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Abstract

The process of sulfur self-retention (SSR) occurs as a result of the reactions between the mineral matter in coal ash and the SO2 evolved
during coal combustion. Consequently, the emission of SO2 may be significantly reduced. The results of experimental investigations
and modeling of SSR is presented in this work. The transformations of sulfur forms during devolatilization are taken into account via a
correlation for the amount of sulfur that remains in the char, after devolatilization. A novel approach has been applied for modeling SSR
during char combustion, closely related to the grain model used for SO2 retention by limestone as a sorbent. It is assumed that SSR is a
result of the reaction between SO2 and CaO in the form of uniformly distributed micro-grains in char. An unreacted shrinking core model
is adopted for the reactions between the CaO micro-grains and SO2. The comparison with the experimentally obtained values in a fluidized
bed reactor and in a laboratory oven, using coals of different rank (fixed carbon over volatile matter ratio,Cfix/VM = 0.75–7.40), content
of sulfur forms (total 0.84–6.04%, organic 0.71–4.71%, pyritic 0–2.57%) and molar Ca/S ratio (0.34–3.17), has shown that the model can
adequately predict the kinetics of the process, the levels of the obtained values of SSR efficiencies, as well as the influence of temperature,
coal particle size and the surrounding conditions.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction

In the course of development of fluidized bed combus-
tion (FBC) boilers for domestic coals, in the Laboratory for
Thermal Engineering and Energy of the Institute for Nuclear
Sciences Vinca, special attention was paid to the fundamen-
tal research on single coal particle behavior in fluidized bed,
in order to reveal the influence of coal characteristics on
boiler concept and design. These investigations[1,2], which
started from 1976, encompassed the processes of bed to coal
particle heat and mass transfer, kinetics of devolatilization,
particle fragmentation, ignition temperature and start-up
temperature and combustion kinetics of coal and char.
The experimental research was supported by mathematical
modeling of the particle heating and particle temperature
distribution and history, particle fragmentation and char
combustion.

Initially, investigations in our Laboratory in relation to
sulfur retention were limited to experimental characteriza-
tion of domestic limestones with the aim of determining the
influence of the limestone type, particle size, temperature
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and SO2 concentration on the degree of sulfation[3]. In due
course, when a number of stationary FBC combustion tests
showed that in the case of some coals substantial sulfur
retention can be achieved without the addition of limestone,
our interest for the process of sulfur self-retention (SSR) by
coal ash itself was enhanced. This new orientation is also in
accordance with our opinion, that processes in and around
coal particle are crucial for FBC boiler design and overall
behavior. Investigation of sulfur self-retention completes
our fundamental interest in coal particle behavior under
FBC conditions.

Also, the numerous investigations of SSR under FBC
conditions by other authors[4–7] have shown that a sub-
stantial part of sulfur may be retained in the ash, decreasing
the needed amount of limestone to be added. Puff et al.
[4] reported that around 60% of sulfur is retained due to
SSR, while values near 90% were obtained with fly ash
recirculation or combustion of coal rich with tailings.

In our earlier investigations[8] no direct correlation could
be found between the molar Ca/S ratio in coal and the
amount of sulfur retained in the ash and this fact initiated
further investigations in order to determine the influence of
coal characteristics and combustion conditions on the SSR
process. The results of the recent experimental investigations

1385-8947/$ – see front matter © 2003 Elsevier B.V. All rights reserved.
doi:10.1016/j.cej.2003.08.021



158 B. Grubor et al. / Chemical Engineering Journal 96 (2003) 157–169

Nomenclature

AD pre-exponential factor for ionic diffusion of CaO through CaSO4 (m2/s)
Ai pre-exponential factor fori-chemical reaction, 1st (mol/m2 s), 2nd (mol/m3 s)
As, Ad pre-exponential factor for sulfation and decomposition reaction (m4/mol s) (mol/m2 s)
cj concentration ofj-component (a—ambient, s—char particle surface) (mol/m3)
Cfix fixed carbon content in coal (% dry coal basis)
Cp,j specific heat capacity ofj-component (J/mol K)
Cp,v specific heat capacity of porous char particle (J/m3 K)
DCaO ionic diffusion coefficient of CaO through CaSO4 (m2/s)
Deff effective gas diffusion coefficient (m2/s)
E activation energy (J/mol)
ED activation energy for ionic diffusion of CaO through CaSO4 (J/mol)
km mass transfer coefficient between char particle and its surrounding (m/s)
ks, kd reaction rate constant for sulfation and decomposition (m4/mol s) (mol/m2 s)
Mj molar mass ofj-component (kg/mol)
Nj molar flux of j-component (mol/m2 s)
r, R current radius and particle radius (m)
rc unreacted core radius of CaO grain (m)
Rg universal gas constant (J/mol K)
R reaction rate (mol/m3 s)
SAsh sulfur content in ash (% on dry coal basis)
SG specific surface of micro-grains (m2 of CaO micro-grains/m3 of char)
SCCh combustible sulfur content in char(SCCh = STCh − SS) (% dry coal basis)
STCh total sulfur content in char (% dry coal basis)
SO organic sulfur content in coal (% dry coal basis)
SP pyritic sulfur content in coal (% dry coal basis)
Spor specific surface area of porous char particle (m2/m3)
SS sulfate sulfur content in coal (% dry coal basis)
ST total sulfur content in coal (% dry coal basis)
T temperature (a—ambient, s—char particle surface) (K)
VM volatile matter content in coal (% dry coal basis)
xj, Xj local and total conversion ofj-component (–)
YCaO mass fraction of CaO in char (–)

Greek letters
α convective heat transfer coefficient between char particle and ambient (W/m2 K)
ε char particle porosity (–)
εr emissivity (–)
ηSO2 sulfur self-retention efficiency(ηSO2 = SAsh/ST × 100) (%)
λeff effective heat conductivity of porous char particle (W/m K)
νi,j stoichiometric coefficients fori-reaction andj-component (–)
ρ density (kg/m3)
σ Stefan–Boltzman constant (W/m2 K4)
τ time (s)
χO2 molar fraction of O2 (–)

Subscripts
0 initial value
1, 2 combustion reactions 1 and 2
Ch char particle
d decomposition of CaSO4
f formation of SO2 due to combustion
G CaO grain
s sulfation
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as well as the developed overall model for the SSR process,
taking into account both devolatilization and char combus-
tion, are presented in this paper. A novel approach has been
applied for modeling SSR during char combustion, closely
related to the grain model[9–11] used for the SO2 retention
by limestone addition.

2. Reactions and redistribution of sulfur during
coal combustion

The mechanism of gaseous sulfur compounds formation
and their subsequent reactions significantly differ during de-
volatilization and char combustion. According to Attar[12],
the reactions of sulfur compounds that occur inside the coal
particle during devolatilization can be categorized as fol-
lows: reactions of pyrites, reactions of organic sulfur and
reactions between mineral matter and sulfur compounds.

Pyrite decomposes during devolatilization according to
the following reaction: FeS2 → FeS+S, which starts around
550–600◦C. In the temperature range 700–1000◦C, the final
product of pyrite decomposition remaining in the char is
FeS, regardless of coal rank and devolatilization conditions
[13].

Generally speaking, the content of various organic func-
tional groups containing sulfur depends on the coal rank.
The results of the investigation of the distribution of or-
ganic sulfur groups show that the content of non-thiophenic
sulfur decreases while the content of thiophenes increases
with coal rank[13–15]. This is explained by the fact that
stable thiophenes are formed from less stable organic sul-
fur compounds (thiols and sulfides), during carbonification
[16]. In other words, it may be said that coals of similar
rank have a similar distribution of sulfur-containing func-
tional groups. Calkins[17] demonstrated that during de-
volatilization aliphatic sulfides, mercaptans and disulfides
decompose at 600–800◦C, aromatic sulfides and mercaptans
at 900◦C, while thiophenic sulfur compounds decompose
at even higher temperatures. As a result, mainly thiophenes
remain in the char after devolatilization[17,18].

Due to the prevailing reducing conditions during de-
volatilization, H2S is the most common sulfur-containing
gaseous compound in the volatiles. Other compounds, like
COS and CS2, are present to a lesser extent. A certain
amount of sulfur, present in the constituents of tar, is re-
leased with the tar[19,20]. The most important reaction of
H2S, which is formed by the decomposition of pyrite and
organic compounds, is the reaction with carbonates (pre-
dominantly CaCO3 and MgCO3) and oxides formed from
them. The final products are sulfides, by which a part of the
H2S is retained in the char[21].

The sulfur compounds released during devolatilization are
subsequently oxidized to SO2. This oxidation occurs during
the combustion of the volatiles and takes place outside the
parent coal particle. The amount of sulfur that is released
during devolatilization of coal largely depends on the coal

sulfur content, forms of sulfur and, to a lesser extent, on
other coal properties and devolatilization conditions. With
increasing devolatilization temperature, the amount of sul-
fur remaining in the char decreases, but not significantly
in the temperature range 700–1000◦C [13,19,20]. Thus, in
this temperature range, the coal characteristics and content
of sulfur forms in coal have a predominant influence on the
amount of sulfur that remains in the char[22].

Several attempts have been made toward formulating cor-
relations for estimating the sulfur content in the char af-
ter devolatilization. These correlations are either presented
graphically[23] or as explicit equations resulting from fit-
ting the experimental data[24]. Attempts have also been
made to model the reactions of sulfur compounds during
devolatilization[20,25].

Contrary to the oxidation of sulfur released during de-
volatilization, the oxidation of sulfur during char combus-
tion takes place inside the char particle. The formed SO2
diffuses outwards through the char particle pores during
which a part of SO2 may react with the base oxides form-
ing sulfates that remain in the ash. Thus, most of the SSR
by ash occurs during char combustion. The most important
base oxide for SSR is CaO, formed as a result of CaCO3 de-
composition and combustion of organic groups containing
Ca [26]. A direct correlation between the molar Ca/S ratio
of coal and the SSR efficiency has not yet been established
(even under similar combustion conditions). This may be a
consequence of the different degree of dispersion and reac-
tivity of calcium, as well as the contribution of other base
oxides (MgO, K2O, Na2O) [6,27–31]. Sheng et al.[27,28]
considered that the very active Ca is bound within the coal
matrix as exchangeable ions, and concluded that the ac-
tivity of Ca increases as the rank of coal decreases. The
same authors reported that, under FBC conditions, other
base oxides are significantly less reactive than CaO. Conn
et al. [31] investigated the reactivity of various Ca forms in
low-rank coals and state that the calcium present in clays
and silicates cannot react with SO2 under FBC conditions.

The heterogeneous reaction of SO2 with CaO (termed
sulfation) is first order with respect to SO2 and zero order
with respect to O2 [32]. The final product of sulfation is the
solid CaSO4, which remains in the ash. The sulfation reac-
tion has been mostly investigated in the case of SO2 reten-
tion by CaCO3 as a sorbent[33,34]. This process is mostly
used in the case of FBC combustion of coal since it enables
sulfation to take place in the optimum temperature range
(800–900◦C). There are numerous expressions for sulfation
kinetics in the literature, ranging from empirical ones[35]
up to expressions of the Arrhenius type[36]. Kinetic pa-
rameters (pre-exponential factor and activation energy) dif-
fer significantly, depending on the physical model used. The
basic difference between the various models of sulfation is
whether the formation of a solid product layer of CaSO4,
as well as diffusion through this layer[37,38], is taken into
account. In that case the sulfation rate is diffusion limited
[39].
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There is sufficient experimental evidence that the degree
of CaO conversion goes through a maximum as the tem-
perature increases[7,9]. There are different explanations for
this phenomenon in the literature: thermal[32] or reductive
(due to the higher CO concentrations)[40] decomposition
of CaSO4. Also, sintering may occur at higher temperatures
[41] due to which the exposed surface of the CaO decreases,
thus hindering the process of sulfation.

Only a few models of the SSR process[7,25] or corre-
lations[24,42] for estimating sulfur content in the ash after
combustion can be found in the literature, but their wider
applicability has not yet been proven. In the existing models
of SSR the sulfation rate is taken into account in a simplified
manner, disregarding the decrease of the reaction rate due
to diffusion through the product layer. Yeh et al.[7] take the
char pore surface area as a measure of the available surface of
CaO for sulfation reaction, while Chen and Kojima[25] take
into account the concentration of CaO in the coal briquette.

3. Experimental

Since the data on SSR is relatively scarce in the literature,
an experimental program was designed in order to study this
phenomenon in greater detail and to determine the influence
of coal rank, content of sulfur forms, molar Ca/S ratio, coal
particle size, temperature and other surrounding conditions.
This program consisted of various experiments with the
aim of obtaining data on the amount of sulfur that remains
in the char after devolatilization as well as in the ash after
combustion. Since it was concluded that the surrounding
conditions do not significantly influence the fate of sulfur
during devolatilization (in the FBC temperature range), the
char samples were obtained in a laboratory oven according
to the Yugoslav standard for determination of volatiles yield
in coal. In order to study the effect of the surrounding con-
ditions on the amount of sulfur that remains in the ash after
combustion, the coal combustion experiments were con-
ducted both in a laboratory oven as well as in an FBC reactor.

Table 1
Coal characteristics and sulfur content in the obtained char samplesa

Kolubara
(lignite)

Kostolac
(lignite)

Soko
(brown coal)

Bogovina
(brown coal)

Ibar
(hard coal)

V. Cuka
(semi-anthracite)

Moisture (%) 13.66 12.91 8.44 6.58 1.22 1.47
Ash (%) 16.34 22.76 12.06 19.75 34.37 24.16
VM (%) 47.69 40.61 41.79 39.21 23.01 9.03
Cfix (%) 35.97 36.63 46.16 41.04 42.62 66.81
LHV (kJ/g) 15.14 13.26 20.37 15.76 16.66 23.18
Ca/S 2.95 1.60 0.81 1.09 0.34 3.17
SS (%) 0.11 0.31 0.09 0.22 0.62 0.11
SP (%) 0.00 0.24 0.23 0.09 2.57 0.36
SO (%) 0.73 1.70 1.84 4.31 2.85 0.71
ST (%) 0.84 2.25 2.16 4.62 6.04 1.18
ST in char (%) 0.53 1.55 1.17 2.49 4.00 0.89
SS in char (%) 0.05 0.22 0.06 0.12 0.11 0.06

a All values (apart from moisture) given on dry coal basis.

3.1. Analysis

The contents of various sulfur forms in the coal, char
and ash samples were determined according to the Yugoslav
standards. The total sulfur content in both coal and char was
determined by combusting the samples in Eschka mixture
and subsequently extracting and gravimetrically measuring
the sulfates. The sulfate sulfur in the coal and char samples
was determined by extracting the sulfates with dilute hot
HCl and then measuring them gravimetrically. The pyritic
sulfur in the coal was determined indirectly by determining
the content of pyritic Fe in the samples, utilizing the fact
that pyrite is non-soluble in dilute hot HCl solution, but is
soluble in dilute hot HNO3 solution. The content of organic
sulfur in the coal was obtained as the difference between the
total and the inorganic sulfur. The sulfur content in the ash
was determined by the oxidation of all sulfur compounds
to sulfates in hot HCl solution, and then measuring them
gravimetrically.

3.2. Experimental procedures

The char samples were obtained in a laboratory furnace
at 900◦C. The coal samples (2 g), ground to a particle size
less than 0.2 mm, were placed in a pre-heated laboratory
furnace in covered ceramic receptacles. In this way the
volatile products surrounded the coal particles during de-
volatilization and thus they did not undergo any significant
temperature rise due to combustion of the volatiles, which
occurs outside the receptacles.

The experiments were done for six Serbian coals whose
characteristics and the obtained results for the sulfur content
in their chars are given inTable 1. The chosen coals cover
a wide range of rank, from lignites up to a semi-anthracite.
It can be seen that 46–75% of the total sulfur remains in
the char after devolatilization and these values cannot be
correlated with the molar Ca/S ratio. More importantly, the
amount of sulfate sulfur in the char is never greater than
the amount of sulfate sulfur in the coal, which implies that



B. Grubor et al. / Chemical Engineering Journal 96 (2003) 157–169 161

PC 

2 

1 

3 

5 

6 

8 

9 

10 

7 

4 

  1. Ceramic furnace, 
      Ø 78 mm 
  2. Perforated cage with 
      samples 
  3. Thermocouple in 
      fluidized bed 
  4. Flue gas analyzer 
      probe 
  5. Fluidization gas inlet 
  6. Electrical heater 
  7. Fluidized sand bed 
  8. Gas distributor 
  9. PC acquisition system 
10. Insulation  

Fig. 1. The schematics of the FBC reactor.

during devolatilization practically no SSR occurs. The major
part of the sulfur that remains in the char is combustible
and a part of it may be retained in the ash only during char
combustion.

The experiments with the aim of obtaining the amount of
sulfur that remains in the ash after combustion were done
with coals Kolubara and Bogovina. The batch combustion
tests were carried out both in an FBC reactor and in a lab-
oratory oven (both pre-heated up to the desired tempera-
ture level). The experiments were done with three particle
size fractions (4.0–7.0, 7.0–10 and 10–13 mm) and at three
surrounding temperatures (750, 800 and 850◦C). The SSR
efficiency in all cases was determined taking into account
the total sulfur content in the coal and in the ash:ηSO2 =
SAsh/ST × 100.

The main part of the FBC reactor facility, shown inFig. 1,
is made of a∅78 mm ceramic tube. Silica sand particles of
0.5 mm were used as the inert bed material while the fixed
bed height was 60 mm. The bed was fluidized by air (flu-
idization number in the range of 2.0–2.5) and heated up with
electrical heaters that surround the ceramic tube. The coal
batches were placed inside a perforated cage and the batch
mass for each sample was chosen such that the bed temper-
ature would not change more than 5◦C due to coal com-
bustion. Each experimental run was performed with fresh
sand in order to eliminate possible contamination with coal
ash from the previous run that could affect the SO2 reten-
tion in the subsequent run. During the tests the SO2 con-
centrations on the top of the bed were monitored in the
freeboard, close to the bed surface. The data on SSR, ob-
tained both in the laboratory oven and in the FBC reactor,
will be analyzed in the course of comparison with the model
predictions.

4. Sulfur self-retention model description

The scope and the main characteristics of the model that
is presented are as follows:

• Since it was concluded that SSR does not occur during
devolatilization, an attempt was made to define a corre-
lation for estimation of the amount of sulfur that remains
in the char, after devolatilization.

• In order to determine the conditions and parameters rele-
vant for the SSR during char combustion, a previously de-
veloped model of combustion was adopted[43,44]. This
model belongs to the group of microscopic models of in-
trinsic reactivity and describes the dynamic behavior of a
porous char particle during combustion. The processes of
fragmentation and attrition are neglected, i.e. the char par-
ticle radius remains constant. The process of combustion
occurs in a relatively narrow, inward moving front and
is predominantly controlled by oxygen diffusion through
the formed outer ash layer.

• It is assumed that the main contribution to SSR is the
sulfation reaction between the SO2 and the CaO in the
char. This occurs in the ash layer through which the SO2
diffuses outward and in which there is sufficient oxygen
for the sulfation reaction to proceed.

• A novel approach has been applied concerning the form
in which the CaO is present in the char, i.e. it is assumed
that all of the active Ca is present in the form of the CaO
micro-grains (Fig. 2). This approach is closely related to
the grain model[11] used for the SO2 retention by lime-
stone addition. The decomposition of the formed CaSO4
at higher temperatures is taken into account by a reaction
whose kinetics is of the Arrhenius type.
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Fig. 2. Schematic representation of a burning porous char particle and a partially sulfated CaO micro-grain.

Taking into account the behavior of various sulfur forms
during devolatilization, the following assumptions were con-
sidered in formulating a correlation for the total sulfur con-
tent in the char, after devolatilization:

1. The total amount of sulfate sulfur in the coal remains
in the char. This assumption is not quite correct since
usually the sulfate sulfur content in the char is somewhat
smaller than in the coal (Table 1), but the amount of
sulfate sulfur is sufficiently small to justify the stated
assumption.

2. One half of the pyritic sulfur (in the form of FeS) re-
mains in the char as a result of decomposition of pyrite
according to the following reaction: FeS2 → FeS+ S.

3. The organic sulfur content in the char is proportional to
the organic sulfur content in the coal. The proportionality
coefficient can be defined as equal toCfix/(Cfix + VM ),
implying that the organic sulfur is evenly distributed in
the coal combustible matter, i.e. both in the volatiles and
theCfix.

A certain drawback of the second and third assumption is
the disregard of the fact that part of the sulfur formed by the
decomposition of pyrite reacts with the organic substance
and stays in the char. Also, part of the H2S formed by the
decomposition of organic substance or derived from pyrite,
may react with the base oxides and in this way remain in the
char. The quantitative effects of these reactions are difficult
to evaluate and even more so to incorporate into a simplified
correlation.

Based on the previous assumptions, the following corre-
lation may be derived for evaluating the total sulfur content

Table 2
Kinetic parameters used in the model

Reaction Pre-exponential factor Activation energy Source

Reaction 1 (Eq. (2)) A1 = 254.16 mol/m2 s E1 = 179.4 kJ/mol [47]
Reaction 2 (Eq. (3)) A2 = model parametera E2 = 55.695 kJ/mol [48]
Sulfation (Eq. (6)) As = 2.2 × 10−3 m4/mol s Es = 61.5 kJ/mol [11]
Decomposition (Eq. (7)) Ad = 5.0 × 107 mol/m2 s Ed = 300.00 kJ/mol Used in this work

a Fitting parameter according to our own experimental data on char combustion[44].

in the char (STCh), after devolatilization:

STCh = 0.5SP + Cfix

Cfix + VM
SO + SS (1)

The previously developed model for char combustion
[43,44] is adopted as a basis for the SSR model, and thus
only the main features will be outlined. It is assumed that
the main reactions are

Reaction 1 : (x+ y)C + (1
2x+ y)O2 → xCO+ yCO2

Reaction 2 : CO+ 1
2O2 → CO2

Reaction 1 is a heterogeneous reaction of oxidation of solid
carbon that takes place both on the surface of the pores and
on the surface of the char particle, while reaction 2 is a
homogenous reaction of oxidation of CO that takes place
inside the pores and its rates are defined as

R1 = dcC
dτ

= −A1χO2 exp

(−E1

RgT

)
Spor (2)

R2 = dcCO

dτ
= −A2cCOc

0.5
O2
c0.5H2O exp

(−E2

RgT

)
ε (3)

γ = x

y
= cCO

cCO2

= 2512 exp

(−51 880

RgT

)
(4)

whereEq. (4) defines the primary molar CO/CO2 ratio in
reaction 1. The values of all kinetic parameters are given in
Table 2.

The main mechanism of heat transfer inside the char
particle is conduction and radiation while mass transfer is
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achieved by molecular diffusion, taking into account poros-
ity and pore tortuosity. The char combustion model enables
prediction of spatial and temporal changes of all important
physical properties (porosity, internal specific surface area,
thermal conductivity) and parameters (temperature, gas con-
centrations, effective diffusivity, conversion degree).

It is assumed that SO2 is the only product of combus-
tion of sulfur compounds, which diffuses outward from the
combustion front and reacts with the CaO in the outer ash
layer forming CaSO4 according to the following sulfation
reaction:

Reaction 3 : CaO+ SO2 + 1
2O2 → CaSO4

The active part of CaO in coal is formed as a result of CaCO3
decomposition and combustion of the Ca-containing organic
compounds. As stated before, the calcium present in clays
and silicates cannot react with SO2 under FBC conditions.
The procedure for the evaluation of the active part of CaO is
presented in[26]. It is assumed that after devolatilization all
of the active Ca is present in the form of CaO micro-grains
of the same initial radius (RG,0), which are uniformly dis-
tributed throughout the char volume.

The rates of SO2 formation (assumed to be proportional
to the rate of carbon conversion), sulfation and CaSO4 de-
composition are defined by the following expressions (the
kinetic parameters given inTable 2):

Rf = ∂cSO2,f

∂τ
= −R1

SCCh

Cfix

MC

MS
(5)

Rs = ∂cSO2,s

∂τ
= −ksSGcCaOcSO2,

whereks = As exp

(−Es

RgT

)
(6)

Rd = ∂cSO2,d

∂τ
= kdSG, wherekd = Ad exp

(−Ed

RgT

)
(7)

The sulfation reaction, whose rate is zero order with respect
to O2, may proceed only if there is sufficient oxygen accord-
ing to reaction 3. This means that no sulfation occurs in the
region inward from the combustion front. In parallel to the
sulfation a process of decomposition of the formed CaSO4
takes place, which is treated here in a simplified manner by
Eq. (7), i.e. its rate is taken to depend only on temperature
and specific surface. The aim is to obtain a temperature max-
imum in the SSR efficiency, without considering the true
mechanisms by which this decomposition occurs. At this
time, the mechanisms of the CaSO4 decomposition process
are not fully understood, nor is there agreement on the ori-
gin of the well-known sulfur-capture efficiency temperature
maximum[33].

An unreacted shrinking core model is adopted for the re-
actions between the CaO micro-grains and SO2. A partially
sulfated CaO micro-grain is shown inFig. 2. It consists of
the unreacted shrinking core, of radiusrc, surrounded by a

product layer of CaSO4. As the process of sulfation pro-
gresses, the size of the grains increases(RG > RG,0) due to
the larger molar volume of CaSO4 in comparison to CaO.
It is assumed that the Ca2+ ions migrate outward (and O2−
in a coupled manner to satisfy local mass and charge bal-
ances) through the product layer. This type of product layer
diffusion, which may occur by various mechanisms such as
interstitial or vacancy, was proposed by Hsia et al.[45,46]
based on their experimental investigations. This approach
was used by Mahuli et al.[11] for modeling the CaO–SO2
reaction.

Taking into account the content of Ca in the char particle,
the CaO micro-grain dimensions and the properties of the
char particle, the specific surface for the reactions of sulfa-
tion and decomposition is derived as

SG = 3YCaO
ρCh,0

ρG,0

R2
G

R3
G,0

(8)

The CaO concentration (cCaO) in Eq. (6) is related to the
surface of the CaO micro-grains and is determined by the
pseudo-steady-state condition

∂

∂r

(
r2
∂cCaO

∂r

)
= 0 (9)

with the following boundary conditions:

cCaO|r=rc = ρG,0

MCaO
and

−DCaO

(
∂cCaO

∂r

)∣∣∣∣
r=RG

= kscCaOcSO2 − kd

The solution of the partial differential equation (9) gives the
CaO concentration profile in the product layer of the reacting
CaO micro-grain (Fig. 2). At the micro-grain surface the
CaO concentration is

cCaO = (ρG,0/MCaO)DCaO+ RGkd(RG/rc − 1)

DCaO+ RGkscSO2(RG/rc − 1)
(10)

The ionic diffusion coefficient through the product layer is
of the Arrhenius type

DCaO = AD exp

(−ED

RgT

)
(11)

The change of the unreacted core radius is obtained by solv-
ing the following differential equation that takes into account
the net effect of sulfation and decomposition:

drc
dτ

= MCaO

ρG,0

R2
G

r2c
(kd − kscCaOcSO2) (12)

The determined values ofrc enable the calculation of the
local and overall degree of CaO conversion and, in turn, the
radius of the partially sulfated CaO micro-grains in each
char particle segment

xCaO = 1 − r3c

R3
G,0

and XCaO = 3
∫ RCh

0 xCaO(r)r
2 dr

R3
Ch

(13)
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R3
G = r3c + zxCaOR

3
G,0 (14)

where z represents the molar volume ratio of CaSO4 and
CaO(z = 3.09).

The heat and mass balance, which determine the temper-
ature and concentration profiles of the gaseous compounds
(O2, CO2, CO, SO2) along the char particle radius, is de-
scribed by the following partial differential equations:

Cp,v
∂T

∂τ
= 1

r2

∂

∂r

(
r2λeff

∂T

∂r

)
+

∑
(Cp,jNj)

∂T

∂r

+'H1R1 +'H2R2 +'H3R3 (15)

∂cj

∂τ
= 1

r2

∂

∂r

(
r2Deff

∂cj

∂r

)
+ ν1,jR1 + ν2,jR2 + ν3,jR3

(16)

wherej = 1,2,3 and 4 (O2—1, CO2—2, CO—3, SO2—4).
The last terms in both of these equations represent the net
effect of the SO2 formation, sulfation and CaSO4 decompo-
sition on the heat and mass balance ('H3R3 = 'HfRf +
'HsRs+'HdRd andν3,jR3 = νf ,jRf +νs,jRs+νd,jRd).
The following relations define the boundary conditions:

r = 0 ⇒ ∂cj

∂r
= 0,

∂T

∂r
= 0

r = RCh ⇒ −λ ∂T
∂r

∣∣∣∣
−

= α(Ts − Ta)+ (1 − ε)'H1R1

Spor
+ σεr(T 4

s − T 4
a ) and

−Deff,j
∂cj

∂r

∣∣∣∣
−

= km(cj,s − cj,a)+ ν1,jR1(1 − ε)
Spor

The expressions used to define the heat and mass transfer
between the burning char particle and its surrounding, the
change of specific surface area and porosity, the effective
gas diffusion coefficient and the effective heat conductivity
of the porous char particle are given in[44]. The solution
procedure begins with evaluating the total sulfur content in
the char, after devolatilization, usingEq. (1). All other initial
char properties, relevant to char combustion and SSR, are
either evaluated from the known coal properties or exper-
imentally determined (porosity, pore size, specific surface
area, active part of Ca, etc.). The initial conditions (temper-
atures and gas concentrations) are based on the presumed
values after devolatilization. The evaluation of these initial
conditions is not critical, since they affect the calculations
only in the first few seconds of char combustion. The val-
ues of all parameters are initially constant along the char
particle radius.

For numerical purposes, the char particle is subdivided
into segments (usually more than 100) of equal volume.
At any time τ, parameters related to char combustion and
SSR for each char particle segment are calculated using
Eqs. (2)–(14), based on the current values of temperatures,

gas concentrations and other necessary parameters. Then
the system of partial differential equations (15) and (16) are
solved, using the numerical method of control volumes[49].
The whole procedure is repeated until all of the carbon in
char is consumed.

5. Model verification

Since the main new feature of the presented over-all SSR
model is the adopted distribution of CaO in the form of
micro-grains in the char, the sensitivity of the model to the
variation of the parameters that determine the kinetics of
the process, in relation to this feature, is analyzed in greater
detail. The influence ofks and DCaO, for different values
of RG,0, is shown inFig. 3. It may be seen that the varia-
tion of ks, in the range of values reported in the literature
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[36,50], does not significantly influence the calculated SSR
efficiency. On the other hand, the influence ofDCaO and
RG,0 is quite noticeable. This shows that the process of SSR
is limited by ionic diffusion through the product layer and
that DCaO andRG,0 are important model parameters whose
values should be chosen by comparing model results with
experimental data. The presented curves were obtained us-
ing the following set of data for the char particle:RCh =
2 mm, Cfix = 80%, ε0 = 50%, Spor,0 = 200 m2/cm3,
STCh = SCCh = 2%, Ca/S = 1, T = 800◦C with air as
the fluidizing gas (cO2 = 21%), but similar conclusions
were verified using quite different sets of data. For further
analysis in this work the following values of these param-
eters were assumed:DCaO = 10−10 exp(−125 000/RgT),
ks = 2.2 × 10−3 exp(−61 500/RgT) andRG,0 = 0.5�m.

The influence of temperature on the SSR efficiency, for
different values ofkd (i.e. Ed), is shown inFig. 4. Under the
assumption that there is no decomposition(kd = 0), the SSR
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Table 3
Char characteristics and some model parameters

Parameters Kolubara Bogovina

ρCh,0 (kg/m3) 850 1140
ε0 (–) 0.51 0.39
Spor,0 (m2/cm3) 190 155
A2 (mol/m3 s) 7.43× 105 7.15 × 105

AD (m2/s) 1.0× 10−10 1.0 × 10−10

ED (kJ/mol) 125.0 125.0
RG,0 (�m) 0.50 0.50

efficiency would continually increase with the surrounding
temperature (curve 1). This is not in accordance with the
available experimental data in the literature that show that
there is an optimal temperature after which the SSR effi-
ciency decreases. If the value ofEd = 242.0 kJ/mol is used,
a literature value for CaSO4 reduction due to CO[51], the
SSR efficiency maximum would be at much higher tempera-
tures (curve 2) than reported in the literature (around 850◦C
in the case of limestone). For further analysis in this work
a greater value forEd (300 kJ/mol) was chosen which leads
to a temperature maximum of around 800◦C (curve 3), in
compliance with the majority of data on SSR in the litera-
ture, as well as with the experimental data presented in this
work.

The results of comparison between the experimentally
obtained data (Table 1) as well as the data for 20 Polish
coals with quite different properties[23] and the calculated
values of the amount of sulfur that remains in the char using
Eq. (1)are given inFig. 5. It may be seen that, regardless of
the simplifying assumptions related toEq. (1), there is quite
good agreement between the calculated and experimentally
obtained values ofSTCh.

Model predictions for the overall SSR efficiency are
compared with the obtained experimental data inFig. 6.
The input data for model predictions consisted of the coal
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characteristics (Table 1), kinetic parameters (Table 2) and
other char characteristics and model parameters given in
Table 3. It may be seen that the model predicts relatively
well the levels of the SSR efficiencies, as well as the influ-
ence of temperature and particle size. Under the FBC con-
ditions the maximum obtained experimental values of SSR
were around 800◦C while in the laboratory oven the SSR
decreases with temperature. The same behavior is obtained
using the model and can be explained by different temper-
atures inside the char particles during combustion. For the
same surrounding temperature, temperature inside the char
particle is higher during combustion in the laboratory oven
due to the smaller heat transfer rates between char particles
and the ambient. The increase of the SSR levels with the
increase of particle size is noticed in all cases and may be
explained as a consequence of longer SO2 diffusion paths.
The existence of the SSR temperature maximum under FBC
conditions and the beneficial effect of particle size are also
reported by other authors[7].
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Although the model predicts relatively well the levels of
the SSR efficiency as well as the influence of temperature
and particle size, the differences between model predictions
and experimentally obtained data are in some cases signif-
icant. This may be especially noticed in the case of com-
bustion in the laboratory oven. Apart from the significant
non-uniformity of the investigated coals[26], the possible
reason for these differences may also be found in the sim-
plifications adopted in the model, especially concerning the
CaSO4 decomposition.

Hardly any experimental data on SSR could be found in
the literature, with sufficient necessary supplementary data,
that could be used for comparison with the model. Model
predictions are compared with the available literature data
[6,7] in Fig. 7. It may be seen that the agreement is better for
the data of Yeh et al.[7], which is a consequence of the fact
that these results were obtained for the batch combustion
experiments, as considered by the model. For the data of
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Fuertes et al.[6], which apply to the case of steady-state
FBC combustion of coal, the measured values of theηSO2

are higher than the model predictions. This is a result of the
prolonged residence time of the ash remaining in the bed
and thus the prolonged time for sulfation, which is not taken
into account by the model.

With the aim of testing the model in greater detail, espe-
cially in relation to the kinetics of the process, the model
predictions were compared with the measured SO2 concen-
trations monitored above the bed surface during the batch
combustion experiments in the FBC reactor. InFig. 8a it
may be seen that a substantial part of the sulfur evolves dur-
ing devolatilization and that the concentrations of SO2 are
significantly higher than during char combustion. Since the
evolution of SO2 during devolatilization is taken into ac-
count in the model byEq. (1), the comparison between the
experimental and model predicted SO2 concentrations was
done only during char combustion,Fig. 8b. It may be seen
that the model can adequately predict the evolution of SO2
during char combustion in the case of two coals with quite
different sulfur content and Ca/S molar ratio (Table 1).

The typical spatial and temporal changes of the CaO con-
version and SO2 concentration are shown inFig. 9. Initially,
only the CaO in outer layers(r/RCh ≈ 1) contribute to the
SSR. As combustion proceeds, the combustion front moves
inward and the SO2 concentration increases inside the char
particle due to which the CaO conversion gradually pro-
gresses towards the char particle center. The final local CaO
conversion (at the end of combustion) differs along the char
particle radius, decreasing towards the particle center.

6. Conclusion

The results of experimental investigations and modeling
of the phenomena of sulfur self-retention (SSR) during
combustion of coal, by the coal ash itself, is presented in
this work. The obtained experimental data give sufficient
evidence that practically no SSR occurs during devolatiliza-
tion. In the presented model, the transformations of sulfur
forms during devolatilization are taken into account by a
correlation whose derivation is based on theoretical consid-
erations. A quite good agreement was obtained between the
calculated and experimentally obtained values of the amount
of sulfur that remains in the char, after devolatilization.

A novel approach has been applied for modeling the SSR
process during char combustion, closely related to the grain
model used for the SO2 retention by limestone as a sorbent.
It is assumed that SSR is a result of the reaction between
SO2 and the active CaO in the form of uniformly distributed
micro-grains in char. An unreacted shrinking core model is
adopted for the reactions between the CaO micro-grains and
SO2, taking into account ionic diffusion through the product
layer formed on the CaO micro-grains. The decomposition
of the formed CaSO4 at higher temperatures is taken into
account by a reaction whose kinetics is of the Arrhenius type.
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The comparison with the experimentally obtained values
in an FBC reactor and in a laboratory oven, using the coals
of different rank, content of sulfur forms and molar Ca/S
ratio, has shown that that the model can adequately predict
the kinetics of the process, the levels of the obtained values
of SSR efficiencies, as well as the influence of temperature,
coal particle size and the surrounding conditions. Besides
simulating the dynamic behavior of the coal particle in re-
lation to the sulfur self-retention, the developed model may
be incorporated either directly in combustor models for es-
timation of SO2 emissions without sorbent addition or used
as an integral part of sulfur capture submodels in the case
of sorbent addition.
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