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Abstract

This study describes the partitioning of 20 trace elements (As, B, Ba, Cd, Co, Cr, Cu, Hg, Li, Mn, Mo, Ni, P, Pb, Sb, Se, Sn, Tl, V, Zn) and
eight major and minor elements (Al, Ca, Fe, K, Mg, Na, Si, Ti) during the combustion of high ash content lignite. The experiments were carried
out in the 0.3 MW, Middle East Technical University (METU) atmospheric bubbling fluidized bed combustor (ABFBC) test rig with and without
limestone addition. Inert bed material utilized in the experiments was bed ash obtained previously from the combustion of the same lignite without
limestone addition in the same test rig. Concentrations of trace elements in coal, limestone, bottom ash, cyclone ash and filter ash were determined
by inductively coupled plasma optical emission spectroscopy (ICP-OES). Partitioning of major and minor elements are influenced by the ash split
between the bottom ash and fly ash and that the major proportion of most of the trace elements (As, Ba, Cr, Hg, Li, Mo, Ni, Sn, V, Zn) are recovered
in fly ash. Limestone addition shifts the partitioning of Ba, Cr, Mo, Ni, Sn, V, Zn from bottom ash to fly ash.
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1. Introduction

Applications of fluidized bed combustion technology devel-
oped for burning coal with high efficiency and within acceptable
levels of gaseous pollutant emissions have been steadily increas-
ing in both capacity and number over the past decade. However,
gradual introduction of increasingly restrictive legislations on
emissions from combustion sources and increasing public con-
cern relating to the emissions of trace elements has been keeping
the topic attractive for further research.

Extensive research on the trace elements and their partition-
ing behavior has been mostly carried out in pulverized coal
combustion systems [1-12]. There are few studies on trace ele-
ment behavior in fluidized bed coal combustion systems burning
high quality coals [13—15] and investigations are mainly based
on partitioning of trace elements especially when co-firing coals
with different sustainable fuels [16—22]. Furthermore, whilst
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these studies are performed in beds of sand, lignites under con-
sideration have to be burned in their own ashes due to high ash
content. Absence of data on partitioning behavior of trace ele-
ments in bubbling fluidized bed combustion of these lignites
and recent trend in utilization of indigenous lignites in industry
and utility boilers, necessitate the investigation of fluidized bed
combustion characteristics of indigenous lignites with respect
to trace element partitioning.

In an attempt to achieve this objective, a typical Turkish
lignite with high ash content was burned in its own ash in
the 0.3 MW, Middle East Technical University (METU) atmo-
spheric bubbling fluidized bed combustor (ABFBC) test rig with
and without limestone addition and partitioning behavior of
major and minor ash components and trace elements was deter-
mined.

2. Experimental

Combustion tests were carried out on the 0.3 MW; ABFBC
Test Rig located in the Chemical Engineering Department of
Middle East Technical University. Fig. 1 shows the flow sheet of
the test rig. As can be seen from the figure, the test rig basically
consists of a forced draft (FD) fan, a wind box with an ash
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Fig. 1. METU 0.3 MW, ABFBC test rig.

removal system, a modular combustor, a cyclone with a recycle
leg, a bag house filter, an induced draft (ID) fan and a coal and
limestone feeding system.

The main body of the test rig is the modular combustor formed
by five modules of internal cross-section of 0.45 m x 0.45 m and
1 m height. Inner walls of the modules are refractory lined and
insulated. The first and fifth modules from the bottom refer to
bed and cooler, respectively, and the ones in between are the free-
board modules. There exist two cooling surfaces in the modular
combustor, one in the bed and the other in the cooler providing
0.35 and 4.3 m? of cooling surfaces, respectively. There are 14
ports for thermocouples and 10 ports for gas sampling probes
along the combustor. Two ports for feeding coal/limestone mix-
ture are provided in the bed module, one 0.22 m, the other 0.85 m
above the distributor plate.

Crushed and sieved coal and limestone are stored in two sepa-
rate silos and conveyed into the hoppers of feeders at controlled
flow rates via pre-calibrated volumetric feeders placed under
their respective silos. The coal/limestone mixture is continu-
ously fed to the bed through water-cooled screw feeders.

Analytical system of the test rig consists of a bank of ana-
lyzers for O,, CO, CO,, SO, and NO/NOy. In order to measure
concentrations of O, CO, CO,, SO, NO, at the combustor
exit at steady state, combustion gas is sampled from the exit

of the combustor and passed through gas conditioning system
where the sample is filtered, dried and cooled. O, concentra-
tion is measured by means of Leeds and Northrup paramagnetic
O; analyzer. CO and CO; are measured by Anarad AR-600
series infrared (IR) analyzer. SO, and NO, are measured by
Siemens Ultramat 6 non-dispersive infrared (NDIR) analyzer
and Servomex 1491 chemiluminescence analyzer, respectively.
After the measurement of species concentrations, sample gas is
vented to the atmosphere.

The test rig is equipped with a data acquisition and con-
trol system namely Bailey INFI 90. Real time process data is
monitored, manipulated, collected and analyzed with the aid of
control software called Bailey LAN-90 Process Control View
installed on an IBM compatible PC running under QNX oper-
ating system. The output signals from analyzers and process
values such as temperatures, air and water flow rates, pressures
and speed of screw conveyors are logged by means of a data
acquisition and control system.

In order to investigate partitioning of trace elements during
the fluidized bed combustion of a typical low calorific value and
high ash content Turkish lignite, two runs; one without (Run 1)
and the other with addition of limestone (Run 2) were carried out.
Characteristics of the lignites burned in these runs are summa-
rized in Tables 1-3. In all runs, the lignite was burned in its own
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Table 1
Lignite characteristics
Lignite 1 Lignite 2
Proximate analysis (wt.% as fired)
Moisture 13.7 14.3
Ash 36.4 352
Volatile matter 32.7 31.5
Fixed carbon 17.2 19.0
HHV (MJ/kg) 13.2 12.7
dzp (mm) 1.26 0.86
pp (kg/m?) 1580 1580
Ultimate analysis (wt.% dry basis)
Carbon 38.1 37.2
Hydrogen 32 29
Oxygen (by difference) 12.4 14.6
Nitrogen 1.4 1.3
Sulfurcompustible 2.7 2.9
Ash 42.2 41.1
Table 2
Ash analysis of lignites (wt.% dry basis)
Lignite 1 Lignite 2
SiOy 41.4 49.4
AlL,O3 14.1 14.3
Fe, 03 10.6 10.1
CaO 0.8 0.5
MgO 1.3 1.0
SO3 19.6 15.6
Na,O 7.3 6.4
K,O 1.5 1.6
TiO, 34 1.1

ash due to its high ash content (~42% on dry basis). Inert bed
material utilized in both runs was bed ash obtained previously
from combustion of the same lignite in the same test rig. Char-
acteristics of limestone added are displayed in Tables 4 and 5.

Table 3
Trace element concentrations in lignites (mg/kg)

Lignite 1 Lignite 2 Detection limit
As 162.33 132.00 >0.8067
B <1.2667 <1.2667 >1.2667
Ba 65.00 41.00 >0.0300
Cd 1.12 0.71 >0.0633
Co <0.0200 <0.0200 >0.0200
Cr 18.17 17.53 >0.0763
Cu 494.00 102.33 >0.1567
Hg 0.31 0.29 >0.1333
Li 1.65 2.33 >0.0667
Mn 197.00 142.33 >0.0133
Mo <0.2400 11.89 >0.2400
Ni 47.00 41.40 >0.4133
P 1322.33 914.33 >0.6000
Pb 8.76 27.47 >2.1667
Sb <0.9367 <0.9367 >0.9367
Se <0.6733 <0.6733 >0.6733
Sn 322.17 83.63 >(.3333
Tl <0.6600 <0.6600 >0.6600
v 108.00 94.33 >0.0800
Zn 17.10 16.66 >0.2100

Table 4
Characteristics of limestone (wt.% dry basis)
CaCO3 93.21
MgCO3 0.69
SiOy 4.72
NaO 0.10
K>O 0.10
Al O3 0.69
F6203 0.49
dzp (mm) 0.32
pp (kg/m®) 2400
Table 5
Trace element concentrations in limestone (mg/kg)

Limestone Detection Limit
As 11.79 >0.8067
B 11.38 >1.2667
Ba 79.33 >0.0300
Cd 0.06 >0.0633
Co <0.0200 >0.0200
Cr 7.87 >0.0763
Cu 16.00 >0.1567
Hg 0.33 >0.1333
Li 3.00 >0.0667
Mn 46.87 >0.0133
Mo 2.90 >0.2400
Ni 8.72 >0.4133
P 634.67 >0.6000
Pb 4.66 >2.1667
Sb <0.9367 >0.9367
Se <0.6733 >0.6733
Sn 38.23 >0.3333
Tl <0.6600 >0.6600
v 5.56 >0.0800
Zn 7.03 >0.2100

Concentrations of trace elements in coal, limestone and
ash were measured by Spectro Spectroflame Modula induc-
tively coupled plasma optical emission spectrometer (ICP-
OES) after digestion of each sample in nitric and hydrochloric
acid.

Table 6 lists the operating conditions of the both runs. As
can be seen from the table, first run is performed without
whereas the second run with limestone addition with a Ca/S
molar ratio of 3. Bed pressure drop was kept constant through-

Table 6
Operating conditions

Run 1 Run 2
Coal flow rate (kg/h) 101 102
Limestone flow rate (kg/h) 0 25
Ca/S molar ratio 0 3
Bed drain flow rate (kg/h) 7 13
Carryover flow rate (kg/h) 24 34
Baghouse ash flow rate (kg/h) 1 1
Air flow rate (kmol/h) 22 19
Excess air (%) 43 30
Superficial velocity (m/s) 3.0 2.5
Average bed temperature (°C) 875 853

Average freeboard temperature (°C) 847 839
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out the experiments. Feed point location was 0.85 m above the
distributor plate for the runs under consideration.

3. Results and discussions
3.1. Recovery rates

Ash recovery rates for Run 1 and Run 2 were found to be
85 and 95%, respectively. Compared to the ash recovery rates
reported in the literature [17,22] and considering the difficulty
in closing the total solid mass balances over the fluidized bed
combustors, the closure of the total ash balances is acceptable
in both runs. However, deviation in the total mass balance from
100% was taken into account in order not to reflect the imbal-
ance in the total mass balance to the species mass balances
[17,22].

Fig. 2 shows the recovery rates of major and minor ash com-
ponents for both runs. As can be seen from the figure, the closure
is fairly good for most of the components. Recovery rates of
trace elements are given in Fig. 3. The imbalances are observed
in the species mass flow rates. These imbalances could result
from analyzing very small quantity of sample from large quan-
tities of highly heterogeneous matter, very low concentrations of
elements under investigation, analytical errors and experimen-
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Fig. 2. Major and minor element recovery rates (Run 1: B, Run 2: [).
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Fig. 3. Trace element recovery rates (Run 1: l, Run2: ).

Table 7
Major and minor element concentrations (wt.% dry basis)

Run 1 Run 2

Bottom Cyclone Filter Bottom Cyclone Filter

ash ash ash ash ash ash
Si0; 47.84 46.52 28.37 35.46 41.75 27.41
Al O3 15.72 16.58 13.00 16.80 13.95 9.26
Fe,03 12.10 12.98 23.80 9.94 10.34 19.43
CaO 2.38 0.37 1.16 8.21 9.03 7.82
MgO 221 0.99 1.20 1.17 0.99 1.89
SO3 10.73 8.44 18.16 21.88 15.87 26.24
Na,O 4.59 6.92 4.73 3.86 5.40 3.78
K,O 2.02 2.28 1.52 1.82 1.38 1.82
TiO, 242 4.92 8.05 0.86 1.29 2.36

tal errors in preparing the samples for ICP-OES analysis or a
combination of all [1].

3.2. Fartitioning of major and minor elements

Major and minor element concentrations of bed, cyclone and
filter ashes during the fluidized bed combustion of lignites with
and without limestone addition are given in Table 7. As lignites
utilized in the experiments have similar ash content and also
have similar ash composition, order of magnitudes of major and
minor species concentrations in bed, cyclone and filter ashes
are close to each other for both runs except for CaO due to the
addition of limestone in Run 2.

Fig. 4 displays the partitioning of major and minor ash com-
ponents in bed, cyclone and filter ashes for the runs under
consideration. As can be depicted from the figure, the parti-
tioning of major and minor ash components follow the ash split
between the bottom ash and fly ash except CaO. For the exper-
iments and the test rig under consideration ash splits to fly ash
were found as 79 and 73% for Run 1 and Run 2, respectively.
Higher percentage in the former run is considered to be due to
higher operational gas velocity. The difference in partitioning
behavior of CaO stems from the addition of limestone in Run 2
which shifts the partitioning of CaO from bottom ash to fly ash.
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Fig. 4. Partitioning of major and minor elements (Run 1: left bar, Run 2: right
bar).
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Table 8
Relative enrichment factors of trace elements in bottom, cyclone and filter ashes

Run 1 Run 2

Bottom Cyclone Filter Bottom Cyclone Filter

ash ash ash ash ash ash
As 0.47 0.38 2.88 0.49 0.45 6.79
Ba 0.43 0.23 0.48 0.84 0.76 3.58
Cr 2.12 2.49 11.82 0.63 3.12 8.05
Cu 1.44 0.50 0.09 3.39 0.21 0.22
Hg 0.39 0.34 0.37 0.30 0.44 0.40
Li 243 1.24 6.60 0.58 0.14 6.33
Mn 1.62 0.56 1.72 1.49 0.61 1.85
Mo - - - 0.33 0.71 11.10
Ni 1.26 1.96 8.69 0.38 3.00 5.79
P 0.77 0.25 0.84 1.03 0.30 1.84
Pb 1.23 0.68 20.32 0.25 0.08 0.20
Sn 2.26 1.85 5.53 3.45 7.39 6.82
v 0.16 0.36 0.58 0.09 0.52 1.14
Zn 1.03 2.27 12.68 0.56 3.24 7.40

3.3. Partitioning of trace elements

Concentrations of B (<1.2667 mg/kg), Cd (<0.0633 mg/kg),
Co (<0.0200 mg/kg), Sb (<0.9367 mg/kg), Se (<0.6733 mg/kg),
Tl (<0.6600 mg/kg) could not be measured as their concen-
trations were below the detection limits of the instrument. To
compare the trace element concentrations in bed, cyclone and
filter ashes, relative enrichment factors were calculated. Relative
enrichment factor (RE) is defined as [2];

element concentration in ash % ash content in coal

RE =

. X
element concentration in coal 100

The enrichment factors of trace elements in different streams
are given in Table 8. Enrichment factors of As, Cr, Ni, Pb and
Zn were found to be larger in fly ash compared to bottom ash.
This finding was in agreement with those of [14,15,22]. As for
Hg, the relative enrichment factor was lower than 1 and hence
belongs to class III elements within the classification scheme
given in [2]. The relative enrichment factors of As, Ba, V and
P were found to be lower than 0.7 in both bottom and cyclone
ashes and hence fall into class II elements which are enriched in
fly ash [2].

Although, species mass balances over the fluidized bed com-
bustor could not be closed, some light could be shed to the fate of
trace elements in fluidized bed combustion of high ash content
low quality lignites by investigating their partitioning behavior.

Fig. 5 illustrates the partitioning of trace elements in bed,
cyclone and filter ashes for Run 1 and Run 2, respectively. Due
to imbalances in the closure of species balances, calculation
of trace element partitioning was related to the output of trace
elements instead of input of trace elements.

As can be seen from the figure, Mn and P were almost equally
distributed between bottom and fly ashes for both runs. Similar
trend was also reported for Mn previously [17,18]. The major
proportions of As, Cr, Ni, V, Zn were recovered in the cyclone
ash for both runs. This finding complies with the data given in
[22]. As can also be seen from the figure, Ba, Hg, Li, Sn and Mo
were mostly recovered in fly ash.

N. Selguk et al. / Journal of Hazardous Materials B137 (2006) 1698-1703
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Fig. 5. Partitioning of trace elements (Run 1: left bar, Run 2: right bar).

For As and Hg, the capture of these elements in fly ash could
be attributed to partial condensation of these high volatile species
due to the low operating temperatures (~350 °C) both at the exit
of the combustor due to presence of cooler and in the cyclone
[20].

Cu was found to be almost equally distributed between bed
and cyclone ashes in Run 1. In Run 2, on the other hand, Cu was
mostly recovered in bed ash. Recovery of Cu in bed ash with
limestone addition is in agreement with findings of [17].

Cr and Ni were mostly captured in fly ash [14,15,21,22].
The recovery of these low volatile elements in fly ash may be
considered to be due to contaminations from the erosion of the
alloyed steel in-bed cooling tube bundle and stainless steel gas
sampling probes in the combustor.

Pb was mostly recovered in cyclone and filter ashes for Run 1.
However, in Run 2, with the addition of limestone, partitioning
of Pb was observed to shift towards bed ash. Similar trend was
also reported in [17].

Sn and V were mainly found in fly ash rather than bottom
ash. This trend was in agreement with that on a lignite-fired
CFB power plant [15].

Comparisons between the trace element partitioning of the
runs with and without limestone addition reveal that addition
of limestone shifts the partitioning of Ba, Cr, Mo, Ni, Sn, V,
Zn from bottom ash to fly ash. The reason behind the shift is
explained as follows. When limestone is fed together with coal,
number of very fine fly ash particles increase firstly due to the
addition of limestone particles much finer than coal, secondly
due to generation of even finer particles owing to decrepitation
of limestone during calcination. This leads to increase in surface
area of particles over which condensation of vaporized elements
can take place. As Ba, Cr, Mo, Ni, Sn, V and Zn belong to Class
II elements which vaporize and condense in cooler regions, addi-
tion of limestone shifts their partitioning from bottom to fly ash.

4. Conclusions

Partitioning of major and minor ash components and trace
elements of a typical low calorific value and high ash con-
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tent Turkish lignite during the fluidized bed combustion was
investigated by performing two experiments in 0.3 MW; METU
ABFBC testrig; one without (Run 1) and the other with addition
of limestone (Run 2). The following conclusions were reached
under the observations of this study:

e Ash split between the bottom and fly ashes is the major
parameter determining the distribution of major and minor
ash components.

e Major proportions of As, Ba, Cr, Hg, Li, Mo, Ni, Sn, V, Zn
are recovered in fly ash.

e Addition of limestone shifts the partitioning of Ba, Cr, Mo,
Ni, Sn, V, Zn from bottom ash to fly ash.
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