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Cyclic Regeneration of Potassium-Modified Activated Semi-coke by
Impregnation Method for Flue Gas Desulfurization
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Abstract: The potassium modified Activated Semi-coke (K/ASC) for SO, removal was prepared using potassium
carbonate (K,CO;) by the impregnation method. The ASC modified by 10%(w/w) K,COs (K10) exhibited good SO,
removal efficiency at 120 °C. From 400 to 700 °C, the higher the regeneration temperature is, the better is the
desulfurization activity of K10 after regeneration. Cyclic regeneration of K10 (K10-R-600-n) showed that the
sample had the best desulfurization performance after four regeneration cycles (K10-R-600-4), and its sulfur
capacity was 68.9 mg-g™', 24.37% higher than that of K10 (55.4 mg-g™). The desulfurization products are divided
into physisorbed SO,, H,SO, and sulfate. The deposition of sulfate, which does not decompose after regeneration,
results in the decrease of the desulfurization activity. The sulfur capacity of the sample after ten regeneration

cycles (K10-R-600-10) remained 70% that of the fresh K10.
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0 Introduction

Sulfur dioxide (SO,) is one of the major air pollu-
tants that can cause various problems to the environ-
ment and public health. The thermal power and steel
industries are leading sources for the emission of SO,".
In order to solve the problem of SO, pollution, many
technologies have been developed. Among these, the
adsorption-catalysis technology for SO, removal of flue
gas has a good prospect of application™?,

Many studies have indicated that carbonaceous
materials, including activated carbon, coke, semi-coke,
and activated carbon fibers, can effectively remove
SO, with little negative effect on the environment. The
carbonaceous materials have excellent performance in
the absorption of SO, due to high surface area, rich
pore structure and oxygen-containing functional groups

[5-6]

on the carbon surface”®. Previous studies have shown

that activated carbon (coke) modified by metal or their
oxides, such as Fel™ VP Til' and Mn!"" can
significantly improve the desulfurization capacity, but
with the process of reaction, the desulfurization capacity
would decline due to the deposition of desulfurization
byproducts on the surface or in the pore of catalysts.
The study by Guo'™ has shown that Fe modified
activated carbon has a sulfur capacity of 231 mg-g™,
using Fe,0;, Fe;0, and FeO as the active components,
but the generated sulfate in the desulfurization process,
such as Fey(SO,)s, can result in a loss of active compo-
nents. The adsorbate in the pore or on the surface of
catalysts can be removed by thermal regeneration. The
regeneration temperatures could not be too high for
industrial applications. As reported by Liu et al.”l) the
iron-modified activated coke that has SO, removal
activity at 200 °C was regenerated in NH; at 350 C.
Guo et al.'¥ studied the desulfurization activity of Ni/
AC and the result shows that the catalyst calcined at
550 °C and 800 “C has a higher desulfurization
activity. The study by Li et al."™ has shown that CuO/
AC catalyst lodaed with 1% (w/w) CeO, possesses the
best desulfurization effect. CeO, additive enhances the
dispersion degree of CuO on the surface of the

catalyst.

In this study, the potassium-modified activated
semi-coke (K/ASC) prepared by impregnation method,
which shows high SO, removal ability at 120 °C, was
used to investigate its regeneration properties for flue
gas desulfurization. The desulfurization performance
and surface chemistry of the regenerated K/ASC were
carefully analyzed via X-ray photoelectron spectros-
copy (XPS), scanning electron microscope (SEM), X-
(XRD), etc. In addition, the

regeneration mechanism of the ASC modified by metal

ray powder diffraction

was discussed.
1 Experimental

1.1 Preparation of catalyst

All chemicals used in this work were analytic
reagent grade. The original semi-coke was first
crushed and sieved to 10~20 mesh (referred to as SC).
The SC particles were activated using nitric acid (10%,
w/w) at 200 °C for 2 h in a stainless steel autoclave,
and the particles were washed with distilled water
until pH=7.0 in the washing liquid after activating,
then dried at 120 °C for 8 h (referred to as ASC).

Catalysts were prepared by impregnation.
Potassium carbonate was dissolved in distilled water
as the precursors. 20 g of ASC was impregnated with
20 mL of the precursor to achieve 2.5%, 5%, 7.5%,
10% and 15% (w/w) K,CO; loading, and dried at 120
°C in an oven overnight. The samples were calcined in
a tube furnace from room temperature to 600 “C with
a heating rate of 5 °C+-min™ under N, and maintained
for 2 h, then cooled to room temperature in N,,
labeled as K2.5, K5, K7.5, K10, K15, respectively.
1.2 Desulfurization and regeneration

The desulfurization activity of samples was
evaluated in a fixed-bed reactor under atmospheric
pressure, and the experimental apparatus is presented
in Fig.1.

A sample (20 g) was packed into the reactor. The
simulated flue gas contained 0.09%(V/V) SO,, 11%(V/
V) O, and N, as balance. The gas flow velocity was
900 mL -min~". The inlet and outlet concentration of
SO, were monitored online by a flue gas analyzer

continuously, and the desulfurization test was stopped
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when the outlet concentration of SO, reached 10% of
the inlet. The sulfur capacity was determined by the
integration of the SO, breakthrough curve and was
presented as the amount of SO, removal per unit mass
of activated semi-coke, while the corresponding
working time was regarded as the breakthrough time.
The sulfur capacity of samples were calculated based
on the following formulal™:
see | MQ(C,~C)10°°
0 22.4m

where Sc is sulfur capacity

dt

(mg g™, M the SO,
molecular weight, Q the gas flow (mL-min™), ¢ the
working time, C, the inlet SO, concentration, C, the
outlet SO, concentration at working time of #, and m
the sample mass.

The used K10 (referred to as KI10-S) was
regenerated in a tube furnace at 400, 500, 600 and
700 °C for 2 h in a pure N, (Flow rate: 50 mL-min™).
The heating rate was 5 “C-min™". Then the sample was
cooled to room temperature in N, atmosphere. The
thermal-regenerated sample was denoted as K10-R-7,
where T is the regeneration temperature.

1.3 Characterization of catalyst

X-ray photoelectron spectroscopy  (XPS) was
applied to determine the surface chemical composition
and functional groups, using an XSAM-800 spectro-
meter (KRATOS Co., UK) with Al (1 486.6 e¢V) under
ultrahigh vacuum (UHV) at 12 kV and 15 mA. Scann-
ing electron microscopy (SEM) was used to obtain the
surface morphology of the samples. It was taken in
(Carl Zeiss AG,

Germany) with a voltage of 20 kV. X-ray powder

Sigma scanning electron microscope

X 3-way valve

Gas mixture device

Temperature controller

: Original gas

T— Flue gas analyzer

Flowchart of the experimental system

diffraction (XRD) was performed in a multifunctional
X-ray diffractometer using Cu Ka radiation (A=0.154 06
nm) at a rate of 10°-min™ from 5° to 90° (26) and
operated at 30 kV and 30 mA. The structure parameters
of the samples were measured at =196 “C using ASAP
2020 analyzer. The specific surface areas (Spz) was
calculated using the BET equation by N, adsorption.
The micropore volume (V,.,) was calculated by a t-
plot method. The Fourier transform infrared spectros-
copy
pellet technique on a Thermo spectrometer in the

(FTIR) spectra were recorded using the KBr

4 000~400 cm™ spectral range.
2 Results and discussion

2.1 Desulfurization activity test
The relationship between outlet concentration of

SO, and working time of all samples is presented in

Fig.2. The corresponding sulfur capacity and
breakthrough time are summarized in Table 1.
ASC  exhibited better SO, removal ability
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Fig.2 Relationship between outlet concentration of SO,

and working time at 120 C



1430 M

e

n2

2y,
¥

=

#

e

Table 1 Breakthrough sulfur capacity and breakthrough time of the catalysts at 120 °C

Sample Sulfur capacity / (mg-g”) Breakthrough time / min
sc 15 5
ASC 238 102
K2.5 28.5 124
K5 353 136
K7.5 409 162
K10 554 188
K15 56.2 190

compared to SC, showing that nitric acid pretreatment
can improve the SO, removal ability. This might be
due to an increase of oxygen containing functional
groups on the surface of activated semi-coke after
The sulfur capacity of K/ASC

samples was significantly improved when K,CO; species

nitric acid treatment!.

were blended into activated semi-coke, indicating that
K,CO; species plays a key role in the SO, removal
process. As the ratio of K,CO; on activated semi-coke
was increased from 2.5% to 15%, the sulfur capacity
and breakthrough time increased gradually. K15
exhibited the best SO, removal ability with the
breakthrough sulfur capacity of 56.2 mg-¢™ and the
breakthrough time of 190 min. The SO, removal
ability of K10 was similar to K15 and corresponded to

1

breakthrough sulfur capacity of 55.4 mg -g ' and

breakthrough time of 188 min, which means that when
the ratio of K,CO; was higher than 10% , the
desulfurization capacity was not obviously increased.

In Fig.2, it shows that the desulfurization activity of

K10 is improved significantly with increasing of the
to 600 C .
However, the breakthrough time of K10 basically
unchanged the
exceeded 600 “C. According to the results in Table 1
and Fig.2, the SO, removal ability of the samples is in
the order: AC<ASC<K2.5<K5<K7.5<K15=K10, and
K10-R-400<K10-R-500<K10-R-700~=K10-R-600.

In order to study their regeneration performance,

regeneration temperature from 400

when regeneration  temperature

K10 was selected for thermal regeneration test. The
samples after regeneration were denoted as K10-R-
600-n, where n is the number of regeneration cycle.
The of K10-R-600-n
expressed as sulfur capacity and breakthrough time is
shown in Table 2.

As shown above, the desulfurization performance
of the K10-R-600-n can be divided into two stages:

one is the increasing stage from the 1st to the 4th

desulfurization performance

regeneration cycle; the other is the decreasing stage

from the 5th to the 11th regeneration cycle respectively.

Table 2 Sulfur capacity and breakthrough time of the regenerated K10

Sample Sulfur capacity / (mg-g™) Breakthrough time / min
K10 554 188
K10-600-1 56.0 190
K10-600-2 62.5 212
K10-600-3 66.6 226
K10-600-4 63.9 242
K10-600-5 61.3 208
K10-600-6 52.5 178
K10-600-7 51.9 176
K10-600-8 483 164
K10-600-9 472 160
K10-600-10 389 132
K10-600-11 36.6 124
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In the increasing stage, the desulfurization performance
of K10-R-600-n showed a certain degree of improvement
with increasing regeneration cycles. The regeneration
treatment can significantly increase the oxygen
functional groups on surface of K10, especially the
basic functional groups, which contributed more to the
desulfurization performance!™. The sulfur capacity
reached its maximum after four regeneration cycles,
the sulfur capacity of K10-R-600-4 was 68.9 mg-g~,
24.37% much higher than that of K10. From the fifth
regeneration cycle, the desulfurization activity of K10-
R-600-n entered declining phase and lower than that
of K10, except KI10-R-600-5. The

desulfurization performance became slow from the

reduction of

sixth to the ninth regeneration cycle. The sulfur
capacity of K10-R-600-9 was 47.2 mg-g™, which was
85.20% of KI10. K10-R-600-10 showed a clear
reduction of the sulfur capacity, which decreased from
47.2 to 38.9 mg-g™ and was 70.22% of K10. Jiang
et al." studied cyclic regeneration of pyrolusite-
modified activated coke (ACP) for flue gas desulfuriza-
tion, and the results showed that the sulfur capacity
was less than 50% of the ACP after ten regeneration
cycles. In this study, the desulfurization performance
of K10 increases from the first to the fourth
regeneration cycle and maintains relatively better
desulfurization capacity even after ten regeneration
cycles. It is worth noting that the catalyst is a high-
SC  desulfurizer,

industrial application prospects.

activity and low-cost and has
2.2 Study of surface species after SO, removal

In order to study the changes of surface species
after SO, removal, K10 and K10-S were characterized
by XPS, XRD, N, adsorption-desorption, FTIR and
SEM. In Fig.3 (XPS spectra), the S2p spectra of the
catalysts before and after desulfurization are fitting
into two peaks. S°* binding energy of K10 and K10-S
were 168.78 and 169.71 eV, respectively, and they
correspond to SO,7 ¥ Tt is proved that SO,* is derived
from the oxidation reaction of SO, and O, on the
surface of catalysts. S° binding energy of K10 and
K10-S were 164.31 and 164.34 eV, respectively,

which correspond to original species of catalysts. This

S¢*80.79%
N

$°19.21%
- (a)

S 34.69% S°65.31%
R A&é ®)

T o T T T B T b T
176 172 168 164 160
Binding energy / eV

Fig.3  XPS spectra of S2p for K10-S (a) and K10 (b)

result shows that the absorbed SO, is basically
oxidized to SO

In Fig.4(a), the diffraction peaks observed at 20=
31.03°, 38.78°, 49.21° and 57.56° are attributed to
K,CO; (PDF No.27-1348). In Fig.4(b), some peaks of
K10-S disappear or change compared to that of K10.
The diffraction peaks of K;SO, at 26=29.75°, 30.78°,
40.42°, 43.02°, 43.28°, 43.43°, 53.51°, 58.70° (PDF
No0.05-0613) were observed. It means that K,CO; is
transformed into K,SO, after desulfurization. As shown
in Fig.5, the intensity of K,CO; is recovered relatively
after regenerating. In Fig.5(b), the peaks belonging to
K,S0, become more intense comparing to that in Fig.5
(a). This means that K,SO, would accumulate gradually
in the K10 with an increase of desulfurization-

regeneration cycles.

(@

(®)

T . T T .
20 40 60 80
20/ (°)

Fig.4 XRD patterns of K10 (a) and K10-S (b)

The structure parameters listed in Table 3 show

that the Spg linearly increased as the regeneration
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Fig.5 XRD patterns of K10-600-1 (a) and K10-600-5 (b)

80

the

regeneration of K10 acts as a further activation, which

cycle increased. The change reveals that
improve the pore structure of catalyst effectively. The
Vo changed irregularly after seven regeneration
cycles, because the excessive activation could cause
the collapse of the adjacent wall structures between
the micropores. Similar observations have also been

1521 The desulfurization perfor-

reported by Yang et al
mance of the K10-600-n gradually decreased after the
forth regeneration cycle. It means that the structure
parameters are not the key factor for the desulfuriza-

tion of K10. In Table 4, the mass loss rate linearly

decreases as the regeneration cycle increases, showing
that the carbon has been partially consumed during
the regeneration process.

As shown in Fig.6 (IR spectra), the bands at 3 441
and 3 131 em™ correspond to the -OH stretching
vibration. The bands at 1 627 and 1 400 cm™ can be
identified as the anti-symmetrical and symmetrical
vibrations of carbonyl groups. After desulfurization, for
K10-S, some new bands were detected at 1 127 and
524 em™  (Fig.6b), which are assigned to the S-O or
S =0 stretching mode adsorbed sulfate ions and

sulfate, showing the formation of H,SO, and K,SO.,.

\,\

3441 3131

1400

T T T
3000 2000 1000

Wavenumber / cm™!

Fig.6  FTIR spectra of K10 (a) and K10-S (b)

4000

Table 3 Structure parameters calculated from nitrogen adsorption isotherms

Sample Sper / (m*+g™) Viiew 1 (cm’*+g7)
ASC 70 0.028
K10 167 0.062
K10-600-1 173 0.066
K10-600-2 178 0.069
K10-600-3 182 0.073
K10-600-4 190 0.075
K10-600-5 207 0.083
K10-600-6 213 0.087
K10-600-7 218 0.091
K10-600-8 221 0.086
K10-600-9 229 0.083
K10-600-10 237 0.084
K10-600-11 241 0.078

Table 4 Mass loss rate of the sample after regeneration

Sample K10-600-4 K10-600-6 K10-600-8 K10-600-10
Mass loss rate / % 2.74 4.94 7.32 9.58
Sy / (mi+g™) 190 213 221 237
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The C-O stretching at 1 069 cm™ of carbonyl groups
in alcohols, ethers, or phenols and the out-of-plane
bending vibration of C-H groups in aromatic at 861
cm™ and in olefin at 954 cm™ were observed. These
results indicate that the surface functional groups are
constantly updated in desulfurization process'">?.

SEM images of the samples and element mapping
image of K are shown in Fig.7. A large number of

pores, cracks and few impurities were presented on

the surface of K10
were also presented on the surface of K10 after
(Fig.7b) and a few of them would

remain on the surface of K10 after regeneration (Fig.

(Fig.7a). The spheroidal particles

desulfurization

7¢). It can be better illustrated that the sulfate is
deposited in pore or on the surface of the samples
before and after regeneration. The mapping result

shows potassium is evenly distributed on the semi-

coke surface (Fig.7d).

L

EHT-20.00kV WD-89mm Meg=100KX

Fig.7 SEM images of the samples: K10 (a), K10-S (b), K10-R-600-1 (c), and element mapping image of K (d)

2.3 Regeneration mechanism

Fig.8 shows the outlet gas components of K10-S
during the regeneration process. The regeneration
process of K10-S could be divided into three stages:
at the first stage, the temperature was lower than 170
°C; the second stage was in the temperature range of
170 ~490 °C; the temperature from 490 C to the
isothermal stage was the last stage. For the metal-
modified AC, there are three kinds of sulfur species
(i.e., adsorbed SO,, sulfur acid, and metal sulfate)
coexisting in the pore structure after desulfurization™**,
During the regeneration process, the adsorbed SO,
could be desorbed easily when the temperature

reached 150 °C, and this stage is called desorption.

When the temperature was increased to 200 °C, the

sulfur acid could react with the carbon to release SO,,

0.16

1%

Stage 2

ol O. 12 1
Stage 1 Stage 3
<2 [ Steges

0.084 50,

0.04+ co

Outlet n . /ng,

0 T T T T T
600+

550°C 235 min

1490 'C

400

310°C
2004

170 'C

Temperature / C

0 T T T T T
0 50 100 150 200 250 300
Time / min

Fig.8 Outlet gas components of K10-S during

regeneration progress
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which is called reaction™. With the temperature was
further increased, the sulfur acid was completely
removed and the metal sulfate began to decompose
when the temperature was high enough, which is
called decomposition.

At the first stage, there was no CO, or SO,
detected even though the temperature was increased
to 170 °C . This result indicates the amount of
adsorbed SO, is very low on the surface of K10. In the
second stage, the outlet concentration of SO, began to
increase profoundly then gradually decreased. The
outlet concentration of SO, reached the maximum
value at 310 C. However, the concentration of CO
remained

increased gradually at first and then

basically unchanged. In the third stage, the
concentration of SO, was very low and gradually
reduced with the increasing of temperature. It could
be due to the residuals of SO, in the previous stage. It
worth noting that the CO showed the second increase
and reached the new vertex at 550 °C, then remained
basically stable and decreased rapidly before cooling.
A slight increase of the CO in the third stage may be
contributed to the pyrolysis and gasification of oxygen-
containing functional groups in the presence of metals
on the carbon maitrix, which serve as further surface
modification!.,

On the basis of the experimental results above,
all of the potential reactions are as follows:

30s(ads) — SOx(g) )

C+H,S0, — CO(g)+S04(g)+H-0(g) (2)

C+K,S0, — K-X+S+CO(g)

(K-X: active K species) 3)
C-(CO) — CO(g) 4)
C+S0, — S+CO(g) 5)

3 Conclusions

The results show that activated semi-coke (ASC)
modified by K,CO; have higher desulfurization activity
than ASC at 120 °C for SO, removal. ASC modified by
different ratios of K,CO; exhibits different SO, removal
ability. SO, removal ability of the catalysts ranks as
follows: K2.5 <K5 <K7.5 <K15 =K10. The used K10
can be fully regenerated in N, at 600 “C. Cyclic

regeneration of K10 shows that the K10 is a good
desulfurizer, since its regeneration efficiency begins to
increase and then decrease. After four regeneration
cycles, the sample (K10-R-600-4) has the highest
sulfur capacity (68.9 mg-g™), which is 24.37% higher
than that of K10 (55.4 mg-g™). The desulfurization
products are divided into physisorbed SO,, H,SO4 and
sulfate. Some sulfate could not be decomposed, which
deposited in a pore or on the surface of the samples
after regeneration. The outlet gas analysis of K10-S
during the regeneration process shows that there is a
reaction between carbon and H,SO, or sulfate as the
regeneration temperature increases. The deposition of
sulfate leads to the decrease in the sulfur capacity of
catalyst after five regeneration cycles. However, the
desulfurization activity of catalyst remains relatively
stable upon further reuse. Based on the high efficient
of regeneration cycles, the catalyst can be used to
absorb SO, from flue gas. The work opens up
possibilities for using K/ASC as a promising agent for

flue-gas desulfurization catalysis.
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