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Mechanism of SO, adsorption and desorption on commercial activated coke
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Abstract—We used commercial activated coke (AC) as adsorbent and fixed-bed, FTIR, N, adsorption, ion chroma-
tograph as research methods to study the SO, removal mechanism in the presence of O, and H,0 and adsorbate (H,SO,)
desorption mechanism by combined regeneration. The results showed that AC saturation sulfur retention (52.6 mg/g)
in SO,+0,+H,0 atmosphere was 4.6 times as much as that (11.4 mg/g) in SO,+0, atmosphere and 5.0 times as much
as that (10.6 mg/g) in SO,+0, atmosphere at 90 °C. O, and H,O were necessary in AC desulfurization process. Reaction
of SO; and H,0 (g) and condensation of sulfuric acid vapor were the dynamic of AC desulfurization process. Water
vapor blowing in combined regeneration inhibited the reaction between H,SO, and carbon, and consequently reduced
the chemical lost of carbon. AC cumulative quality loss (53.6%) of five-times in C-R was still less than that (62.4%)
of three-times in H-R. Water vapor blowing inhibited reactivation effect, as a result reducing the changes of AC pore
structure and surface functional groups. Adsorbate H,SO, generated in desulfurization evaporated to sulfuric acid vapor
due to the high temperature in regeneration and was carried out by water vapor.
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INTRODUCTION

Coal is a major resource in China [1]. Sulfur dioxide (SO,) emis-
sion from coal combustion is one of the major anthropogenic con-
tributors to air pollution [2]. Activated coke (AC), made by coal, is
a kind of carbonaceous material. Applying AC for flue gas des-
ulfurization, which has the advantages of water-saving and pollut-
ant recyclable utilization, is considered an important development
direction of SO, removal [3,4]. Domestic and foreign researchers
have done a great deal of work on SO, adsorption by AC. For AC
desulfurization behavior, it is generally considered [5-8] that SO, is
adsorbed onto the surface of carbonaceous material and converted
to SO, by oxidation with O,; then with the effect of hydration and
elution, it exists as sulfuric acid. However, different researchers have
not reached a uniform conclusion on the effect mechanism of O,
and H,O on SO, removal process. Raymundo-Pinero, Rubio et al.
[9,10] found that when O, was present, adsorbed SO, reacted with
oxygen on AC to form adsorbed SO,. But these scholars did not
give conclusive evidence of the existence of SO in the presence of O..
As for the effect of H,O, following the mechanism of some schol-
ars (Mochida [6], Gaur [11], Zhang [12], Lizzio [13] et al.), H,O is
postulated to have dual roles: one is to react with the adsorbed SO;
to form adsorbed H,SO, (hydration), and the other is to dissolve the
adsorbed H,SO, from the surface (elution). However, some authors
[14-16] have proposed different views: the role of H,O is not only
reacting with SO;. More importantly, H,O provides a proton (H")
which participated in the oxidation reaction of SO,. Above analysis
shows that the mechanism of SO, removal in presence of O, and
H,O needs further research.
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After desulfurization process, adsorbate H,SO, has to be removed
from AC interior to recover the adsorption ability of AC. Traditional
AC regeneration methods mainly include heating regeneration and
water scrubbing regeneration [17]. Mochida analyzed the mecha-
nism of heating regeneration and water scrubbing regeneration. Ac-
cording to the analysis of Mochida, water scrubbing requires large
amounts of water since H,SO,, produced in the pores of AC, must
be extracted. Furthermore, strongly adsorbed H,SO, tends to remain
and be hard to regenerate completely. In heating regeneration, H,SO,
was dehydrated and reduced to SO, by reacting with carbon. Car-
bon loss is not negligible. Feng [18] and Fei [19] have studied the
AC regenerative property of different methods. Following their re-
sults, a certain degree of quality loss of AC took place in heating
regeneration. The cost of AC adsorbent is the key issue to com-
mercialize the heating regeneration technology. Improvement of ex-
isting regeneration methods or new regeneration methods investi-
gation is significant to the large-scale application of AC desulfurriza-
tion technology.

The first objective of this paper was to study the SO, removal
mechanism in the presence of O, and H,O and obtain SO, conver-
sion and existence form in AC pores by using commercial AC as
adsorbent. On the basis, ACs after desulfurization were used to be
regenerated. The highlight of our research is that we have proposed
a new regeneration method which combines the advantages of both
heating regeneration and water scrubbing regeneration, adding water
vapor blowing in heating regeneration process, called combined
regeneration. The effect of water vapor and mechanism of new re-
generation method are revealed.

EXPERIMENTAL SECTION

1. Sample Preparation
The sample used in this paper was bought from Inner Mongolia
Alashan Kexing Carbon Industry Co., Ltd. Proximate and elemen-
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Table 1. Proximate and ultimate analysis of AC

Proximate analysis/% Ultimate analysis/%
M,, 0.2 Cu 87.520
\ 2.4 H, 0.905
Ay 11.9 N 0.600
FC, 85.5 S 0.285
O 10.690

tal analysis results of activated coke (AC) are shown in Table 1.
2. Desulfurization and Regeneration Property Evaluation of
AC

SO, removal and regeneration tests were carried out with fixed-
bed equipment as illustrated in Fig. 1. The reactor (inner diameter
13 mm) was made of glass and sand core. In a typical run, 5 g of
samples was loaded into the reactor. Temperature was controlled
by a vertical tube furnace whose temperature fluctuation was under
1 K. In SO, removal test process, the reactor with AC was heated
to the desired temperature; subsequently required gas was intro-
duced into the reactor after the temperature detected by a thermo-
couple inserted in the reaction zone reached a steady state. Portable
FTIR of Finland Gasmet Company was used to online monitor SO,
concentration of reactor inlet and outlet. The test lasted until SO,
concentration remained constant and reached adsorption saturation.
The sulfur content of samples before and after adsorption was de-
termined by SE-IRSII Infrared sulfur meter of Changsha Kaiyuan
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Instruments Co., Ltd. SO, removal property of samples were char-
acterized through SO, removal efficiency and saturation sulfur reten-
tion.

SO, removal efficiency is defined as:

DeSO, (%)=[SO, (in)— SO, (out)/SO, (in)] * 100 )

In the formula, SO, (in) and SO, (out) are inlet SO, concentra-
tion and outlet SO, concentration measured by FTIR.
Saturation sulfur retention of samples was calculated as:

h (mg/g)=2000 (MK-mk)/m ®)

In the formula, m is the sample weight before adsorption (g); M
is the sample weight after adsorption (g); K is sulfur content of sam-
ple after adsorption (%); k is sulfur content of sample before adsorp-
tion (%); 2000 is a coefficient of conversion for g to mg and S to
SO..

Simulated flue gas composition and test conditions are given in
Table 2.

In AC regeneration test, we turned off the pressure reducing valves
of SO, and O,, and subsequently heated the tube furnace to the re-
quired temperature. Then, N, or the mixture of N, and water vapor
(flow rate 0.5 L/min; N, and water vapor volume ratio 4 : 1) was
introduced into the reactor which was filled with adsorption satu-
rated AC to achieve heating regeneration or combined regeneration.
Water scrubbing regeneration test conditions were as follows: we
loaded the AC after desulfurization into a 250 mL beaker with 150
mL distilled water, and subsequently stirred suspension liquid and
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Fig. 1. Scheme of desulfurization and regeneration equipment: The fixed-bed reactor was the main body of experiment system. The names
of relevant experimental equipment were marked in the figure. The water vapor needed in desulfurization and regeneration process

was carried by nitrogen from the water bath.
(a) SO, removal efficiency varies with time in SO, atmosphere, (b) So, removal efficiency varies with time in SO,+0, atmosphere
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Table 2. SO, removal conditions and simulated flue gas compo-

sition
Experimental conditions Simulated flue gas composition
Partical diameter (mu) 20-30 SO, (%) 0-0.3
Gas velocity (m/s) 0.2 0, (%) 0-10
Gas flow (L/min) 1.592 H,0 (%) 0-16
Temperature (K) 303-393 | N, Balance

replaced the water every 10 minutes. Regeneration time of all meth-
ods was set at 30 minutes. Quality loss (6) of ACs in regeneration
process, which is defined as the ratio of reduced quality to non-re-
generative quality, was analyzed to characterize the loss degree of
different methods. SO, removal activity of regenerative ACs was
evaluated in the above-mentioned fix-bed equipment.
3. Characterization of ACs

Porous characteristics of ACs were determined with N, (—196 °C)
adsorption isotherms by using ASAP2020 apparatus (Micromerit-
ics Instrument Corporation) for nitrogen adsorption. Surface area
was measured by BET method. Micropore volumes were calcu-
lated by t-plot method. Mesopore volumes were determined with
BJH pattern. NaOH solution was used to immerse ACs after des-
ulfurization and absorb regeneration products. Subsequently, IC-
3000 Ion chromatograph (American Dionex Corporation) was used
to detect SO; and SO; contents in the absorption solution. The
aim was to obtain the form of sulfur conversion and desorption in
removal and regeneration process. lon composition of tested solu-
tion was analyzed through the contrast of tested solution chromato-
gram and standard solution chromatogram. The surface functional
groups on the ACs surface of original ACs and regenerative ACs
were determined by FTIR with a resolution of 2 cm ' and 40 scans
to analyze the types of functional groups changing in the regenera-
tion process.

RESULTS AND DISCUSSION

1. SO, Removal Mechanism in Presence of O, and H,O
1-1. Effect of O, on SO, Conversion Process

During AC desulfurization process, O, is necessary, but its effect
mechanisms from different researchers are various. Raymundo-Pin-
ero, Rubio et al. [9,10] have found that when O, was present, ad-
sorbed SO, reacted with oxygen on activated coke to form adsorbed
SO;, and it was the reason why AC’s sulfur capacity increased. But
some scholars also found that activated carbon materials cannot oxi-
dize SO, to form SO; without H,O; SO, can show reducibility only
in presence of H,O and it is difficult for SO, to react with O, under
completely dry conditions. Therefore, SO, adsorption and SO,+0O,
adsorption of AC under different temperatures are firstly studied.
Fig. 2(a) and Fig. 2(b) are AC adsorption curves in SO, and SO,+
O, atmospheres, respectively. As can be seen from Fig. 2(a), AC
saturation adsorption time gradually decreases with temperature
increasing. Saturation adsorption time at 30 °C is 37 minutes while
saturation adsorption time at 120 °C is just 12 minutes. When tem-
perature increases, the adsorption curve moves inward and adsorp-
tion capacity of AC declines rapidly. As we know, the typical char-
acteristic of physical adsorption is similar to condensation and it is
an exothermic reaction. With temperature increasing, the amount
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Fig. 2. SO, removal efficiency varies with time in SO, and SO,+
O, atmosphere: the curves of figure (a) was obtained in SO,
atmosphere, to get physical adsorption property of AC; the
curves of figure (b) was obtained in SO,+O, atmosphere,
to get the effect of O, on SO, adsorption property of AC.
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of physical adsorption decreases rapidly. Related researchers [12.15]
considered that SO, adsorption of AC without O, and H,O is a phys-
ical adsorption process. The results also prove the conclusion. Fig.
2(b) shows that AC adsorption capacity in presence of O, is similar
to that of SO, atmosphere. However, at the same adsorption tem-
perature, we can see that AC saturation adsorption time in presence
of O, is more than that of SO, alone. Saturation sulfur retention under
two kinds of adsorption conditions at 30 °C was calculated in the
test. AC saturation sulfur retention (37 mg/g) in SO,+0O, atmosphere
is 1.3 times as much as that (28.3 mg/g) in SO, atmosphere. This
indicates that SO, adsorption capacity of AC improves in the pres-
ence of O,. To further understand the role of O, in SO, adsorption
process, AC after adsorption was immersed in NaOH solution and
ion chromatograph was used to analyze SO; and SO; in our test.
It is observed that not only SO; but also SO; exists in the AC im-
mersing solution in SO,+O, atmosphere. This shows that the presence
of O, promotes the formation of S* in the AC adsorption process.
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In the absence of H,O, S must exist in the form of SO,. Combin-
ing our test results and related scholars’ conclusion [6-10], it is con-
sidered that O, makes some chemical adsorbed SO, be oxidized to
SO; whose adsorption pattern is different from that of SO,. The reac-
tion makes SO, adsorption active sites vacant and creates the condi-
tions to further adsorb SO,.

From Fig. 2(a) and (b), we can see negative values of SO, re-
moval efficiency. According to equilibrium theory, adsorption and
desorption occur simultaneously in the AC adsorption process. SO,
adsorption capacity is decided by both adsorption and desorption
rate. From our result and relevant scholars’ research [6-10], in SO,
and SO,+0, adsorption process, physical adsorption is the main
step. As we know, the interaction force (van der Waals force) be-
tween adsorbate and adsorbent is relatively weak in physical adsorp-
tion. Therefore, molecular kinetic energy of adsorptive SO, on AC
improves when adsorption temperature increases. As a result, SO,
can overcome intermolecular force and desorb from AC surface.
When temperature is high, the rate of desorption is great. As we
know, multilayer adsorption is the main characteristic of physical
adsorption, so we can deduce SO, is adsorbed in the form of multi-
layer adsorption. When the temperature is relatively high (60 °C,
90°C, 120 °C in our test), the desorption rate can exceed the adsorp-
tion rate and adsorbate SO, in the form of multilayer adsorption
will desorb like an avalanche. As a result, we can see that, with ad-
sorption proceeding, negative values of desulfurization efficiency
can be found at a time in our test.

It has been revealed by Mochida [6], Lizzio [13], Zhang [15] et
al,, that SO, adsorption capacity of AC increases dramatically in
the presence of O, and H,O. To obtain the effect mechanism of O,
in SO,+0,+H,0 atmosphere, AC adsorption capacity in the pres-
ence or absence of O, is studied. The results are shown in Fig. 3. In
the process of A-B, SO, adsorption behavior of AC in SO,+H,0O
atmosphere is similar to that in SO, alone. The presence of H,O
does not increase SO, adsorption capacity. This shows that even in
AC interior, there is still almost no reaction between SO, and H,O.
After B point, the adding of O, makes SO, adsorption property in-
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Fig. 3. Influence of O, in SO,+0,+H,0 atmosphere: O, was added
or removed at 10 minutes, 30 minutes and 50 minutes to
study the necessity of O, at 60 °C.
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Fig. 4. AC desulfurization efficiency varies with time in SO,, SO,+
0, and SO,+0,+H,0 atmosphere respectively at 90 °C.

crease rapidly. This indicates that O, is necessary for SO, adsorp-
tion and conversion process. On the basis of previous research re-
sults, it is considered that SO; which comes from the reaction of O,
and SO, can react with H,O (g) to form H,SO, (g). The consump-
tion of SO; promotes the SO, oxidation and makes SO, adsorption
sites vacant. It creates the conditions for further SO, adsorption.
1-2. Effect of H,O on SO, Conversion Process

H.O plays a key role in AC desulfurization process. To obtain
the effect mechanism of H,O in AC desulfurization process, AC
adsorption capacity in SO,, SO,+0, and SO,+0O,+H,O atmospheres
at the same temperature are compared. The results are shown in
Fig, 4. According to the result of Fig, 4, the presence of H,O greatly
extends the adsorption saturation time of AC. Saturation sulfur reten-
tion under three kinds of adsorption conditions at 90 °C was calcu-
lated. AC saturation sulfur retention (52.6 mg/g) in SO,+0O,+H,O
atmosphere is 4.6 times as much as that (11.4 mg/g) in SO,+O, atmos-
phere and 5.0 times as much as that (10.6 mg/g) in SO,+0, atmo-
sphere. It has been shown that [20] when the concentration of SO,
in flue gas arrives to 1 ppm, the H,SO, dew point is 113 °C. The
concentration of SO, in AC interior is much higher than 1 ppm in
our research. Therefore, the actual dew point temperature will be
higher than 113 °C. Sulfuric acid vapor in AC interior condenses
rapidly and exists in the form of liquid sulfuric acid in AC pores.
For this reason, it is considered that condensation breaks the equi-
librium and promotes the reaction of SO; and H,O (g), and ulti-
mately reflects the SO, adsorption capacity upgrading. The ion chro-
matograph analysis in our test shows that there is only SO; in the
AC immersing solution in SO,+0,+H,0 atmosphere. This indi-
cates that all adsorbed SO, in AC interior forms sulfuric acid due
to the effect of water.
1-3. Effects of O, and H,0O Concentration on AC Desulfurization
Activity

Effects of O, and H,O concentration in SO,+0,+H,O atmosphere
are studied to further get a clearer understanding of O, and H,O effect
mechanism. SO, adsorption curves at the temperature of 60 °C are
shown in Fig. 5(a) and (b). AC desulfurization efficiency increases
with the increase of O, concentration, and when O, concentration
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Fig. 5. Effects of O, and H,O concentrations on SO, conversion effi-
ciency: the curves of figure (a) was effect of O, concentra-
tion (2%, 5%, 8%, 10%) on desulfurization efficiency under
the condition of 60 °C and 10% H,O; the curves of figure
(b) was effect of H,O concentration (6%, 10%, 13%, 16%)
on desulfurization efficiency under the condition of 60 °C
and 5% O,; Lines with different color represent the trends
of date points.

(a) Effects of O, concentrations on SO, removal efficiency,
(b) Effects of H,O concentration on SO, removal efficiency

exceeds 8%, desulfurization efficiency is essentially the same. AC
desulfurization reaction is a heterogeneous catalytic reaction. Only
when oxygen in flue gas diffuses to the catalytic oxidation active
site in surface of AC can it react with chemical adsorbed SO, in
active site to form SO,. When O, concentration is relatively low,
O, diffusion resistance is very large. Although the apparent molar
ratio of O, and SO, is greater than (.5, O, molecules which diffuse
to the catalytic oxidation active site are rare and oxidized SO, is
also little. Increase of O, concentration can reduce the diffusion re-
sistance and increase the probability of oxygen diffusion to the active
site, which increases the chance of SO, being oxidized to SO, and
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further promotes the combination of SO, and H,O (g), and ulti-
mately reflects the SO, adsorption capacity upgrading. When O,
concentration is much greater than the SO, concentration, O, can
almost diffuse to all catalytic oxidation active sites in the surface of
AC and the increase of O, concentration has no effect on AC de-
sulfurization activity. When H,O concentration varies from 6% to
13%, AC desulfurization efficiency significantly improves with in-
creasing H,O volume fraction. This is because the higher the H,O
concentration is, the more water molecules diffuse to the AC inte-
rior. Hence, this increases the probability of the combination of SO,
and H,0, and ultimately reflects desulfurization capacity upgrading.
When H,O concentration changes from 13% to 16%, AC desulfu-
rization efficiency decreases significantly. This can be proved by
the analysis of AC pore structures and H,O steam properties. Ac-
cording to previous research [7.9], micropores of AC is SO, adsorp-
tion and conversion place. Molecular collision diameters of SO,,
0, and H,O are 0.4112nm, 0.3467 nm and 0.2641 nm, respectively.
These molecules can diffuse to the micropores of 2 nm. Different
from O, and SO,, H,0 (g) can condense into liquid H,O rapidly in
micropores and form water film [12]. When H,O concentration is
too high, H,O (g) will form excess water film, which can plug the
pores and flood active sites and ultimately hinder the diffusion of
SO, and O, to micropores.

1-4. SO, Conversion Mechanism and Sulfur Enrichment Form

From the above research, the existence of SO, and H,SO, in AC
interior is proved in the presence of O, and H,O, and effect of O,
and H,O concentration on AC desulfurization activity is analyzed.
According to our research and combining with previous research
of most scholars [4-17], detailed reactions of AC desulfurization
process are proposed as follows:

(a) SO,(g)—SO,(physically adsorbed);

(b) SO,(g)+Active Site— SO,(chemical adsorbed);

(c) SO,(chemical adsorbed)+0O,— SO, +Active Site;

(d) SO,(physically adsorbed)+Active SiteSO,(chemical adsorbed);

(e) SO;tH,O(2) ~H.SO4(g);

() H,SO,(2) = H,SOL0).

From the above mechanism, Steps (c) and (e) are key steps in
the process. The presence of O, and H,O is a necessary condition
for AC desulfurization behavior. Step (a), SO, physical adsorption
is just a transitional step of SO, conversion. Step (f), condensation
of sulfuric acid vapor is assumed the rate controlling step of the whole
process. The series of reactions take place in AC micropores. The
final reaction product, liquid sulfuric acid, may also overflow from
the micropores and enrich in the mesopores or macropores.

2. Sulfuric Acid Desorption Mechanism by Composite Regen-
eration

We proposed a new regeneration method which combines the
advantages of both heating regeneration and water scrubbing regen-
eration, adding water vapor blowing in heating regeneration pro-
cess, called combined regeneration. Sulfuric acid desorption mech-
anism by this method was studied.

2-1. Effect of Water Vapor Blowing on Regenerative ACs Micro-
structure

AC quality loss is unavoidable in regeneration process. Firstly,
AC quality losses of different regeneration methods (heating regen-
eration, water scrubbing regeneration, combined regeneration) are
compared in Fig. 6. AC quality loss of heating regeneration is much
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Fig. 6. Quality loss of regeneration one time AC by heating regen-
eration (temperature of 300 °C, 400 °C and 500 °C), water
scrubbing regeneration (temperature of 400 °C) and com-
bined regeneration (temperature of 300 °C).

higher than that of water scrubbing regeneration and combined re-
generation. With the heating regeneration temperature increase, AC
quality loss apparently increases. At the same heating temperature
(300 °C), quality loss (5.2%) in combined regeneration is obviously
lower than that (18.3%) in heating regeneration. In addition, we can
see that AC quality loss in water scrubbing regeneration is the lowest,
only 0.95%. In heating regeneration process, adsorbate H,SO, form-
ing in SO, removal process reacts with carbon of AC interior and
resolves in the form of SO, (C+2H,S0,=CO,+2S0,+2H,0; C+
H,SO,=CO+S0O,+H,0 [17.19]). The reactions release the space of
AC pores and recover AC repeated desulfurization property. Mean-
while, the chemical loss of carbon is not negligible. That is why
quality loss in heating regeneration is the highest. In water scrub-
bing regeneration process, large amounts of water are used to wash
adsorbate H,SO,, and low concentration sulfuric acid is collected
[17]. In contrast to heating regeneration, the principle of water scrub-
bing regeneration is simple, just relying on concentration difference
and no chemical loss of carbon comes up. That is why quality loss
of water scrubbing regeneration is the lowest. Quality loss of com-
bined regeneration is lower than that of heating regeneration. It ex-
plains that water vapor blowing reduces the chemical loss of car-
bon. To further understand the effect of water vapor blowing, de-
sulfurization-regeneration repeated experiments are carried out. Re-

Table 3. Pore structure parameters of ACs
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Fig. 7. Adsorption isotherms of ACs: N, adsorption isotherms (rela-
tive pressure 0.001-1) of ACs by heating regeneration and
combined regeneration were compared to study the changes
of AC pore structures.

generation temperature keeps at 400 °C. The results show that AC
cumulative quality loss (53.6%) of five-times in combined regener-
ation is still less than that (62.4%) of three-times in heating regenera-
tion.

N, adsorption isotherms (relative pressure 0.001-1) and pore struc-
ture parameters are obtained to study the effect of water vapor blow-
ing on AC pore structures. The results are shown in Fig. 7 and Table
3. From Fig. 7 we can see that adsorption isotherm of original AC
shows obvious smearing effect, which indicates that there are some
mesopores in AC. So it presents mesopore-filled characteristics, and
it also can be concluded from Table 3 by comparing pore volumes
of micropore and mesopore. Adsorption isotherms of ACs after re-
generation are typical I type adsorption isotherms with micropore-
filled characteristic. By analyzing effects of water vapor blowing
on adsorption isotherm of AC after regeneration, it is found that
adsorption isotherms of AC through one-time regeneration have
great difference compared to that of original AC. From the pore
structure parameters in Table 3, micropore areas and micropore vol-
umes after heating regeneration are bigger than that of original AC, but
it has less BET surface area, total pore volume and mesopore vol-
ume. It can be concluded that micropores are produced and enriched
while mesopores are destroyed. AC is a kind of activated carbon
material which is not completely activated and part of micropores

BET surface area  Total pore volume

Samples

Micropore surface area

Micropore volume  Mesopore volume

(m*g ) (em’-g ') (m*g ) (em’-g ') (em’-g ')
Original AC 563.144 0.354 308.191 0.143 0.182
AC by H-R 1 time 531.265 0.285 376.138 0.174 0.051
AC by H-R 3 times 509.616 0.249 403.551 0.187 0.031
AC by C-R” I time 544.679 0325 336.289 0.159 0.106
AC by C-R 5 times 519.710 0.256 414.369 0.192 0.035

“H-R: heating regeneration
C-R: combined regeneration
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in AC interior are plugged by tar and amorphous carbon. Heating
regeneration plays a role of reactivation, and it has the effect of pore-
making and pore-reaming. On one hand, tar and amorphous car-
bon are burn-lossed, and the plugging micropores are opened; for
the other, mesopores are expanded. However, mesopores would
disappear if the mesopores were expanded too much. As seen from
Fig. 7, compared to AC only through heating regeneration, the ad-
sorption isotherm of AC after combined regeneration one time is
more close to that of the original AC. As shown in Table 3, increas-
ing extent of micropore areas and micropore volumes by combined
regeneration is less than that of heating regeneration, so is it with
decreasing extent of BET specific surface areas, total pore volumes
and mesopore volumes. The reason is that water vapor blowing has
the effect of activity protection and preventing reactivation. Pore
structure of AC changes less during combined regeneration than
that during heating regeneration.

The surface functional groups of original AC, AC by heating re-
generation and composite regeneration are confirmed by FT-IR (Fig.
8). From Fig. 8(a), bands at 1,150 cm ', 1,550 cm !, 3,500 cm ' are

Original AC

Transmittance (%)

“-f H-R one time

1150

500 1000 1500 2000 2500 3000 3500 4000
Wave number (cm™)

(a)

. CRfive times
S \“"'\\
Q W
Q
&
E Original ACH" _ \V JN‘N
; \
7]
| =
© \ 1750
-
,('{ C-R one time
500 1000 1500 2000 2500 3000 3500 4000

Wave number (cm™)
(b)

C-R: combined regeneration; H-R: heating regeneration

Fig. 8. FTIR spectra of ACs: The surface functional groups of origi-
nal AC, AC by heating regeneration and combined regen-
eration are confirmed by FT-IR.

(a) FTIR spectra of original AC and heating regeneration AC,
(b) FTIR spectra of original AC and combined regeneration AC

November, 2011

Table 4. Contents of SO} and SO} in NaOH solution absorbing

desorption products
ACs Contents of SO;* (mmol) Contents of SO,> (mmol)
H-R: 300 0.0421 0.0091
H-R: 400 0.0465 0.0076
H-R: 500 0.0478 0.0056
C-R: 300 0.0157 0.0334
W-R" 25 0.0021 0.0264

“W-R: water scrubbing regeneration

C-0, C=0, O-H, respectively [21]. It is necessary to underline that
band 2,400 cm ' is physically CO, from air. By analyzing the results
of AC characterization after heating regeneration one time and three
times, it is found that types of AC surface functional groups by heat-
ing regeneration one time are basically the same with the original
AC, However, FTIR spectrum of AC by heating regeneration three
times has obvious changes in contrast to original AC, the O-H func-
tional groups tend to disappear. As Fig. 8(b) shows, FTIR spectrum
of AC by combined regeneration five times is basically the same
with original AC. This indicates that the surface functional groups
of AC virtually make no change by combined regeneration which
added water vapor blowing in heating regeneration process.
2-2. Effect Mechanism of Water Vapor Blowing on Sulfuric Acid
Desorption

Water vapor blowing in heating regeneration process inhibits reac-
tivation effect, and as a result reduces the change of AC pore struc-
ture and surface functional groups. To further understand the effect
mechanism of water vapor on sulfuric acid desorption, the content
of SO; and SO; in NaOH solution which absorbs desorption prod-
ucts is detected with ion chromatograph in our test. The results are
shown in Table 4. In desorption products of heating regeneration,
the content of SO; is much higher than that of SO; . This shows
that large amounts of SO, exist in desorption gas. The production
of sulfur dioxide is the result of redox reactions between H,SO, and
carbon (described above). In desorption products of water scrub-
bing regeneration, the content of SO; is almost ten times higher
than that of SO3 . However, the total amount of sulfur desorption
is apparently less than that of heating regeneration because of in-
complete regeneration in water scrubbing regeneration. The con-
tent ratio of SO; to SO; in combined regeneration products is
opposite to heating regeneration. The content of SO; is obviously
higher than that of SO; . This explains that sulfur enriched in de-
sulfurization process desorbs mostly in the form of +6 valence. Fol-
lowing the SO, removal mechanism in presence of O, and H,O (de-
scribed in section 1), SO, reacts with active sites, O,, and H,O, ul-
timately produces liquid sulfuric acid stored in AC pores. On the
basis of this conclusion, we consider that part of the liquid sulfuric
acid arrives at boiling point due to the high temperature (more than
300°C) in regeneration, and consequently turns into sulfuric acid
vapor, and is carried out by water vapor blowing. The amounts of
sulfuric acid vapor depend on the ratio of reaction between H,SO,
and carbon to volatilization of liquid sulfuric acid. Combined with
the SO, removal process, the rules of sulfur pattern transition in AC
interior in the whole desulfurization and regeneration process can
be concluded, as Fig. 9 shows.
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Fig. 9. Sulfur conversion schematic in AC desulfurization-regen-
eration process by heating regeneration, water scrubbing
regeneration and combined regeneration.

As observed in Fig. 9, in combined regeneration process, the pro-
portion of adsorbate H,SO, which reacts with carbon decreases due
to the influence of water vapor blowing, It reduces the cost of carbon,
which builds up the pore structure of AC and inhibits reactivation
effect, and as a result reduces the change of AC pore structure and
surface functional groups.

CONCLUSION

Commercial activated coke was used to study the mechanism of
SO, removal in the presence of O, and H,O and desorption mech-
anism of adsorbate H,SO,. With the participation of O, and H,0,
SO, can be oxidized to SO; and converted into H,SO, which exists
in the form of liquid. Condensation of sulfuric acid vapor is assumed
the rate controlling step of the whole process. Compared with heat-
ing regeneration, water vapor blowing in combined regeneration
inhibits the reaction between H,SO, and carbon, and consequently
reduces the chemical loss of carbon, which makes AC pore struc-
ture and surface functional groups change little. Adsorbate H,SO,
evaporates to sulfuric acid vapor due to the high temperature in re-
generation, and is carried out by water vapor blowing. In addition,
the amount of sulfur desorption in combined regeneration is much
more than water scrubbing, AC regenerates thoroughly. Combined
regeneration is a promising regeneration method for desulfuriza-
tion AC and needs further research.

ACKNOWLEDGEMENT

This research was financially supported by the National High

Technology Research and Development China (2007AA0523374)
and the National Natural Science Foundation of China (Grant No.
50806019).

REFERENCES

1. Energy Strategy Study Group and Chinese Academy of Transla-
tion, 1* Ed. Science Press, Beijing, In Chinese (2006).
2. Y.-W.Nam and K.-S. Park, Korean J. Chem. Eng., 21,370 (2004).
3.J.J. L and N. Kobayashi, Chem. Eng. Process., 47, 118 (2007).
4.K.-S. Kim, S. H. Park, K. T. Park, B.-H. Chun and S. H. Kim,
Korean J. Chem. Eng., 27, 624 (2010).
5. E. Richer, Catal. Today, 7, 93 (1990).
6. 1. Mochida, K. Kuroda, S. Kawano, Y. Matsumura and M. Yoshikawa,
Fuel, 76, 533 (1997).
7. E. Raymundo-Pinero, D. Cazorla-Amoro and A. Linares-Solano,
Carbon, 39,231 (2001).
8. A. A. Lizzio and J. A. De Barr, Fuel, 75, 1515 (1996).
9. E. Raymundo-Pinero, D. Cazorla-Amoro, C. S. M de Lecea and A.
Linares-Solano, Carbon, 38, 335 (2000).
10. B. Rubio and M. T. Izquierdo, Fuel, 77, 631 (1998).
11. V. Gaur, R. Asthana and N. Verma, Carbon, 44,26 (2006).
12. X. L. Zhang, H. X. Reng, K. Liand S. L. Han, Journal of China Min-
ing University, 36, 210, In Chinese (2007).
13. A. A. Lizzio and J. A. Debarr, Energy Fuel, 11, 284 (1997).
14.J. Zawadzki, Carbon, 25,431 (1987).
15.S.Y.Zhang, T. Y. Zhu, Y. Wang, J. F. Luand G X. Yue, Power Sys-
tem Engineering, 20, 47, In Chinese (2004).
16. ). Zawadzki, Carbon, 25, 495 (1987).
17. 1. Mochida, Y. Kora and M. Shirahama, Carbon, 38, 227 (2000).
18. Z. Y. Feng, Active coke preparation and application technology,
Dalian University of Technology Press, Dalian, In Chinese (2007).
19. X. M. Fei, Y. C. Zhang and J. X. Zhou, Chem. Environ., 26, 378,
In Chinese (2000).
20. M. S. Jia and C. M. Ling, Industrial Boiler, 82, 31 (2003). (In Chi-
nese).
21. G J. Shang, Mechanism of physical structure and surface func-
tional groups of activated semi-cokes used in SO, removal from flue
gas, Taiyvan University of Technology, Taiyuan, In Chinese (2006).

Korean J. Chem. Eng.(Vol. 28, No. 11)




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile (Color Management Off)
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth 8
  /ColorImageDownsampleThreshold 1.33333
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth 8
  /GrayImageDownsampleThreshold 1.33333
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 150
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.33333
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /DetectCurves 0.000000
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /PreserveDICMYKValues true
  /PreserveFlatness true
  /CropColorImages true
  /ColorImageMinResolution 290
  /ColorImageMinResolutionPolicy /Warning
  /ColorImageMinDownsampleDepth 1
  /CropGrayImages true
  /GrayImageMinResolution 290
  /GrayImageMinResolutionPolicy /Warning
  /GrayImageMinDownsampleDepth 2
  /CropMonoImages true
  /MonoImageMinResolution 800
  /MonoImageMinResolutionPolicy /Warning
  /CheckCompliance [
    /None
  ]
  /PDFXOutputConditionIdentifier ()
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [2834.646 2834.646]
>> setpagedevice


