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Abstract

This study presents findings from an experimental investigation of the influences of several factors on the desulfurization activity of sorbe
synthesized from coal fly ash, CaO, and Capecifically, the effects of specific surface area (16.1-133@meaction temperature (60-30D),
feed concentration of S(A500—-2500 ppm), and feed concentration of NO (0—750 ppm) were elucidated using a fixed bed reactor. In general, tt
sorbent desulfurization activity increased with increasing specific surface area, reaction temperature, and NO concentration but with decrea
SO, concentration. The physical and chemical properties of sorbent before and afteaf®0re were characterized through scanning electron
microscopy, X-ray diffraction, and Fourier transform infrared analyses.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction that of hydrated lim¢l—11]. In addition, it has been shown that
addition of CaSQ@to the preparation mixture has a positive or
Sulfur in coal is converted to sulfur dioxide (§0during  negative effect on the sorbent desulfurization activity, depend-
combustion. S@is a precursor to acid rain which is one of the ing on the specific hydration conditions being ug&#-14]
most widespread forms of pollution worldwide. In addition SO These coal fly ash-based sorbents have been successfully used
causes the formation of secondary particles in the atmosphene a dry-type FGD system to treat 644 008/m of flue gas
that impair visibility. To minimize the adverse impacts of SO [4].
emissions on the environment, much effort has been put into The extent of S@ capture varies significantly for different
developing flue gas desulfurization (FGD) technologies over théypes of sorbent synthesized from coal fly ash/Ca(f€80/
past few decades for the control and abatement ofeédlssions CaSQ. The structural properties of these sorbents (e.g., spe-
by coal-fired power plants and boilers of industrial processestific surface area and porosity) are believed to play an important
For example, dry FGD processes use calcium-based sorbents)e in SGQ capture. In general, it has been shown that higher
usually hydrated lime (Ca(OHl), as a reagent to remove $O desulfurization activity correlates with higher specific surface
from flue gas. area[2,11], although some studies have produced inconclusive
Recent research in this area has focused on synthesizing diesults[8,9]. These previous results suggest that further study
ferent types of calcium-based sorbent from mixtures of coabn the role of specific surface area in S€pture is warranted.
fly ash/Ca(OH)/CaO/CaSQ@. The use of coal fly ash as the In this work, we report an experimental investigation of;SO
base materialin sorbent synthesis is attractive both economicallgmoval by sorbents having a range of specific surface areas pre-
and environmentally, as it is the most voluminous by-product opared from coal fly ash, CaO, and CaSOThe other key areas
coal-fired power plants. A number of studies have shown thatf interest are the effects of reactor operating conditions such
mixing coal fly ash with Ca(OH)or CaO in a hydration pro- as temperature and feed concentrations of 8 NO on the
cess produces sorbents with S€apture capacity higher than extent of SQ removal and characterization of sorbent before
and after S@ capture through scanning electron microscopy
(SEM), X-ray diffraction (XRD), and Fourier transform infrared
* Corresponding author. Tel.: +60 4 594 1012; fax: +60 4 594 1013, (FTIR) analyses to gain insight into the mechanism of, SO
E-mail address: chrahman@eng.usm.my (A.R. Mohamed). removal.
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Table 1 Table 2
BET specific surface areas of the starting materials Full factorial design matrix and specific surface areas of sorbents
Starting material Specific surface are&(g) Experimental variables Specific surface
- area (né/g)
Coal fly ash 1.46 Hydration Amount of Amount of
CaO 5.62 period (h) fly ash (g) CasqQ (9)
CasQ 4.89
4 5 0 28.7
18 5 0 42.7
. 32 5 0 41.8
2. Materials and methods 4 10 0 24.2
18 10 0 29.2
2.1. Sorbent preparation 32 10 0 34.5
4 15 0 18.1
. 1 15 0 29.8
The raw materials used to prepare the sorbents were co 15 0 146
fly ash, CaO, and CaSQOThe coal fly ash was provided by a 4 5 6 16.8
coal-fired power plant of Tenaga Nasional Berhad, Malaysiais 5 6 45.3
The chemical composition of the fly ash was 60% £i@0% 32 5 6 55.3
Al»03, 4.7% FeOsz, 3.0% Ca0, 1.1% KO, 1.0% MgO, 7.5% C, 1‘; 1‘3 2 Sig
2.4% others, and 0.3% ignition loss. The CaO and Cas€re 10 6 1333
obtained from BDH Laboratories, England. The BET surface 4 15 6 232
area of these raw materials was analyzed using an Autosorb 118 15 6 102.0
Quantachrome analyzer and the results are listddlie 1 32 15 6 105.5
To evaluate the effect of specific surface area op &pture, 1‘; g ﬁ }é-;
sorbents having a range of specific surface area were prepargg 5 12 491
by varying some of the preparation conditions. Specifically, a 4 10 12 23.4
full factorial design was used to synthesize sorbents of differents 10 12 71.0
surface areas by varying three experimental variables: hydr&2 10 12 80.9
tion period, amount of coal fly ash, and amount of CaSthe 4 15 12 26.6
) 15 12 64.6
amount of CaO used was kept constaFetble 2displays the 3, 15 12 97.2

matrix for the 3 factorial design. The procedure used to pre-
pare the sorbents comprised the following steps. A fixed amount
of CaO (59) was added to 100 ml of water at°€5 Different  sisting of SQ, NO, O,, and CG. The combined feed gas flowed
amounts of coal fly ash and Cag@ere added to the slurry through the reactor at a flow rate of 150 ml/min. The;S0n-
simultaneously, according to the design matrix showfainle 2 centration of the effluent gas was continuously monitored by an
The slurry was then maintained at 95 for a period of time for  Enerac 2000E flue gas analyzer. Two or three replicate measure-
the hydration process to occur. The hydration period for differments were made for each sorbent activity test and the relative
ent runs was varied according to the design matrix shown igtandard deviation was found to be less than 3%. For clarity,
Table 2 The resulting slurry was filtered and dried at 2@for  only the average values are presented in this paper. The desulfu-
2 h. The BET surface area of the resulting sorbents was analyzetation activity is expressed in three different ways: maximum
as described above and the results are tabulat€alile 2 utilization of CaO (mg captured Sy CaO) in the sorbent when

To study the effects of reactor operating conditions such as
temperature, S©concentration, and NO concentration on the
extent of SQ capture, areference sorbent having a fixed specific
surface area was prepared. The reference sorbent was synthe
sized by mixing 5g CaO, 13.7 g fly ash, and 7.4 g Ca%®
a hydration period of 10 h. The resulting sorbent had a specific
surface area of 64.5%y.

emperature
ransmitter

Mass
Flow
Controller

2.2. Desulfurization experiments Humidifer By-Pass

¢

Desulfurization experiments were performed using a fixed v Z
bed testrig, as shown Fig. 1 The reaction zone was contained [ ] i Reactor
in a 0.13m diameter stainless steel tube fitted in a furnace for  Rotameter Bypase _
isothermal operation. The sorbent (0.7 g) was packed in the cen- o er et G PN Zone
ter of the reactor supported by glass wool. A §lream passed |
through a humidification system consisting of two 250 ml coni- [Gas Analyzer]

cal ﬂ_as_lfs 'mmersed inawater bath E_lt Cons_tanttemperature. Aft%rg. 1. Schematic diagram showing the experimental set-up for fixed bed desul-
humidification, the N stream was mixed with a gas stream con-fyrization.
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itis completely exhausted (i.e., percent removal 0§ SO)[13]; - O 250 J .
duration the sorbent could maintain above 80% removal gf SO E S
per gram CaO (min/g Ca@3]; percent removal of SO 8 % 2001
To evaluate the effect of specific surface area op &pture, § 3 150 |
a range of sorbents having different surface areas were selected g 3
from Table 2for the activity test. The feed gas composition at = 2 100 1
100°C was maintained at 1000 ppm $B00 ppm NO, 5% ©, 2 8 50
12% CQ, and the balance N To study the effects of reac- g |
tor operating conditions on SCapture, the fixed bed reactor 0 20 40 €0 8 100 120 140
packed with the reference sorbent was subjected to a feed gas Specific surface area (m?/g)

consisting of 500—2500 ppm $-750 ppm NO, 5% & 12% _ y o -

CO,, and the balance N The range of reaction temperature Fig. 2. Effect of specific surface area on th_e_ desulfurization activity of fly
L. . . ash/CaO/CaSg®sorbents. Feed gas composition at 160 1000 ppm S,

tested Wa_s 60-30C. Addlthnal desglfurlzatlon experiments 500 ppm NO, 5% @, 12% CQ, and the balance N The solid line is calculated

were carried out at 150C using the fixed bed reactor packed from gq.(1).

with each of the raw materials (coal fly ash, CaO, or CgSO
and a feed gas consisting of 1000 ppmz5800 ppm NO, 5% the specific surface area was increased from 22.5 to 1@ m

02, 12% CQ, and the balance N Within this specific surface area range, the exponential trend
) ) can be described quantitatively by the following empirical
2.3. Physical and chemical analyses equation with a correlation coefficient of 0.991:

The specific surface area and pore volume distribution of sofDesulfurization activity
bents were determined using the BET and BJH methods, respec-
tively, on an Autosorb 1C Quantachrome analyzer. A Leica
Cambridge S360 scanning electron microscope with 15kV oflthough Eq.(1) is useful for predicting the effect of specific
accelerating voltage was used to examine the sorbent surfasearface area on sorbent desulfurization activity, it is obvious
morphologies. The CaO content of sorbentwas determined usirtat it should not be used for extrapolation purposes due
a Rigaku RIX 3000 X-ray spectrometer. XRD analysis was carto the empirical nature of the expression. This observation
ried out using a Philips PW 1820 X-ray diffractometer with Cu corroborates the finding of Lin et a[11] which showed
Ka radiation in the diffraction angle @ range of 5-90at a  that SQ capture by sorbents prepared from fly ash/Ca(OH)
sweep rate of 3min. FTIR spectra were recorded on a Perkin-increased with increasing specific surface area. However, they
Elmer FTIR 2000 spectrophotometer. The amount of sampléound a linear correlation between desulfurization activity
used in the XRD and FTIR analyses was kept constant so thaind specific surface area. It may be concluded that specific
the peaks obtained in the spectra can be used to represent thaface area plays a key role in enhancing the desulfurization

= 36.4 exp(Q014 x specific surface area) (1)

relative concentrations of a chemical species. capacity of sorbents derived from either fly ash/CaO/Ca&0O
fly ash/Ca(OH). Having established the influence of specific

3. Results and discussion surface area on SCrapture, a reference sorbent prepared from
fly ash/CaO/CaS@with a specific surface area of 64.54y

3.1. Effect of specific surface area was used in all desulfurization experiments reported below.

A number of previous studies have produced inconclusives.2. Comparison of fly ash/CaO/CaSOy sorbent and
results with regard to the influence of specific surface areararting materials
on the desulfurization activity of sorbents derived from fly
ash/Ca(OHYCaO/CaSQ@. Some studies reported that desul- SO, removal by the reference sorbent and the three starting
furization activity increased with increasing specific surfacematerials is shown ifig. 3. The fixed bed reactor was subjected
area[2,11] while others did not find a direct relationship to afeed gas consisting of 1000 ppm_£600 ppm NO, 5% @,
between these two parametg¢8s9]. To elucidate the role of 12% CQ, andthe balancedat 150°C. As can be seen ffig. 3,
specific surface area in $S@apture, sorbents having surface the reference sorbent easily outperformed its base componentsin
areas in the range of 16.1-133.8/mwere synthesized from removing SQ. The sorbentremoved 100% of the SBthe feed
coal fly ash/CaO/CaSpby varying some of the preparation gas during the first 30 min of reaction. The S&€arted to break-
conditions according to a full factorial design, as shown inthrough at reaction time >30 min, resulting in a gradual decrease
Table 2 Selected sorbents were tested for their desulfurizatiomn the percent removal of SQuith increasing reaction time. The
activity which is defined as the maximum utilization of CaO percent removal of Sgeventually reached zero after 150 min of
(mg captured S&Jg CaO) in the sorbent when it is completely reaction. In contrast, each of the three starting materials; coal fly
exhausted (i.e., percent removal of S€D). Fig. 2 shows ash,CaO, and CaS@id notexhibitany significant desulfuriza-
the desulfurization activity of sorbents versus their specifidion activity. These results mostlikely reflect the factthat the spe-
surface area. The desulfurization activity is seen to increaseific surface area of the reference sorbent (6£&jnwas much
exponentially from 53.6 to 244.7 mg captured &DCa0 as largerthanthose of the starting materidlafgle 1 1.5-5.6 m/g).
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Fig. 5. Pore volume distributions of the reference sorbent before and after SO
Fig. 3. Comparison of the desulfurization activity of the reference sorbent angapture.

its base components. Feed gas composition at €5Q000 ppm S, 500 ppm
NO, 5% &, 12% CQ, and the balance N ) .
The chemical composition of the reference sorbent before

d after desulfurization was studied through XRD analysis.
he XRD spectra are shown kig. 6. The peaks in the spectra
L&an be assigned as follows: peaks a = calcium aluminate silicate

ﬁydrate compound (G&SigAl3)024-8H,0), peaks b = calcium

The surface morphology of the reference sorbent before a
after SQ capture was studied through SEM. As showRiin 4a,
the hydration process produced a sorbent with a highly poro
surface. After reacting with SFig. 4b shows that the porous ~ :
surface of the sorbent was no longer discernible. The por arbonate (CaC®), and peaks d=calcium sulfate (CagO
volume distributions of the reference sorbent before and aftey 2(519A3)024-8H,0 and CaC@are the products of the hydra-
desulfurization are shown Fig. 5. For the fresh sorbent, meso- tion process while the CaS@etected in the fresh sorbent is the

pores with an average pore size of 41.8 nm appeared to be tngeacted base material. The absence of silicazS0d alu-

major contributor to the total pore volume. After desulfuriza-mma(AIZOS) In Fig. 6a, the two main components of coal fly ash,
. . T uggests that they have reacted completely with CaO/G&s0
tion, a large portion of the pore volume had disappeared an orm Can(SioAl 3)O4-8H,0 which reacts with S@ After desul-

the average pore size dropped to 28.6 nm, indicating significant .~ . . . .
pore filling by the reaction product. It may be concluded tha?urlzatlon,ﬁg. 6b shows noticeable changes in the spectrum of

the surface of the spent sorbent was covered by a layer of tthe sorbent. It can be seen that peaks a and b became weaker, indi-

. o . cating that Ca(SigAl 3)O24-8H,0 and CaC@were converted to
reaction product Caspreducing its porosity. other chemical forms. Since the intensity of peaks d for CaSO

a: Cay(Si;Al,)0,,.8H,0 (calcium aluminate sillcate hydrate)
b: CaCO,(Calcium carbonate)
d: CaSO, (Calcium sulfate) =

152.00

Intensity (Counts)

wwm
10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85
Diffraction angle (degree)

0.00

=z

a: Ca,(Si;Al;)0,,.8H,0 (calcium aluminate sillcate hydrate)
b: CaCO,(Calcium carbonate)
d: CaSO, (Calcium sulfate)

152.00

Intensity (Counts)

10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85
b) Diffraction angle (degree)

Fig. 4. SEM micrographs of the reference sorbent (a) before and (b) after SO
capture. Fig. 6. XRD spectraof the reference sorbent (a) before and (b) aftec&ure.
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Fig. 7. Effect of reaction temperature on the percent removal of I80the Fig. 8. Effect of SQ concentration on the desulfurization activity of the ref-
reference sorbent. Feed gas composition: 1000 ppp S ppm NO, 5% ©, erence sorbent. Feed gas composition at’Th®G00—2500 ppm S£) 500 ppm
12% CQ, and the balance N NO, 5% &, 12% CQ, and the balance N

in_creased, it may be concluded that the two_compounds reacte@drbent by the resulting reaction product Ca$@evented fur-
with SO, to produce CaS® As already mentioned, the forma- ther release of hydrated water. Second, all the hydrated water

tion of CaSQ led to a loss of sorbent porosity through CaSO of the sorbent had already been released when the temperature
deposit in the sorbent pores, as can be seen in the SEM imaggached 200C.

of Fig. 4b.
3.4. Effect of SO2 concentration
3.3. Effect of reaction temperature
The effect of S@ concentration on the desulfurization activ-

Fixed bed experiments were performed to examine the effecigy of the reference sorbent is shown fiig. 8 The desulfur-
of reaction temperature, $S@oncentration, and NO concen- jzation activity decreased linearly when the S@ncentration
tration on the desulfurization activity of the reference sorbentyyas increased from 500 to 2500 ppm. The slope of the line in
Fig. 7 shows the effect of reaction temperature (60-30Pon  Fig. 8estimated by a linear regression with a correlation coeffi-
the percent removal of SGrom a feed gas containing 1000 ppm cient of 0.979 was-0.052 min/(g CaO ppm S£. The drop in
SG,. As can be seen ifrig. 7, the desulfurization activity the desulfurization activity is a direct consequence of exposing

increased when the temperature was raised from 600200t 5 fixed amount of sorbent to increasingS@ncentration in the
further increases in temperature beyond 20@lid not seemto  feed gas.

enhance the desulfurization activity. A possible explanation for

this observation is that the hydrated water contained within thg 5
sorbent was released upon exposure to the hot gas stream, cre-
ating new pores which increased the surface area of the sorbent Fig. 9shows the effect of NO concentration on the extent of

[15]. As already mentioned, desulfurization activity increasess, removal by the reference sorbent. The presence of NO in the
with increasing specific surface area. feed gas had a beneficial effect on the desulfurization activity.
When the temperature was raised by @irom 60t0 100C, |, the absence of NO the time that the sorbent could maintain
the breakthrough time increased from 12 to 16 min, a rathejngo, removal of S@was only about 9 min; however, when
modest increase in the sorbent’s ability to maintain 100% SO, ppm NO was included in the feed gas the breakthrough time
removal. This observation suggests thatnotmuch of the hydratficreased to about 20 min. Further enhancement of the break-

water trapped within the sorbent could be released at temper?ﬁrough time was observed using a feed gas containing 500 ppm
tures below the boiling point of water to create additional surfacg;o |t has been postulated that the presence of NO in the feed
area. The weak effect of reaction temperature below°f00

on the desulfurization activity of fly ash/Ca(OH3orbent has

Effect of NO concentration

also been reported by Liu et 4lL6]. By contrast, raising the

temperature by 50C from 100 to 150C increased the break- 9

throughtime from 16 to about 30 min; the sorbent could maintain OTu

100% removal of S@for a much longer period of time. Similar @

enhancement in desulfurization activity was observed when the %

temperature was raised from 150 to 2@ This implies that the 3

temperature range of 100—-200 was able to cause significant E%

release of the hydrated water of the sorbent which led to cre- ¢

ation of additional pore volume and hence specific surface area 0O 3 60 90 120 150 180 210
for desulfurization. However, the breakthrough time remained Time (min)

somewhat constant when the temperature was increased fro

. . Ig. 9. Effect of NO concentration on the percent removal o 8®the refer-
200 to 300°C. Two possible reasons may account for this obserg e sorbent. Feed gas composition at’IDAL000 ppm S@ 0-750 ppm NO,

vation. First, at temperatures > 200, surface coverage of the 59 0,, 12% CQ, and the balance N
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due to the absorption of Sn the form of sulfite salts, while the
SO4~ peak is due to the unreacted base material used in syn-
thesizing the sorbent or it could also be due to the absorption of
SO in the form of sulfate salts. In the presence of 500 ppm NO,
the vibration absorption peaks ascribed to330and SQ2~
were still detected in the spent sorbent, as showfidgn 1.
Comparison of the two spectra indicates that the peak fafSO
in Fig. 1(b became more intense while the peak for30was
weaker. The increase in the intensity of the,30peak and
decrease in the intensity of the §0 peak may be attributed
to the oxidizing effect of NO. Most of the SQvas absorbed in
S0, \ the form of sulfate salts instead of sulfite salts in the presence
of NO. Further, a weak vibration absorption peak ascribed to
NO3~ (nitrate) was also detected, as showkig. 1M, indicat-
ing thata small amount of NO was absorbed in the form of nitrate
salts.

Intensity / a.u.

S0,%

T T T T T
4000 3000 2000 1500 1000 400

(a) Wave number / cm’'

4. Conclusions

The desulfurization activity of sorbents synthesized from coal
fly ash/CaO/CaSgpwas observed to increase exponentially with
increasing specific surface area. The extent of &4pture by a
reference sorbent with a specific surface area of 64/ mas
\ much higher than those of its starting materials. Enhancement
of desulfurization activity by reaction temperature and inclusion
NOs' of NO in the feed gas was also observed. SEM showed that
SO, capture resulted in a reduction of sorbent porosity through
surface coverage by the reaction product Ca®D and FTIR
analyses confirmed that S@as absorbed in the form of sulfate
S0,% salts.
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