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Ferric sulfate is used as an additive in biomass combustion to convert the released potassium chloride to the less harm-
ful potassium sulfate. The decomposition of ferric sulfate is studied in a fast heating rate thermogravimetric analyzer
and a volumetric reaction model is proposed to describe the process. The yields of sulfur oxides from ferric sulfate
decomposition under boiler conditions are investigated experimentally, revealing a distribution of approximately 40%
SO; and 60% SO,. The ferric sulfate decomposition model is combined with a detailed kinetic model of gas-phase KCI
sulfation and a model of K>SO, condensation to simulate the sulfation of KCI by ferric sulfate addition. The simulation
results show good agreements with experiments conducted in a biomass grate-firing reactor. The results indicate that
the SOj released from ferric sulfate decomposition is the main contributor to KCI sulfation and that the effectiveness of
ferric sulfate addition is sensitive to the applied temperature conditions. © 2013 American Institute of Chemical Engi-
neers AIChE J, 59: 4314-4324, 2013
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Sulfur-based additives, such as elemental sulfur,”?!3!

29,30 . 5,9,22,32-34 . 1
SO,, 930 ammonium sulfate, .22, aluminum sulfate,"’

o . . . and ferric sulfate,">*! have been tested in biomass combus-
utilized in heat and/or power generation through different . . o .
. . 2 e A tion. Thermal decomposition or oxidation of these additives
combustion technologies such as grate combustion, ~ fluid-

ized bed combustion,” and pulverized fuel combustion.'?? prodgces SO.2 and SO;. The latter rapidly converts Corros%ve
One of the major technical challenges associated with the 32(;; Cflllllr(r)ggzs ct(?n d??i((?r]lls s&lf(eiesh artfe h%,(;ilrlg%;?l Chl?;:iﬁ
use of biomass in these applications is that the combustion reaction £ £ 8

of biomass may result in a considerable amount of alkali

chlorides in the flue gas and subsequently lead to severe ash-
deposition and corrosion problems in the boilers.®’!%-11:13-17
In order to mitigate the alkali chloride-induced problems in
biomass combustion, a feasible method is to use additives to
convert the alkali chlorides to less harmful alkali species
(such as sulfates or aluminosilicates) and release the chlorine

Introduction

As an important source of renewable energy, biomass is

2MCI +S0O3+H,0 — M,S0O 4 +2HCI (1)

where M is K or Na.
The effectiveness of different sulfur-based additives has
been investigated experimentally.9’19’21’30 Sulfates (such as

as HCL.>”'327 In biomass combustion, it is desirable to con-
vert the fuel-chlorine to HCI, as it is not condensable on
heat transfer surface and the partial pressure of HCI in
biomass-derived flue gas is not high enough to cause severe
gas-phase corrosion.'” On the other hand, the alkali chlorides
present in the flue gas can condense on heat transfer surface
and induce significant solid/liquid/gas-phase corrosion.'”?®
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ammonium sulfate, aluminum sulfate, and ferric sulfate) are
in general much more effective than elemental sulfur.”'%?!
In a biomass-fired boiler where the gas residence time is typi-
cally very short (a few seconds), SO; is needed in order to
achieve a fast sulfation of alkali chlorides. However, the
homogeneous oxidation of SO, to SOj; is usually rather limited
in the boiler because the reaction is thermodynamically
restricted at high temperatures (e.g., above 1100°C) and kineti-
cally limited at low temperatures (e.g., below 900°C).*>3¢
Therefore, with the addition of elemental sulfur, only a small
fraction would be oxidized to SO5; and contribute to the forma-
tion of alkali sulfates.”! On the other hand, the thermal decom-
position of sulfate additives is believed to produce SO;
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directly, resulting in a fast sulfation of alkali chlorides.'**'

Thus, for the same sulfur dosage, a significantly higher sulfa-
tion degree on alkali chlorides can be obtained with a sulfate
additive as compared to elemental sulfur or S0, 213!

In spite of the extensive experimental studies on the utili-
zation of sulfate additives,>* 192172334 investigations on the
decomposition rate and products (e.g., the distribution
between the produced SO, and SO;) of these additives are
scarce. In relation to this, no modeling work has been carried
out to simultaneously simulate the decomposition of the sul-
fate additives and the sulfation of potassium chloride under
biomass-fired boiler conditions. The development of such a
model would facilitate the optimization of sulfate additive
utilization during biomass combustion.

The objective of this study was to develop a model for the
sulfation of potassium chloride by ferric sulfate addition dur-
ing biomass combustion. The decomposition of ferric sulfate
was investigated in a fast heating rate thermogravimetric
analyzer (TGA) and a laboratory-scale tube reactor in order
to understand the decomposition kinetics and the product
distribution. The model developed in this work combined a
volumetric reaction model for ferric sulfate decomposition
with a detailed gas-phase kinetic model for sulfation of
potassium chloride,” and a simplified model for homogene-
ous and heterogeneous condensation of potassium sulfate.®’
It was validated by comparison with experimental results
from biomass combustion in a pilot-scale grate reactor,
where ferric sulfate was injected in different amounts to the
post-flame zone.>!

Experimental
High heating-rate TGA

Decomposition of ferric sulfate was studied in a Netzsch
STA 449 F1 Jupiter TGA under a slow heating rate of 10°C/
min and a fast heating rate of 500°C/min, respectively. The
experiments were all carried out in a nitrogen environment,
with an N, flow rate of 25 ml/min. The decomposition rate
of ferric sulfate is believed to be independent of the sur-
rounding gas composition, thus the kinetic parameters
derived from N, environment are applicable to a boiler envi-
ronment with flue gas containing N, O,, CO,, H0, etc.
The sample used in the experiments was a ferric sulfate
hydrate (Fe,(SO,4);-xH,0) from Sigma-Aldrich with a purity
of 97% and an average particle size of 82 um analyzed by
Malvern Mastersizer 2000 particle size analyzer. An alumina
crucible with an inner diameter of 15 mm and a depth of 20
mm was used, and the sample mass placed in the crucible
was below 10 mg. For the slow heating rate experiments, the
ferric sulfate hydrate was heated from 25 to 800°C at 10°C/
min. In the fast heating rate experiments, the ferric sulfate
hydrate was first dehydrated by heating up to 250°C at
10°C/min. After 30 min holding time, the sample was heated
at a rate of 500°C/min to an end temperature, which was
varied from 600 to 800°C in intervals of 50°C. Depending
on the time needed for complete conversion, the holding
time at different end temperatures varied from 90 to 30 min.

Laboratory-scale tube reactor

Experiments in a laboratory-scale tube reactor were
conducted to identify the yield of SO, and SO; from the
decomposition of ferric sulfate. The principle of the setup
has been described in detail in our earlier work.'**%%
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A brief introduction is provided here. The setup consists of a
horizontal ceramic tube reactor with an inner diameter of 50
mm and a length of 1200 mm. During the experiments, the
reactor was electrically heated to a desired temperature under
a controlled flow of 5 Nl/min N,. Then a thin layer of ferric
sulfate was placed in an alumina boat (sample mass below
1 g) and the boat was inserted into the middle of the reactor.
The flue gas from the reactor was analyzed for SO, and O,
by two Fischer-Rosemount NGA 2000 analyzers using IR
method and an electrochemical method based on the current
generated by oxygen reduction over a gold electrode, respec-
tively. The accuracy of the analyzers was *=2.7%, including
the uncertainties of both the instrument and the calibration
gases. The experiment was terminated when the SO, concen-
tration in the flue gas had decreased to below 1 ppm, indicat-
ing that complete conversion of the ferric sulfate was
achieved. Following the approach of Nielsen et al.,*’ the
amount of SO, released from the decomposition of ferric
sulfate was quantified by integrating the measured SO, con-
centration over time. Based on the amount of the input ferric
sulfate, a fractional conversion of the sulfur in ferric sulfate
to SO, was calculated. The remaining sulfur in ferric sulfate
is assumed to be released as SO;. According to global equi-
librium calculations (in FactSage 6.2, database Fact53), fer-
ric sulfate decomposition is unlikely to yield sulfur species
other than SO, and SOj in an inert environment.

The ferric sulfate used in the tube reactor experiments was
produced from the hydrate used in the TGA experiments. In
order to achieve a complete dehydration, the ferric sulfate
hydrate was heated to 400°C for 1 h and then cooled down
to room temperature in an inert environment (N,). The pro-
duced ferric sulfate was kept in a desiccator in order to
avoid reactions with moisture in air.

The decomposition of ferric sulfate was studied in the
tube reactor at temperatures varying from 600 to 1000°C; a
temperature range, where homogeneous decomposition of
SO; to SO, is expected to be insignificant. In addition, this
temperature range is representative of the conditions in the
grate boiler where ferric sulfate was used as an additive.®' In
order to ensure the reliability of the results, a number of rep-
etition experiments (3-5 times) were performed under the
same operating conditions.

Pilot-scale grate-firing reactor

In order to investigate the effect of ferric sulfate addition
on the destruction of potassium chloride during grate-firing
of biomass, a series of experiments has been carried out in a
100 kW grate reactor located at the VIT Technical Research
Centre of Finland.*' The data from the experimental cam-
paign are used for model validation in this work. The details
regarding the experimental setup, procedures, and results
have been described elsewhere.>' A brief introduction is pro-
vided here.

A schematic diagram of the combustor and the locations
of the sampling ports are shown in Figure 1. The inner fur-
nace diameter of the reactor is 400 mm. During the experi-
ments, the combustion of the biomass took place on a
rotating grate, equipped with narrow primary air inlets. Sec-
ondary air was injected above the grate to facilitate complete
combustion, with the ratio between primary and secondary
air maintained as 1:1.

The fuel used in the experiments was a mixture of Spanish
wood chips and 40 = 4% (energy basis) corn stover, with
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Figure 1. A schematic diagram of the 100 kW grate
combustor at VTT Technical Research Centre
of Finland.*

[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com].

analyzed compositions as shown in Table 1. A constant fuel
load of 89 =5 kW secured temperature versus residence
time profiles in the freeboard that were representative of a
grate-fired power plant, operated at full load with the same
biomass mixture.’’ The excess air ratio during the experi-
ments was controlled to be around 1.46. The temperatures in
the freeboard above the grate were measured by a suction
pyrometer at different sampling ports. At port Y5, an impac-
tor was used to sample the alkali vapors and small particu-
lates generated from combustion. The impactor was operated
at room temperature, and the flue gas sending to the impac-

Table 1. Fuel Analysis of a Mixture of 60% Wood Chips and
40% Corn Stover (energy basis)™

Analysis (unit) Value
Moisture (wt %) 29
LHV (as received) (MJ/kg) 10.7
Ash (wt % dry) 8.0
S (wt % dry) 0.04
CI (wt % dry) 0.24
C (wt % dry) 45.42°
H (wt % dry) 5.69"
N (Wt % dry) 0.32°
F (wt % dry) 0.01°
Br (wt % dry) <0.001*
K (wt % dry) 0.83°
Na (wt % dry) 0.07°

Based on the analysis of pure wood and corn stover.*’
®Based on the K and Na content of pure wood and corn stove.*'
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tor was diluted by nitrogen with a dilution ratio varying in a
range of 12-21. Therefore, it is believed that all of the ash
forming species in the fuel gas would be collected as aero-
sols in the impactor. The chemical composition of the col-
lected aerosols was analyzed by flame atomic absorption
spectrometry (FAAS) and ion chromatography (IC).*° The
flue gas was analyzed by traditional online analyzers for O,,
CO, CO,, and NO after the cyclone, placed downstream of
the flue gas cooler. In addition, a flue gas flow was sampled
at port Y7 to measure HCl and SO, through a FTIR ana-
lyzer.*® For the experiments with ferric sulfate addition, an
aqueous solution of ferric sulfate (up to 25 wt %) was
sprayed into the furnace via port Y3 (see Figure 1) with a
constant flow rate of 15 ml/min and an average droplet size
of about 12 pm. The dosage of ferric sulfate, determined as
the molar ratio of S;c,geni/Cliyer, Was varied through changing
the concentration of the ferric sulfate solution. The results
shown in this work were based on S,cageni/Cliuer ratios of 0,
0.4, 0.6, 0.8, and 1.0, respectively.

Model Development and Simulation

The model developed in this work involves a description of
ferric sulfate decomposition, a detailed reaction mechanism
for the gas-phase reactions of SO,/SO; and KCI,** and a sim-
plified model for homogeneous condensation of K,SO,.>’
These submodels are introduced in the following along with
the input parameters and the simulation procedures.

Decomposition of ferric sulfate

Figure 2 shows the decomposition behavior of ferric sul-
fate hydrate during the TGA experiment at a slow heating
rate (10°C/min). Two major mass-loss steps are observed.
The first step, which we attribute to dehydration, occurs in a
temperature range of 150-200°C. The second step, at tem-
peratures of 550-700°C, is attributed to the decomposition
of anhydrous ferric sulfate (Fey(SO4)3) to Fe,Os, based on
the observed mass loss caused by the formation of SO; and/
or SO, + O,. The temperature range for the decomposition is
in agreement with values reported elsewhere for anhydrous
ferric sulfate.** ™

For deriving the kinetic parameters of ferric sulfate
decomposition, the relative mass (W) of the anhydrous ferric
sulfation is defined as
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Figure 2. TG and DTG curves of ferric sulfate hydrate
decomposition under nitrogen environment
with a heating rate of 10°C/min.

[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com].
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no— Mg
where mq (g) is the mass of the anhydrous ferric sulfate
before decomposition, m., (g) is the mass of the residue
after decomposition, and m (g) is the mass of anhydrous fer-
ric sulfate at #(s) during decomposition.

In present study, the decomposition of ferric sulfate in the
TGA is assumed to follow the volumetric reaction model
described by the equation

dw
i kW 3)

The assumption of a volumetric reaction model is supported
by SEM-EDS (scanning electron microscopy and dispersive
X-ray spectroscopy) analysis of the partially converted ferric
sulfate particles (see Figure 3). The molar ratio of Fe/S is
rather consistent over the sectioned particle, suggesting that
the decomposition reaction takes place in the entire particle.
Therefore, we believe that the volumetric reaction model is
more suitable than the shrinking core model used in litera-
ture*? to describe the decomposition reaction.

The rate constant k& in Eq. 3 is assumed to follow an
Arrhenius expression

k=A - exp (— RET) @)

where A(s™') is the pre-exponential factor, E(kJ/mol) is the
activation energy, R(kJ/mol/K) is the gas constant, and T(K)
is the temperature of the particle. The activation energy (E)
and the pre-exponential factor (A) in Eq. 4 can be derived
from the TGA data. For the TGA experiments with a con-
stant slow heating rate of 10°C/min, the following correla-
tion is used to derive the kinetic parameters, by plotting the
left side of the equation against 1/T

(%)

E

In this work, the kinetic parameters derived from Eq. 5
are based on a conversion of 10-90%, as the noise level of
the data is more significant when the conversion is below
10% or above 90%.

um ¥ Electron Image 1

For the TGA experiments with a high heating rate (500°C/
min), an isothermal condition is achieved when the prede-
fined end temperature is reached. The data recorded from the
isothermal period are chosen to derive kinetic parameters.
Under isothermal conditions, Eq. 3 can be integrated and
rewritten as

In (W)=—kt+1n (Wp) (6)

where #(s) is the residence time under isothermal condition,
and W, is the relative mass of the anhydrous ferric sulfate
when the isothermal condition is reached. Based on Eq. 6,
the rate constant k at a specific temperature is obtained by
plotting the left side of the equation against 7(s). With a
value of k derived at different temperatures (7), the activa-
tion energy (E) and the pre-exponential factor (A) can be
obtained by plotting In(k) against 1/T. The isothermal kinetic
parameters are also obtained based on a conversion up to
90%, in order to minimize the uncertainty caused by the
small mass of residual sample.

Figure 4 compares the rate constants derived from the iso-
thermal and nonisothermal TGA experiments in this study
with data from literature.** The kinetic parameters are listed
in Table 2. For the isothermal experiments, a high linearity
is seen between In(k) and 1/T, indicating that the Arrhenius
expression of Eq. 4 can satisfactorily describe the decompo-
sition of ferric sulfate under isothermal conditions. The pre-
exponential factor and activation energy derived from the
nonisothermal experiment are considerably lower than those
of the isothermal experiments (Table 2). We attribute this
difference to the fact that the isothermal kinetics is derived
at higher temperatures than those of the nonisothermal
kinetics. For the isothermal kinetics derived from Kolta and
Askar,* where the applied temperature range is similar to
the nonisothermal experiment in this study, the kinetic
parameters are in close agreement (Figure 4). The results of
Figure 4 imply that the kinetic parameters derived from low
temperatures (e.g., those from the nonisothermal experiments
of this work or isothermal experiments of Kolta and Askar*?)
may not be directly extrapolated to higher temperatures (e.g.,
the temperature range of the isothermal experiments of this
work). For the simulation of ferric sulfate decomposition in
a grate-firing reactor with high temperatures, we prefer to
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Figure 3. SEM-EDS analysis of the sectioned partially converted ferric sulfate particle.

The left figure shows the SEM image and the right figure shows the Fe/S molar ratio of analyzed spots.
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Figure 4. Correlation between In(k) and 1/T during fer-

ric sulfate decomposition in the TGA experi-
ments of this study and in literature.
For the nonisothermal TGA data, only the temperature
range at which the kinetic parameters are derived is
plotted. The data of Kolta and Askar is derived from
Figure 3 of their paper.*? [Color figure can be viewed in
the online issue, which is available at
wileyonlinelibrary.com].

use the kinetic parameters obtained from the isothermal
TGA experiments, as these parameters are derived from a
temperature range closer to the practical conditions.

The results from the laboratory-scale tube reactor experi-
ments are shown in Figure 5, along with results of global
equilibrium calculations in FactSage 6.2 using the Fact53
database. At temperatures around 600°C, the conversion of
ferric sulfate to SO, is about 50%. However, in the tempera-
ture range of 700-1000°C, approximately 60% of the sulfur
in ferric sulfate is released as SO,. This value is generally
below that predicted from global equilibrium (see Figure 5),
indicating that the conversion from SO; to SO, is kinetically
limited in this temperature range. This observation is in agree-
ment with the experimental study of Yilmaz et al.,*® where
thermal dissociation of SOz was found be slow below
1000°C. On the other hand, at low temperatures such as
600°C, the distribution of SO, and SO; appears to be closer
to the equilibrium curve in Figure 5. It is likely that ferric
oxide (formed during the ferric sulfate decomposition) cata-
lyzes interconversion between SO, and S0;.%° As the temper-
ature increases, the decomposition of ferric sulfate becomes
faster and the contact time between SO, and the solid particle
(catalyst) reduces. As the decomposition of ferric sulfate upon
injection in a furnace primarily occurs at temperatures above
700°C, it is reasonable to assume for modeling purposes that
the decomposition of ferric sulfate under boiler conditions
constantly releases 60% of the sulfur as SO, and 40% of the
sulfur as SO;. Based on this assumption, we propose the fol-
lowing global reaction for the decomposition of ferric sulfate

Fe,(SO4); —Fe,03+1.2803+1.850,+0.90,  (7)
Table 2. Activation Energy and Pre-Exponential Factor of

Ferric Sulfate Decomposition Obtained from Different
Experiments and Literature

E/R (K) AGhH
Isothermal 28,480 1.079 E+11
Nonisothermal (10 K/min) 24,482 1.611 E+09
Kolta and Askar 26,348 1.428 E+10
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Figure 5. The percentage of sulfur in ferric sulfate con-
verted to SO, (%) at different temperatures in
a nitrogen environment.
The solid symbols denote the experimental results in the
tube reactor, and the solid line denotes the results from
global equilibrium calculations in FactSage 6.2 (data-
base: Fact53). The error bars represent the standard
deviations of the repeated experiments under the same
condition. [Color figure can be viewed in the online
issue, which is available at wileyonlinelibrary.com].

The measured molar ratio of SO,/O, during the experi-
ments in the tube-reactor is about 2, further supporting the
product yields proposed for this reaction.

In the grate-reactor, the injected ferric sulfate is injected
into the freeboard in the form of liquid droplets with a
diameter of approximately 12 mm. Upon injection, the
droplets undergo water evaporation, heating, and decomposi-
tion. If we assume that each droplet generates one spherical
ferric sulfate particle upon evaporation of the water, the
diameter of the formed solid particle is about 6 pum, based
on the density of solid ferric sulfate of 3.1 g/cm3.47 For
such a small droplet, the water evaporation and the heating
of the solid ferric sulfate particle occur on a much shorter
time scale than the decomposition of ferric sulfate in the
temperature range of 600—1000°C (see detailed calculations
in Supporting Information). Thus, the process is assumed to
be limited by ferric sulfate decomposition. In addition,
because of the small size of the formed ferric sulfate parti-
cle, we assume that the decomposition of ferric sulfate is
kinetically limited, that is, with negligible mass and heat
transport limitations.

Gas-phase sulfation of KCI

The kinetic model proposed by Hindiyarti et a is
adopted to simulate the gas-phase reactions between potas-
sium chloride and sulfur oxides released from the decomposi-
tion of ferric sulfate. The reaction mechanism consists of
subsets for hydrogen/carbon monoxide oxidation, sulfur chem-
istry, chlorine chemistry, potassium chemistry, and the interac-
tions between these subsets. Hindiyarti et al.*® validated the
model by comparing predictions with results from KCI sulfa-
tion experiments carried out both at high-temperature (e.g.,
1300°C) and low-temperature (e.g., 900°C) conditions. Their
results indicate that the oxidation of SO, to SO5 and the sub-
sequent reactions between SO; and KCl constitute a mecha-
nism for sulfation of KCl at high temperatures. At low
temperatures, where formation of SO; from oxidation of SO,
is negligible, sulfation of KCl is proposed to proceed through

135
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a mechanism involving the generation and oxidation of sulfide
(KHS05).”

Condensation of K,SO,

The gaseous K,SO, formed from sulfation of KCI can con-
dense both homogeneously and heterogeneously when the
flue gas temperature is decreased. During biomass combus-
tion, homogeneous condensation of K,SO, primarily happens
in a temperature range of 860-960°C, resulting in an aerosol
with a high concentration of nanometer-sized particles.48 The
large surface area provided by these particles promotes a
rapid heterogeneous condensation of K,SO,4 and KCI, which
in turn terminates the homogeneous condensation. The con-
densation of K,SO, reduces the concentration of gaseous
K5,S0Oy in the flue gas, shifting the partial equilibrium between
K,SO, and its precursors toward K,SO,4, and promoting fur-
ther sulfation of gaseous KCl. Following the approach of Li
et al.,”” the homogeneous and heterogeneous condensation of
K,SO, is approximated by a first-order reaction

KQSO4(g) —>KQSO4(S) (8)

The rate constant for the process, Kcondensation =
1X10™ % exp (150,000/T),*" represents the condensation rate
predicted from aerosol theory.48

Model input parameters

In order to simulate the experiments carried out at the VIT
grate-reactor, the postcombustion region of the reactor, that is,
the region from port Y3 to Y7 in Figure 1, is modeled as an
ideal plug flow reactor. The temperature profile used in the
simulation (Figure 6) is based on an average of the gas tem-
peratures measured in the different experiments. The relatively
small error bars indicate that the temperature fluctuation was
not significant in the experiments as they were designed to
have the same combustion conditions. Thus, it is reasonable to
use the measured average temperatures in the simulation. The
amount and composition of the inlet flue gas are estimated
based on the experiment without ferric sulfate addition, where
the fuel feeding rate is 0.0075 kg/s (wet basis) and the air
feeding rate is 0.05 kg/s. The flue gas is assumed to contain
only N,, O,, CO,, H,0O, SO,, HCI, and KCI. The concentration

1200 T 1 ] L] T 1
3 42.0
QG 1000 4 E 415
E’ Y4 g, E
£ 410 =
g 800 - E
& <
£ Y6 105 g
= Y5 v7 ¥
600 - \I doo

1 ¥ 1 - ] ‘ i * 1 - 1 ..
0 500 1000 1500 2000 2500 3000
Distance (mm)
Figure 6. Temperature profile and residence time used in
the simulation, from port Y3 to Y7 in Figure 1.
The solid symbols represent the average temperatures
measured in different experiments, with error bar showing

the standard deviation. [Color figure can be viewed in the
online issue, which is available at wileyonlinelibrary.com].
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of H,O is estimated from the fuel composition, assuming that
all of the H in the fuel is converted to H,O and all of the
moisture is evaporated during combustion. The flue gas con-
centrations of O,, CO,, and SO, are derived from the analyzed
dry-based concentrations during the experiment without ferric
sulfate addition. In order to obtain the inlet concentrations of
KCl and HCI, mass balance calculations are performed for
chorine in different experiments, according to the HCI analyzer
data and the amount of Cl collected as aerosols in the impac-
tor. The calculations show that the average fuel Cl content
(0.305 wt % dry basis) estimated from the HCI and aerosol-Cl
present in the flue gas is considerably larger than that of the
fuel analysis (Table 1), implying that the CI content in the fuel
analysis is underestimated. Therefore, the modified fuel Cl
content (0.305 wt % dry basis) is adopted to calculate the inlet
concentrations of KCl and HCI used in the simulation, by
assuming 100% CI release during combustion and by using a
molar ratio of HCI/KCI estimated from the relative amount of
HCI and aerosol-Cl collected in the experiment without addi-
tive. The concentration of N, is used to balance other gas con-
centrations. The detailed composition of the inlet flue gas used
in the modeling is given in Table 3.

Numerical approach

The simulations were carried out with CHEMKIN 4.1.1,
using the plug-flow reactor model. The equation for ferric
sulfate decomposition (Eq. 2) was adapted to a format com-
patible with CHEMKIN. The Kkinetic parameters were
obtained from the TGA experiments under isothermal condi-
tions (Table 2). In the model, ferric sulfate was represented
as a pseudo species, SO3* that undergoes decomposition to
produce SO,, SOs3;, and O, according to Eq. 7. The Fe,O;
produced from ferric sulfate decomposition is neglected in
the simulation, as we believe that it does not play an impor-
tant role in gas-phase reactions. The concentration of SO5;*
in the inlet flue gas was calculated from the quantity of fer-
ric sulfate injected. For the condensation of K,SO, (Eq. 8),
another pseudo species, K;SOy(s), was introduced as the
(inert) reaction product. The complete kinetic model in
CHEMKIN format is available in Supporting Information.
The simulation was conducted with a predefined temperature
profile as shown in Figure 6. The reactor length was chosen
according to the distance from Y3 to Y7 in Figure 1 (2580
mm), and the reactor diameter was 400 mm. Besides the
temperature profile, a relation between the reactor length and
the residence time is also shown in Figure 6.

Results and Discussion
Comparison of simulation and experimental results

Figure 7 compares the measured and simulated SO, con-
centrations at port Y7 during the experiments with different
dosages of ferric sulfate. It can be seen that the emissions of
SO, are predicted well by the model. Both the experimental

Table 3. Inlet Flue Gas Compositions Used in the Simulation

Species (unit) Value
H,0 (%) 13.73
O, (%) 5.80
CO, (%) 12.00
SO, (ppmv) 28.8
HCI (ppmv) 165.2
KCI (ppmv) 65.7
N, (%) balance
Published on behalf of the AIChE DOI 10.1002/aic 4319
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Figure 7. Simulated and measured SO, emissions
(ppmv, 6% O, basis) in the dry flue gas of
the VTT grate-firing experiments under dif-
ferent dosage of ferric sulfate (S,cagent/Cliuel
molar ratio).
The experimental SO, emissions are measured after
the flue gas cooler (see Figure 1), whereas the simu-
lated SO, emissions are obtained from port Y7. [Color

figure can be viewed in the online issue, which is avail-
able at wileyonlinelibrary.com].

and the predicted results show an almost linear correlation
between the dosage of ferric sulfate (Sieagent/Clier molar
ratio) and the emission of SO,. The simulation results sug-
gest that the only sulfur species at port Y7 are K,SO, and
SO, for S/CI ratios equal to or below 0.4. When the S/Cl
ratio is increased to 0.6, trace amount (around 6 ppmv, dry
basis) of SO; appears at port Y7. However, when the S/CI
ratio is increased to 1.0, the level of SO; at port Y7
increases significantly to about 36 ppmv. The results indicate
that an increase of S/CI ratio from 0.6 to 1.0 may greatly
promote the formation of sulfuric acid aerosols, which is
qualitatively in agreement with chemical analysis of the col-
lected submicron particles in the experiments.31

The predicted and measured HCIl concentrations at port
Y7 are compared in Figure 8. The agreement is in general
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Figure 8. Simulated and measured HCI emissions
(ppmv, 6% O, basis) in the dry flue gas of
VTT grate-firing experiments with different
dosages (Seagent/Cliuel) Of ferric sulfate.
Both the simulated and measured HCI emissions are
from port Y7 (see Figure 1). [Color figure can be

viewed in the online issue, which is available at
wileyonlinelibrary.com].
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satisfactory, even though HCI is overpredicted for the experi-
ment without ferric sulfate addition (S/Cl = 0). This overpre-
diction is mainly because the fuel Cl content (0.305 wt %
dry basis) used in the simulation is an average value calcu-
lated based on all of the preformed experiments. During the
experiment without ferric sulfate addition, the CI content of
the fuel was possibly smaller than the average value. Prepar-
ing a feedstock of constant composition to pilot-scale experi-
ments from corn stover has proved to be challenging. In
addition, the differences in particle shape and volumetric
density of the wood chips and the crushed corn stover also
lead to some difficulties in keeping a constant fuel feeding
rate. Therefore, the ash content and fuel Cl concentration
can fluctuate. The measured HCI emissions in Figure 8 seem
to reach a plateau at S/CI ratios in the range 0.4-1.0, indicat-
ing that the KCI in the flue gas is largely sulfated to K,SO,
and HCI at this level of ferric sulfate addition. This tendency
is also captured well by the simulation.

In order to quantitatively describe the degree of sulfation
in the experiments, the following parameter is introduced

Cl
K+Na

where the Cl, K and Na are the relevant concentrations (mol
%) in the aerosols collected at port Y5. This degree of sulfa-
tion is based on the assumption that the alkali metal found in
the fine particles is comprised only of sulfates and chlorides.
Thus, if all of alkalis in the aerosols are present as alkali chlor-
ides, the calculated sulfation degree would be zero. On the
other hand, if the aerosols only contain alkali sulfates, the cal-
culated sulfation degree would be one. During the calculation
of the sulfation degree in the experiments, only particles in the
size range of 0.03-0.62 pm are considered in Eq. 9, because
almost all of the alkali chlorides and sulfates are found in this
size range and the presence of alkali silicates are negligible in
these paﬁicles.3] Therefore, it is believed that the sulfation
degree calculated from the aerosols in this range is representa-
tive. In the simulation, the degree of sulfation is calculated by
assuming that all of the KCI, K,Cl,, K;SO,4, K,;SO,4 (s), and
KHSO, found at port Y5 will end up as aerosols. This
assumption is believed to be reasonable as the impactor used
in the experiments for aerosol collection was operated at room
temperature, meaning that all of the alkali species mentioned
above would condense as aerosols during sampling and would
be collected in an impactor. Thus, the relative concentrations
of these species in the flue gas at port Y5 are used to calculate
the sulfation degree in the simulation. Sodium is neglected in
the simulation due to its small content in the fuel.

The experimental and simulated degrees of sulfation are
shown in Figure 9. The degree of sulfation is close to zero
in the experiment without ferric sulfate addition. When the
added S/CI ratio is 1, the experimental degree of sulfation
approaches 1, indicating that almost all of the alkali chlor-
ides are converted to alkali sulfates at port Y5 under this
condition. The predicted degree of sulfation agrees well with
the experimental results, although it is slightly underesti-
mated at high S/CI ratios. The results of Figure 9 imply that
the model developed can well predict the sulfation of alkali
chlorides by ferric sulfate addition under the conditions of
the pilot-scale grate-firing experiments.

The experimental sulfation tendency shown in Figure 9
seems to be slightly different from that in Figure 8. According
to Figure 8, an almost complete sulfation is achieved at an S/Cl
ratio of 0.4-0.6, whereas in Figure 9 such a conversion degree

C))

Degree of sulfation =1—
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Figure 9. Simulated and measured degree of sulfation
at port Y5 during the VTT grate-firing experi-
ments with different dosage (Srcagent/Cliuel) Of
ferric sulfate.

[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com].

is not reached until the S/CI ratio becomes 1.0. A similar trend
is also seen in the simulation results. As the results of Figures
8 and 9 are obtained from different sampling location (port Y5
and Y7), the discrepancy between the sulfation degree indicates
that the sulfation is not completed at port Y5. Detailed analysis
of the sulfation reactions under these conditions will be con-
ducted in the following section.

Model evaluation

In order to facilitate a better understanding of the decomposi-
tion of ferric sulfate and the sulfation of KCI in the grate-firing
reactor, the concentrations of the major sulfur and chlorine spe-
cies along the reactor are extracted from the simulations. Figure
10 illustrates the concentration profiles obtained from the simula-
tion with an S/Cl ratio of 0.4 and 1.0, respectively. The decom-
position of ferric sulfate occurs rapidly in both cases, because of
the high temperatures (~1000°C) near the injection point. After
injection, the ferric sulfate is almost completely decomposed at
a distance of ~270 mm, which corresponds to a residence time
of ~0.16 s. The decomposition of ferric sulfate generates both
SO, and SOs. The SO, level becomes almost constant after the
complete decomposition of ferric sulfate, indicating that further
conversion from SO; to SO, is negligible. On the other hand, it
also implies that SO, plays a negligible role in the sulfation of
KClI under the conditions of this study.

The SO; produced reacts with KCI to generate both
K,SO, and KHSO,. At temperatures above 785°C (i.e., dis-
tance < 1310 mm), only a small amount of K,SO, is formed
and the concentrations are similar in Figures 10a and 10b,
indicating that the formation of K,SO, is thermodynamically
limited. The large amount of KHSO, and KCI found in this
temperature range further supports that the formation of
K,SO, is limited by thermodynamics, as the reaction rate
between KHSO, and KCl is very fast.”> When the tempera-
ture is decreased from 785 to 720°C (in the distance of
1310-1540 mm), the gaseous K,SO, is almost completely
converted to solid K;SOy(s) through homogeneous and heter-
ogeneous condensation as described by Eq. 8. Because of
the consumption of gaseous K,SO, through condensation,
the formation of K,SO, is no longer constrained by thermo-
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Figure 10. Temperature profile and concentration

profiles of the major sulfur and chlorine

species during the simulation.

(a) with a S;cagent/Clgyer Tatio of 0.4; (b) with a S,..

agent/Clgyer ratio of 1.0. The simulation covers the dis-

tance from port Y3 to Y7 in Figure 1. SO;*

represents the injected ferric sulfate; K,SOy4(s)

denotes the potassium sulfate aerosols; KCI contains

both potassium chloride and its dimmer; Y5 denotes

the aerosol sampling point in the experiments. [Color

figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com].

dynamics. Thus, a rapid conversion from KHSO, to K,SO4
is seen in the temperature range of 785-720°C.

Through a comparison of Figures 10a and 10b, it is seen
that the KCI in the flue gas is only partly consumed for an
S/CI ratio of 0.4. However, when the S/CI ratio is increased
to 1.0, the KCl is almost completely converted to K;SOyu(s).
On the other hand, from both figures, it can be seen that
some sulfation reactions are still going on after port Y5
(1405 mm). This explains the different sulfation degrees cal-
culated from port Y5 and port Y7.

A pathway diagram for the potassium transformations
under the conditions of Figure 10a is shown in Figure 11.
The diagram is obtained from the rate-of-production (ROP)
analysis in CHEMKIN, and is representative for the cases
with ferric sulfation addition. According to the diagram, the
sulfation of KCI under the conditions of Figure 10a is pri-
marily achieved through the following reactions

KCI +S0s3(+M)=KS0;Cl (+M) (10)
KSO ;Cl +H,0=KHSO 4 +HCI )
KHS,+KCl =K,S0 4 +HCI (12)

The pathway diagram shown in Figure 11 differs slightly
from that proposed by Hindiyarti et al.*> According to
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The dominant pathways are shown as solid lines.

Hindiyarti et al.,® the pathway involving the oxidation of
sulfite (KHSO3) to sulfate (KHSO,) is important for KCl sul-
fation at low temperatures (e.g., 900°C). However, under the
conditions of this study, the contribution of this pathway is
negligible, due to the presence of a large amount of SOj3.

A first-order sensitivity analysis of the predicted K,;SO4(s)
concentration with respect to the reaction rate constants for
the conditions of Figure 10a has been performed. The results
corresponding to the position of port Y5 are illustrated in Fig-
ure 12. It is shown that the formation of K,SO,(s) is most
sensitive toward the condensation of K,SO, (Eq. 8). An
increase of the condensation rate of K>SO, would favor the
formation of K,SOy(s). Other reactions are generally too fast
to be rate limiting and their sensitivity coefficients are small.

Parametric study and practical implications

In a grate-firing combustor, gas temperature versus resi-
dence time in the furnace can vary between different pilot-
scale tests. In order to evaluate the effect of temperature var-
iation on the sulfation of KCI, simulations are carried out by
shifting the temperature profile in Figure 6 by *£50°C. The
results are shown in Figure 13. When the profile is shifted to
lower temperatures by 50°C, the degree of sulfation at port
Y5 is slightly increased. This is partly because the tempera-
ture window for the condensation of K,SO, is shifted to
higher positions (above port Y5) under the current condition.
On the other hand, the conversion of SO; to SO, is slightly
suppressed when the decomposition of ferric sulfate takes
place at low temperatures, which would in turn promote the
sulfation of KCI.

When the temperature profile is increased by 50°C, the
degrees of sulfation at port Y5 are significantly decreased, as

$03*=>0.4503+0.6502+0.302
HOS02+02=H02+503

K2504=>K2504(s)

-0.1 0 0.1 0.2 0.3
Sensitivity coefficients

Figure 12. Sensitivity coefficients for the elementary
reactions toward the K,SOy(s) formation
under the conditions of Figure 10a, corre-
sponding to a distance of 1405 mm (port Y5).

Only the reactions with sensitivity coefficients above
0.01 are listed.
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shown in Figure 13. This is partly because the condensation
of K,SO, primarily takes place after port Y5 when the tem-
perature profile is 50°C higher. Thus, the sulfation of KCl is
far from being completed at port Y5. On the other hand,
even if the sulfation of KCl is completed, the obtained
degree of sulfation is still lower than that obtained with the
original temperature profile, as a larger fraction of SOj is
converted to SO, when the decomposition of ferric sulfate
happens at higher temperatures. As an example, under the
condition of S/Cl=0.6, only approximately 10% of the
released SOj; is converted to SO, under the original tempera-
ture profile, while this percentage is increased to about 35%
when the temperature profile is increased by 50°C.

The results of Figure 13 indicate that the effectiveness of
ferric sulfate addition is sensitive to temperature. It is not
favorable to inject ferric sulfate at high temperatures (e.g.,
above 1100°C), as the produced SOj3 is converted rapidly to
SO,. On the other hand, if the ferric sulfate is injected at
very low temperatures (e.g., below 800°C), the low tempera-
ture may not allow a complete decomposition of the addi-
tive, thus also affecting its effectiveness. The intermediate
temperature range (e.g., between 1100°C and 800°C) is more
favorable for the injection of ferric sulfate. In principle,
when the detailed temperature profile in a boiler is known,
the model developed in this work can be used to optimize
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Figure 13. Simulated and measured degree of sulfation
at port Y5 during the VTT grate-firing experi-
ments with different dosage (Srcagent/Cliuel)
of ferric sulfate.
The simulations are conducted by shifting the tempera-
ture profile in Figure 6 by =50°C. [Color figure can be

viewed in the online issue, which is available at
wileyonlinelibrary.com].
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the injection of ferric sulfate. In addition, the model can be
applied to assess the level of KClI at different boiler locations
during ferric sulfate injection. This knowledge may be help-
ful in order to evaluate the deposition and corrosion risks in
the boiler.

Conclusions

Decomposition of ferric sulfate is studied in a fast-heating
rate. TGA and a laboratory-scale tube-reactor. The TGA
experiments reveal that the decomposition of ferric sulfate
can be described well by a volumetric reaction model with
kinetic parameters derived from the experiments under iso-
thermal conditions. The experiments in the laboratory scale
tube-reactor imply that the sulfur released from ferric sulfate
decomposition is distributed as approximately 40% SO5 and
60% SO, in the temperature range of 700—1000°C.

Based on the obtained kinetic parameters and the distribu-
tion of sulfur products, a model is proposed to describe the
decomposition of ferric sulfate under the conditions of a
grate-firing reactor. By combining the ferric sulfate decom-
position model with a detailed gas-phase kinetic model of
KClI sulfation® and a simplified model of K,SO, condensa-
tion,?” the sulfation of KCI by ferric sulfate addition during
grate-firing of biomass is simulated. The simulation results
compare favorably with the experimental results obtained in
a pilot-scale biomass grate-firing reactor under different dos-
age of ferric sulfate.*’ The simulation results suggest that the
SO; released from ferric sulfate decomposition is the main
contributor to KClI sulfation. The effectiveness of ferric sul-
fate addition toward KCI destruction is sensitive to the
applied temperature range. For a boiler with known tempera-
ture profile and KCl level, the model developed in this work
would be helpful in order to optimize the injection of ferric
sulfate and to minimize deposition and corrosion risks.
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