure, active surface
reas and activity per unit area of solid reactant with reaction
xtent. All of these changes cause a decrease in the activity of
he solid reactant with time. As reported in the previous litera-
ures, the deactivation model works well for gas–solid reactions
16–18]. In this model, the effects of the factors on the diminish-
ng rate of sulfur fixation were combined in a deactivation rate
erm. To simulate the removal of H2S by sorbents, the following
ssumptions were made:

1) The sulfidation is operated under isothermal conditions.
2) The external mass-transfer limitations are neglected.
3) The pseudo-steady state is assumed.
4) The deactivation of the sorbent is first-order with respect to

the solid active sites, while zero-order for the concentration
of H2S and can be described as follows:

−da

dt
= kdC

man ⇒ a = a0 exp(−kdt) (m = 0, n = 1)

(2)

With the pseudo-steady state assumption, the isothermal
species conservation equation for the reactant gas H2S is
expressed as follows:

−Q0
dC

dW
− k0Ca = 0 (3)

Integrating Eq. (3), the following equation can be obtained

∫ C

C0

dC

C
= −

(
k0a

Q0

) ∫ W

0
dW ⇒ ln

(
C

C0

)
=−

(
k0a

Q0

)
W

(4)

Combining with Eqs. (2) and (4), Eq. (5) can be obtained

C = C0 exp

[
−k0W

Q0
exp(−kdt)

]
(5)

Arranging Eq. (5), the following can be obtained:
ln

[
ln(

C0

C
)

]
= ln

(
k0W

Q0

)
− kdt (6)

Thus, if ln[ln C0/C] is plotted versus time, a straight line
should be obtained with a slope equal to −kd and intercept
giving ln[k0W/Q0], from which k0 can be obtained.

F
t
1
c

reparation concentration of zinc: 13.6 g kg−1 sorbent.
reparation concentration of manganese: 23.0 g kg−1 sorbent

. Results and discussion

.1. Effect of supports on the removal of H2S

To investigate the effect of support materials on the removal
f H2S, three support materials SiO2, �-Al2O3 and ZrO2 were
sed to prepare the sorbents. To prepare 5 wt% of ZnMn2O4,
he molar ratio of Zn:Mn was fixed at 1:2 and the concentrations
f Zn and Mn were analyzed by ICP/AES (Table 1). As
xpected, the recoveries of Zn and Mn were fairly good, and
ig. 1. Experimental breakthrough curves as a function of duration time for
he Zn–Mn based sorbents coated on various supports at 873 K; inlet H2S,
0,000 ppm; CO, 25%; H2, 15%; N2, 59%; WHSV, 6000 ml h−1 g−1; 5 wt%
ontent ZnMn2O4.
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Table 2
BET surface areas and the pore volume structures of the sorbents coated on
different supports after 8 h calcination processes

Sample BET surface
area (m2 g−1)

Pore volume
(cm3 g−1)

Average pore
diameter (nm)

5
5
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Fig. 2. Sorbent utilizations vs. the reaction temperatures for the Zn–Mn based
sorbents and blank experiments. Inlet H2S, 10,000 ppm; CO, 25%; H2, 15%;
N2, 59%; WHSV, 6000 ml h−1 g−1; 5 wt% content ZnMn2O4.

Table 3
Concentrations of zinc and manganese along with the recovery coated on the
SiO2 after removal of H2S at different temperatures

Sample Contents of Zn and
Mn (g kg−1 sorbent)

Recovery (%)

773 K
Zn 13.5 99.3
Mn 23.4 101.7

873 K
Zn 13.7 100.7
Mn 23.6 102.6

973 K
Zn 12.7 93.4

P
P

capacities were investigated and tabulated in Table 4. The theo-
retical sulfur capacity was based on the contents of Zn and Mn
determined by ICP analysis. The experimental sulfur capacity
was determined based on the experimental breakthrough results.

Table 4
Sulfur capacities of Zn–Mn based sorbents after removal of H2S at different
temperatures

Sample Theoretical sulfur
capacity (%)a

Sulfur capacity
determined by EA
(%)

Experimental
sulfur capacity
(%)
% ZnMn2O4/�-Al2O3 207.6 0.69 13.3
% ZnMn2O4/SiO2 67.49 0.29 17.2
% ZnMn2O4/ZrO2 44.98 0.22 19.6

ound to have the best performance whereas �-Al2O3 appeared
o have the worst performance. The breakthrough time is close
o the theoretical time for SiO2 and ZrO2 supports based on the
toichiometric calculation. This result provides evidence that the
aporization of zinc is repressed by the addition of manganese
ompared to our previous study, in which the removal efficiency
or a zinc-based sorbent was only about 18% [12]. In addition,
here is no difference in the calcination time. The breakthrough
ime maintains constantly for all supports with 2 or 8 h calcina-
ions, indicating the spinel structure, ZnMn2O4 can be formed
y adding manganese to zinc within a short calcination time.

The BET surface areas and pore volumes of the Zn–Mn oxide
orbent with three supports are tabulated in Table 2. Although
he �-Al2O3 has the largest BET surface area and pore volume,
ts removal efficiency appears to have the worst among all sup-
orts. This implies that the surface area and pore structure are
ot control factors in this study. A reasonable reason for low
erformance maybe associated with the formation of the metal
luminum oxide, MeAl2O4 [19,20].

.2. Effect of the reaction temperature on the removal of
2S

To understand the optimal reaction temperature for the
emoval of H2S by Zn–Mn based sorbent, a series of reaction
emperatures were carried out to find the optimal condition.
he sorbent utilization is defined as the ratio of the experi-
ental breakthrough time and theoretical breakthrough time. As

hown in Fig. 2, the sorbent utilization approaches zero when
nly supports and blank experiment were performed at reac-
ion temperatures, indicating no other reactions were taken place
etween supports and H2S; their removal capacities for H2S can
herefore be neglected in this study. Similarly, the �-Al2O3 still
as the worst sorbent utilization for all reaction temperatures.
he suitable reaction temperature is found to be 873 K in this
ase. Note that a higher reaction temperature (973 K) leads to
ower sorbent utilization for all cases. This may be attributed
o the proportion of zinc is reduced to metallic zinc and vapor-
zed when the reaction temperature is controlled above 873 K.
o verify this observation, the Zn–Mn based sorbent supported
n SiO2 was collected and measured for the contents of zinc and
anganese after removal reaction at different temperatures. The

inc and manganese contents for the Zn–Mn based sorbents at
ifferent reaction temperature are given in Table 3. Obviously,

he recovery of Zn at 973 K is significantly lower than those at
73 K and 873 K, implying that a proportion of the zinc is vapor-
zed during the removal process. For a better understanding the
ulfur capacity of the Zn–Mn based sorbents, the sulfur removal

7
8
9

Mn 23.3 101.3

reparation concentration of zinc: 13.6 g kg−1 sorbent.
reparation concentration of manganese: 23.0 g kg−1 sorbent
73 K reaction 2.02 1.62 1.57
73 K reaction 2.03 1.98 1.96
73 K reaction 2.02 1.82 1.83

a Based on the result of ICP analysis.
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ig. 3. XRD patterns of the Zn–Mn based sorbents with various contents.

t is noticeable that the sulfur capacities determined based on the
reakthrough experiments correspond to the values of EA for
ll temperatures. The sulfur capacity has the maximum value at
73 K, which is close to the theoretical value, implying that the
inc and manganese oxides were completely converted to zinc
nd manganese sulfides.

Because of lower performance and relatively higher cost for
-Al2O3 and ZrO2, SiO2 was chosen as a key role for the rest
f the experiments.

.3. Effect of the of Zn–Mn oxide content on the removal of
2S

To investigate the effect of the Zn–Mn oxide content on the
emoval of H2S, various Zn–Mn oxide contents ranging from
–30 wt% were carried out in order to understand the opti-
al preparation content. Prior to testing the performance, the

rystalline structures of various Zn–Mn based sorbents were
dentified with an X-ray powder diffraction spectroscopy. Fig. 3
hows the diffraction patterns of various Zn–Mn based sorbents
fter calcination processes. For all cases, only the ZnMn2O4
rystalline phase was observed. No detectable zinc, manganese
r oxide phases were observed, indicating that the spinel struc-
ure, ZnMn2O4 can be completely formed by adding manganese.
ig. 4 exhibits the sorbent utilization as a function of the Zn–Mn
xide content. More than 98% sorbent utilization was achieved
or all sorbents except for 30 wt%. This result is similar to the
revious study, which showed that the maximum sulfur capacity
as obtained after adding 1 wt% Zn to Mn-Fe/�-Al2O3 sorbent
21]. This may be attributed to a good dispersion of zinc and
anganese on the SiO2 support. The dispersion of zinc and
anganese on the SiO2 support significantly decreases when

he Zn–Mn oxide content reaches 30 wt% and further lowers

C
t
p
t

ig. 4. Sorbent utilizations vs. the Zn–Mn based sorbents with various con-
ents at 873 K. Inlet H2S, 10,000 ppm; CO, 25%; H2, 15%; N2, 59%; WHSV,
000 ml h−1 g−1.

orbent utilization. On the other hand, from the consideration
f kinetic study the higher content of Zn–Mn oxides increase
he overall sulfidation reaction, which imply the rapid forma-
ion of metal sulfides. Metal sulfides are dense materials, which
ncrease the mass transfer resistance and further repress H2S
iffusion into the core of sorbent.

Fig. 5 shows the diffraction patterns of various Zn–Mn based
orbents after removal of H2S. Aside from SiO2, no detectable
xides were formed, suggesting that the zinc and manganese
ere converted into zinc sulfide and manganese sulfide. Addi-

ionally, no noticeable peaks such as MnSiO3 or ZnSiO4 were
bserved, indicating no interaction between zinc, manganese
nd the support materials. Only three major metal sulfides were
bserved in the XRD patterns. In the cases of ZnS and MnS, the
eactions can be described as follows:

nMn2O4 → ZnO + Mn2O3 (7)

nO + H2S → ZnS + H2O (8)

n2O3 + H2 + 2H2S → 2MnS + 3H2O (9)

otably, a fortuitous feature in the XRD pattern is the finding
f Mn0.6Zn0.4S. The formation of Mn0.6Zn0.4S can probably be
scribed to the reaction between ZnS and MnS. The possible
eaction scheme can be expressed in the following equation:

MnS + 2ZnS → 5Mn0.6Zn0.4S (10)

.4. Effect of concentrations of H2S, CO and H2 on the
emoval of H2S with Zn–Mn based sorbents

In the coal gasification process, the concentrations of H2S,

O and H2 depend on the type of coal and gasification condi-

ion. Generally, the concentration of H2S varies from thousands
pm to a percentage level. In addition to H2S, CO and H2 are
he principal products from the coal gasification process. Unlike
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ig. 5. XRD patterns of the Zn–Mn based sorbents with various contents after
emoval of H2S.

2S, CO and H2 are called as syngas, which is the main fuel

or electric power generation. To test the feasibility of Zn–Mn
ased sorbent, three sets of experiments were carried out in order
o assess the sorbent’s feasibility at different concentrations.
igs. 6 and 7 show the sorbent utilization versus the concen-

ig. 6. Sorbent utilizations vs. the concentrations of H2S at 873 K. Inlet
O, 25%; H2, 15%; N2, balanced; WHSV, 6000 ml h−1 g−1; 10 wt% content
nMn2O4.
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ig. 7. Sorbent utilizations vs. the concentrations of CO and H2 at 873 K. Inlet

2S, 10,000 ppm; WHSV, 6000 ml h−1 g−1; 10 wt% content ZnMn2O4.

rations of H2S, CO and H2, respectively. In the case of the H2S,
ith either low or high concentrations of H2S sorbent utiliza-

ion can be achieved up to 95%. This implies that the Zn–Mn
xide sorbents could be used for the removal of H2S, although
he concentration of H2S varies.

Furthermore, although CO and H2 are both reductive gases,
hey act in dissimilar roles in the removal process. Noted
hat the sorbent utilization increases with the concentration
f CO. The sorbent utilization reaches the saturation state
hen the concentration of CO is controlled up to 25%. On

he other hand, the reverse result is observed when the con-
entration of H2 is increased. To explain this phenomenon, a
ater–gas shift reaction is applied to illustrate as described in the

ollowing [18]:

O + H2O ⇔ H2 + CO2 (11)
The water–gas shift reaction favors the right-hand side of the
quation according to LeChatelier’s rule when CO concentra-
ion is increased. This also means that H2O is consumed in the
ater–gas shift reaction. Lower H2O content will favor reac-
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Fig. 9. Arrhenius equation fitting of the removal of H2S for the Zn–Mn based
sorbents with a deactivation model.

T
R

T

k
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ig. 8. The relationship of the time and ln(ln C0/C) for the Zn–Mn based sorbents
t different reaction temperatures.

ions (8) and (9), which are in favor of the sorption of H2S.
herefore, increasing the concentration of CO will enhance the
orption reaction. On the other hand, increasing the concentra-
ion of H2 will favor the reaction toward left-hand side of the
quation for the water–gas shift reaction results in formation of
2O. Similarly, the sorption progress is inhibited due to excess
2O formation from the water–gas shift reaction.

.5. The deactivation model study

Prior to investigating the feasibility of the deactivation model
or the removal of H2S, external and internal mass transfer
esistances have to be considered in order to understand their
nfluence. No significant change in the sorbent utilization within
he ranges of 3000–15,000 ml h−1 g−1, suggesting that the
xternal mass transfer resistance can be ignored in the ranges of
000–15,000 ml h−1 g−1. Furthermore, the sorbent utilization
aintains around 98% for all particle sizes. Small particle size

oes not enhance the sorbent utilization compared to larger
izes, implying that the internal mass transfer resistance can
e also ignored if particle size ranges from 10–80 meshes. On

he basis of the above analysis, the kinetic study was conducted
nder the assumption of negligible mass transfer resistance.
ig. 8 shows the relationship of time and ln(ln C0/C) at different

emperatures. The R2 values for all cases are better than 0.96.

Fig. 10. Regression fittings of the experimental data with results predicted by a
deactivation model under various reaction temperatures. Inlet H2S, 10,000 ppm;
CO, 25%; H2, 15%; N2, 59%; WHSV, 6000 ml h−1 g−1; 10 wt% content
ZnMn2O4.

able 5
ate parameters obtained at different reaction temperatures on the 10 wt% Zn–Mn based sorbents

emperature (K) 573 673 773 873 973

d 0.262 0.335 0.261 0.306 0.307
n(k0W/Q) 2.668 4.655 7.084 9.243 9.817

0 2.77 × 104 2.37 × 105 3.09 × 106 3.03 × 107 5.67 × 107

0 wt% ZnMn2O4; 1 g loading; Q values were measured at 298 K.



rdous

T
F
k
l
F
f
c

s
8
t
t
m
r
r
a

4

b
t
o

(

(

(

(

(

A

i
s

R

[

[

[

[

[

[

[

[

[

[

[
Mn–Fe/�-Al2O3 sorbents for hot gas desulfurization, Energy Convers.
T.-H. Ko et al. / Journal of Haza

he results of the regression analysis of the data obtained from
ig. 8 are given in Table 5. The initial sorption rate constants,
0, are calculated from intercept in Fig. 8. Meanwhile, a straight
ine is attained by plotting the ln k0 versus T−1, as shown in
ig. 9. Via its intercept and slope, the values of frequency
actor and the apparent activation energy (98.8 kJ mol−1) were
alculated from Arrhenius relationship.

To further establish the fitness of the deactivation model, three
ets of sorption experiments were performed at 623, 723 and
23 K under identical conditions as well as simulated the model
o predict their breakthrough behaviors (Fig. 10). As can be seen,
he R2 values are higher than 0.99, indicating the deactivation

odel accurately predicts the breakthrough behaviors for the
emoval of H2S. In particular, the breakthrough times are accu-
ately predicted, which provides useful information for the time
bout change sorbents.

. Conclusions

Removal of H2S from coal-derived gas by zinc–manganese
ased sorbents over supports has been experimentally inves-
igated under high temperatures. From the experimental
bservations, the following results were obtained:

1) The SiO2 supported sorbent exhibits the better removal effi-
ciency, while the �-Al2O3 supported sorbent appears to have
the worst performance for the removal of H2S.

2) The suitable reaction temperature for use of zinc–
manganese based sorbents is experimentally estimated
at about 873 K. No significant vaporization of zinc was
observed when the temperature was controlled at 873 K.

3) ZnMn2O4 is the major crystalline phase for the fresh
sorbents. After removal experiments, ZnS, MnS and
Mn0.6Zn0.4S are distinct products. The formation of
Mn0.6Zn0.4S may be attributed to the reaction between MnS
and ZnS at high temperatures. There is no significant change
in the sorbent utilization within the 5–15 wt% Zn–Mn based
sorbents. With 30 wt% Zn–Mn oxide content a decrease
in the sorbent utilization was found and this can probably
ascribed to the deficient dispersion.

4) Sorbent utilization increases with the concentration of CO
whereas it decreases with H2. This relationship can be
explained through the water–gas shift reaction.

5) A deactivation model incorporating a pseudo first order
reaction appears to adequately represent the sorption
of hydrogen sulfide. The apparent activation energy is
98.8 kJ mol−1. The breakthrough behaviors derived from
the fitting of a deactivation model agree with the results
of the experiments.
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