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a b s t r a c t

The release of four sulfur and chlorine species (SO2, H2S, COS and HCl) from a US-American high sulfur
high volatile bituminous coal under pyrolysis and combustion conditions was experimentally investi-
gated in an entrained flow reactor. The reactor design and measuring techniques are presented. Under
pyrolysis conditions, the reactor was operated at four wall temperatures (900, 1000, 1100 and
1300 �C). With each reactor temperature increment, the release of sulfur from the coal was increased.
Approximately 11% of total coal sulfur volatilized at 1300 �C. Under combustion conditions, the same
temperature influence already observed during the pyrolysis experiments applied for sulfur release.
Under fuel rich conditions, SO2, H2S and COS were detected, with hydrogen sulfide being the major con-
tributor. Under exactly stoichiometric and fuel lean conditions, almost all sulfur in the product gas
occurred as sulfur dioxide. While at 1000 �C, only 63–78% of coal sulfur was found in the gas phase, all
sulfur was released when the reactor temperature was changed to 1300 �C. During pyrolysis, hydrogen
chloride concentration reached its final value at 1100 �C. This temperature was sufficient to transform
all volatile chlorine, which amounts to 15% of total coal chlorine, to the gas phase. While up to 50% of coal
chlorine was released as hydrogen chloride during fuel rich combustion, no HCl was detected under sto-
ichiometric conditions and with excess air.

� 2016 Elsevier Ltd. All rights reserved.

1. Introduction

Despite vigorous efforts to reduce fossil fuel consumption for
power generation world-wide, coal remains an important energy
source for thermal power plants. According to various projections,
thermal utilization of coal will continue to play an important role
in the next decades [1]. Current research in coal combustion
addresses, among other issues, the employment of air–staging to
reduce the emission of environmentally harmful substances such
as NOx, and the use of high-sulfur coals. Air–staging is associated
with locally reducing conditions, leading to the formation of corro-
sive sulfur species such as H2S, which, along with chlorine–con-
taining gases, promote furnace corrosion. Consequently,
understanding the sulfur and chlorine chemistry during the pro-
cess of coal combustion is essential for safe and sustainable boiler
operation.

Sulfur is bound in coal in different forms, i.e. inorganic (primar-
ily sulfates and pyrite) and organic sulfur integrated in the macro–
molecular coal structure [2]. Organic sulfur is a broader term for

different functional groups present in the coal matrix. The behavior
of the various forms is quite different and cannot be generalized.

The formation of sulfur and chlorine species during coal
pyrolysis and combustion has been investigated using different
experimental methods on various scales. The test procedures
applied are depending on the desired outcome of the experiments.

Under pyrolysis conditions, some of the organic sulfur starts to
decompose at low temperatures ranging from 300 to 400 �C, form-
ing hydrogen sulfide [3,4]. Pyritic sulfur is released at temperatures
>550 �C, and H2S is formed either by reaction with hydrogen or
hydrolysis [3–5]. Calcium and iron sulfates are the main source
for the formation of sulfur dioxide under pyrolysis conditions
[5,6]. Elemental sulfur, which becomes available during break–
down of pyrite, can react with CO to form carbonyl sulfide [3,5].
In the gas phase, carbonyl sulfide can react with hydrogen to
hydrogen sulfide [4], while vice versa, H2S reacts with CO or CO2

to form COS [3,7]. With O2 present, H2S and COS will be oxidized
to SO2. Under fuel rich conditions, where there is a lack of oxygen,
the sulfur compounds compete with other combustion products
for oxygen, resulting in higher concentrations of H2S and COS.

Chlorine in coal can occur in organic and mineral form [8].
Organic and inorganic chlorides are released in the gas phase at
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low and high temperatures, respectively [9,10]. With CaCO3 or FeO
present in the char, chlorine release can be retained by the forma-
tion of CaCl2 or FeCl2 [9].

To determine the exact temperature where sulfur or chlorine
present in coal is transformed to the gas–phase, temperature–pro-
grammed pyrolysis and oxidation experiments with low heating
rates <50 K/min are often used. Small batches of coal sample (a
few milligrams to a few grams) are heated in thermobalances or
other small reactors which are coupled to gas analyzers such as
gas chromatographs, FTIR spectrometers, or mass spectrometers.
For example, a TG–FTIR coupling was used to evaluate the behavior
of chlorine [11] and sulfur [3] during the pyrolysis of four Illinois
coals. It was found that approximately 90% of the chlorine in coal
is released as HCl in a temperature range from 300 to 600 �C, and
that different peak temperatures for the formation of sulfur species
occurred, which can be attributed to the different sulfur forms.
However, the experimental conditions of such experiments (espe-
cially heating rate) do not conform to actual coal–firing facilities.

Pilot–scale plants with a thermal power >100 kW often feature
realistic pulverized coal burners and periphery. Those plants can,
for example, be operated to determine global sulfur balances
including ashes and condenser water [12] or radial and axial sulfur
and chlorine species concentration profiles in the near-burner
region [13]. However, operation of such plants is costly, and perfect
information on boundary conditions is not always available.

Test rigs in the dimension like the entrained flow reactor used
for this study provide well–defined boundary conditions, and the
heating rates almost approach those of life–sized plants. For this
reason, such rigs are ideally suited for the development of coal
combustion models, as simulations of such reactors are computa-
tionally less expensive than simulations of larger plants. Sulfur
reaction mechanisms have been validated with experiments in
the entrained flow reactor by our research group [14], and are cur-
rently refined to include mineral matter transformations. Gaseous
sulfur species concentrations have been predicted in a pulverized
coal burner [15]. However, variations of burner operation were
limited, in this case to fuel lean conditions. The entrained flow
reactor can be operated under a wide range of boundary condi-
tions, i.e. under fuel rich and pyrolysis conditions and at different
temperatures, allowing the generation of various test cases for
the developed simulation tool.

The purpose of this study is to provide the experimental data
necessary for further development of a sulfur and chlorine reaction
mechanism. We report information on release of sulfur and chlo-
rine species (SO2, H2S, COS and HCl) during pyrolysis and combus-
tion of a US-American bituminous coal. The combustion
experiments in air and pyrolysis experiments in nitrogen will be
used as a reference for planned experiments under oxy–fuel condi-
tions, where the nitrogen in air is replaced by carbon dioxide.

2. Experimental

2.1. Coal

The coal used in this study was a US-American high volatile C
bituminous coal, which has a sulfur content of 3%. The chlorine
content of 0.25% is one order of magnitude higher than world aver-
age for hard coals [8]. The coal was dried at 75 �C for approximately
three hours to remove moisture and improve pourability in the
dosing system. Besides the mentioned drying and a sieving to
remove particles >400 lm, which was necessary to prevent plug-
ging in the fuel feeding system, the coal was used ‘‘as received”
to provide realistic conditions.

Analyses of the raw coal are given in Table 1 and a particle size
distribution is given in Table 2. We confirmed by own analyses

that, with small deviations, the properties of the raw and sieved
coal are equivalent. A detailed description of how coal properties
(proximate and ultimate analysis and sulfur species) were
obtained is given in a previous article by our research group [16].

2.2. Entrained flow reactor

Details of the entrained flow reactor used to perform the exper-
iments are given in Fig. 1. It can be heated electrically to 1600 �C
and operated under pressure up to 20 bar. Compressed air,
nitrogen, carbon dioxide and oxygen (or a mixture of these) can
be supplied to the reactor. Pulverized fuel (i.e. coal or biomass) is
fed to the top-down entrained flow reaction zone at feed rates
up to 500 g/h.

The pulverized fuel dosing system is located above the reactor
(not shown in Fig. 1). The entire dosing system is surrounded by
a pressure vessel. A constant gas flow, acting as carrier gas for
the fuel particles, is maintained through the dosing system
into the particle injection lance. A continuously stirred container
holds the pulverized fuel particles. An aperture at the bottom of
the container allows transportation of particles by a screw
conveyor. The particles fall from the outlet of the screw into a
vibrating trough, which homogenizes the particle stream, and are
collected in a hopper located at the top of the particle injection
lance. Container and screw conveyor are mounted on load cells,
allowing controlled operation of the screw and thus gravimetric
particle dosing with low fluctuations (approximately ±5 g/h
around the mean value).

The preheating section of the reactor contains the water-cooled
particle injection lance and the nine electrically heated secondary
gas flow paths (co-flow). The injection nozzle is located at the bot-
tom part of the preheating section, where the particle-laden pri-
mary gas stream and the co-flow enter the reaction zone. The
hot co-flow is led through an annular gap, inducing a rapid mixture
with the cold primary gas stream. Particle heating rates of 104 K/s

Table 1
Coal properties (wt%, db), sulfur forms according to DIN
51724-2, organic sulfur by difference.

Ash 9.33
Volatiles 37.30

Carbon 72.91
Hydrogen 4.97
Nitrogen 1.25

Total sulfur 3.01
Chlorine 0.25

Sulfides <0.01
Pyritic sulfur 0.45

Sulfates 0.49
Organic sulfur 2.1

Table 2
Particle size distribution of sieved coal.

Particle size (lm) Mass fraction (wt%)

<25 15.5
25–40 9.65
40–63 9.2
63–90 9.2
90–125 9.8
125–150 8.9
150–200 12.85
200–250 10.35
250–300 7.75
300–355 5.95
355–400 0.85
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