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HIGHLIGHTS

» Quantified effect of Hg and Cl concentration on mercury speciation in flue gas.

» Isokinetic model with multiple linear regression and iterative methods.

» Evaluation of effect of mineral composition of coal on fine particle formation.

ARTICLE INFO ABSTRACT

Article history:

The percentage of mercury that is removed in currently used air pollution control devices (APCDs)
depends on the speciation in the flue gas exhausting from the coal combustor. Bench-scale measure-
ments were carried out in the flue gas from combustion of different types of coal in a drop-tube furnace
set-up to better understand the formation process of three mercury species, i.e. Hg’, Hg?* and Hg,, in gas-
eous phase and fine particles. It was observed that due to chemical reaction kinetics limitations, higher
mercury concentrations in flue gas lead to lower Hg?* proportions. The concentration of chlorine has the
opposite effect, not as significantly as that of mercury though. With the chlorine concentration increasing,
the proportion of Hg?" increases. Combusting finer sized coal powders results in the formation of more
Hg?*. Mineral composition of coal and feed coal particle size has a great impact on fine particle formation.
Increased Al in coal results in more finer particle formation, while Fe in coal increases concentration of
larger particles. The coexistence of Al and Si can enhance the particle coagulation process. This process
is also enhanced at higher coal feed rates, and when feed coal particle sizes are smaller. Results from
oxy-coal and conventional air combustion were compared.
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1. Introduction

Coal combustors for electricity production are one of the largest
sources of global anthropogenic mercury emissions [1]. Mercury is
initially released from the coal in the elemental form. The mercury
speciation during coal combustion consists of two processes,
homogeneous mercury oxidation in the gaseous phase and hetero-
geneous mercury adsorption onto the particles. A large fraction of
the mercury remains in the gaseous phase [2-10]. Electrostatic
precipitators (ESPs) can remove over 99% of the particulate mer-
cury (Hgp), and wet flue gas desulfurization (WFGD) systems, if
present, can retain 67-98% of the gaseous oxidized mercury
(Hg?") [10]. It is therefore important to understand the mercury
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oxidation mechanisms in the flue gas. Chlorine related species
are known to be important oxidizing agents for mercury [11].
Other flue gas constituents such as SO,, NO, H,O; are reported to
have secondary effects on the rate of the mercury oxidation
[12,13].

To determine the mercury oxidation mechanism, kinetic and
thermodynamic data were either calculated or obtained from sim-
plified chamber experiments [12-15]. The assumption of gas-
phase equilibrium for the mercury oxidation process in exhaust
gases from coal combustors is not valid at temperatures below
approximately 800 K [11]. The reaction mechanism begins with
the kinetic framework proposed by Widmer et al. [16]. In the flue
gas, conversion of HCl to Cl, is kinetically limited. At temperatures
similar to those in the inlet to the APCD, equilibrium estimations
indicate that half of the chlorine will be in the form of Cl,, but ki-
netic calculations show that less than 1% of the chlorine is con-
verted to Cl, [11]. The oxidizers such as Cl, Cl, and HOCI are all
generated from HCIL
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Larger unburned carbon content (UBC), surface area and particle
size of fly ash are reported to increase mercury uptake and oxida-
tion [17]. Tests with single fly ash components indicated that
Si0,, Al,03, MgO, CaO0, and TiO, had no significant effect on promot-
ing mercury oxidation or adsorption, while Fe,03; may promote
mercury oxidation and adsorption [17]. However, the mineralogy,
chemical composition, and microstructure of metals (e.g. Fe, Ca,
etc.) in fly ash can affect the morphology of the fly ash particles
[18,19]. It follows that the morphology of the fly ash particles has
considerable impact on the transformation of Hg® to Hg?* and Hg,,.

The above conclusions above were drawn primarily from exper-
iments conducted in a simulated gas chamber system. However,
the coal combustion process is much more complicated, with sev-
eral reactions taking place simultaneously. Bench-scale measure-
ments on mercury speciation and fine particle formation in a
coal combustor were performed in this study to obtain a more
comprehensive understanding of the mercury speciation mecha-
nism under more realistic scenarios. Different types of Chinese coal
samples with diversity in rank, mercury content, chlorine and ash
content were combusted in a drop-tube furnace system. The vari-
ation of these characteristics allowed to study the impact of
parameters such as coal type, coal particle size and combustion
condition on the fine particle formation and mercury speciation.

2. Experimental
2.1. Set-up and analysis

The major parts of the experimental system, shown in Fig. 1,
are: the coal feeder, drop-tube furnace, exhaust flue gas line, scan-
ning mobility particle sizer (SMPS) and the mercury sampling
train. A filtered air compressor provided dry air for the conven-
tional air-coal combustion, and a mixture of CO, and O,, supplied
from gas cylinders, were used for the oxy-coal condition. Prior to
entry of gases into the drop tube furnace, the flow passed through
a fluidized-bed coal feeder to carry a certain amount of coal to the
furnace. The drop tube furnace (Lindberg Blue M, ThermoElectron
Co.), containing an alumina reactor tube with an inner diameter
of 2.25 in. and a length of 4 feet, was equipped with a temperature
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control device, set to 1100 °C. A flow rate of 3.0 Ipm into the fur-
nace was maintained for all the experiments in this study to get
a fixed residence time of over 60 s, sufficient to achieve complete
char burnout. Particle-free dilution gas was added at the exit of
the furnace to quench aerosol dynamics, so that representative aer-
osol size distribution measurements of conditions at the exit of the
furnace were obtained. The ratio of the dilution flow rate to the
combustion furnace flow rate was fixed at 1.0 in this study. The di-
luted exhaust flow first passed through a six-stage cascade impac-
tor (Mark III, Pollution Control System Co.) with a final stage cut-off
particle size of 0.5 pm. The remaining fine particles either was
sampled by the SMPS or passed through a glass fiber filter to collect
all the fine particles for further analysis.

The flue gas was sampled through a mercury speciation sam-
pling train before the impactor. Particulate mercury was captured
by a glass fiber filter, while gaseous mercury (Hg® and Hg?*) was
absorbed by flowing through a set of impingers. A 2.5 Ipm flow
of flue gas was bubbled through the impingers for 3-4 h. lIodine
Based Method developed by Hedrick et al. [20] was adopted in this
study for gaseous mercury speciation measurement. The first two
impingers were equipped with 15 ml of 1.0 M tris-EDTA buffer
solution for the capture of Hg?*, followed by one impinger with
15 ml solution of 10% hydrogen peroxide (H,0,) and 2% nitric acid
(HNOs) for removing reductive gas, e.g. SO,, and two impingers
with 15 ml of 0.05 M potassium iodide (KI) and 2% hydrochloric
acid (HCI) for the capture of Hg. Another impinger with silica
gel was added to prevent moisture from entering the pump. Parti-
cles collected on the glass fiber filter were analyzed by a direct
mercury analyzer (DMAS8O, Milestone) for Hg,. The impinger solu-
tions were analyzed by an inductively coupled plasma mass spec-
trometer (ICP-MS, Agilent 7500CE).

Real-time sub-micrometer particle size analysis was performed
downstream of the impactor by a scanning mobility particle sizer
(SMPS, TSI Inc.) to obtain the particle size distribution in the range
of 9-425 nm. The sub-micrometer fly ash particles collected on the
glass microfiber filter were photographed by a scanning electron
microscope (SEM, Hitachi S4500) to determine the particle
morphology.

Proximate and ultimate analyses, together with mercury and
chlorine content analysis, were conducted for all the coal samples
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Fig. 1. Drop-tube furnace system used combustion of coal seams.



734 L. Zhang et al./Fuel 104 (2013) 732-738

used in the experiment. All the analytical methods for coal adopted
in this study can be found in the supporting information (Table S1).
The XRD analysis of metal-oxide content was performed using a
Rigaku Geigerflex D-MAX/A diffractometer, the MDI mineral data-
base, and Jade Plus software.

2.2. Test plan

Three sets of tests were conducted in this study. The objective of
the first set of experiments (Set I) is to compare the calculated and
observed value of oxidized mercury. The second set of experiments
(Set II) was performed to determine the effect of calorific value of
coal, coal particle size and the combustion condition (conventional
or oxy-combustion) on mercury speciation. The third set of exper-
iments (Set III) was to establish the effect of coal feed rate, coal par-
ticle size and combustion condition on particle size distribution in
the exhaust. The overall test plan is summarized in Table S2 in the
supporting information.

2.3. Coal characterization

Five types of Chinese coal samples (labeled SO1, S04, S07, S09,
S10) of various ASTM ranks were selected for this study. The coal
analysis results and coal ranks were listed in Table 1. The Powder
River Basin (PRB) sub-bituminous coal was also used for compari-
son. The mercury content of coal varied largely from 20 to 673 pg/
kg, while the chlorine content of coal significantly within the range
of 120 to 3610 mg/kg. Compared with the Chinese coal, the PRB
coal had lower mercury and chlorine content, higher fixed carbon
content, lower ash content and higher heating value.

The mineral composition of four Chinese coal samples with dif-
ferent ranks obtained from XRD analysis was shown in Fig. S1 in
the supporting information. Kaolinite was the dominant mineral
in SO1 coal. S04 was dominated by kaolinite and pyrite, with con-
siderable amounts of quartz and calcite. Boehmite, kaolinite and a
certain amount of calcite were the main mineral contents of S07.
S$10 was mainly quartz. The main mineral elements of SO1 were
Al and Si; those of S04 were Al, Si and Fe; that of SO7 was Al;
and that of S10 was Si.

3. Results and discussion
3.1. Effect of Hg and Cl concentration on mercury speciation in flue gas

When actual coal samples are combusted, independent control
of chlorine and mercury concentrations is not possible. Therefore,
the effect of chlorine and Hg concentration were evaluated simul-
taneously. Multiple linear regression (MLR) and iterative methods
were used in this study for data analysis. The rate expression for Hg
conversion is given by:

dc "
gt = ke Cia (1)

where ¢y is the gas phase elemental Hg concentration; ¢y is the
gas phase HCI concentration; k is the overall reaction rate constant;

and o and p are the reaction orders with respect to the concentra-
tions of Hg and HCl, respectively. On integrating Eq. (1), the follow-
ing is obtained:

Clg’ = Clgh = (@ = 1) - k-t -l (2)

where cyg is the original gas phase elemental Hg concentration, i.e.
total gaseous Hg.

By multiplying by cfi; on both sides and alternating 1 — cyg/
Cugo With P, which is the percentage of oxidized mercury in total
gaseous mercury:

T (1-P)" " = (1-0) k-t Cigy (3)
By taking the natural log on both sides:
In[1—(1—=P,)"™ =In[(1—0)-k-t] — (1 — o) InCpgo
+ Blncua (4)

Based on the measured values of P, cyg0 and cyc obtained from
eight trials of the experiment, a multiple linear regression (MLR)
analysis was done using Eq. (4). The initial value for o was assumed
to be 0.5. The new value of « calculated by the first iteration was
substituted to the left side of Eq. (4) to obtain the next iteration,
and this process was repeated. The converged value obtained was:

o =0.381 (5)
and,
p=0.181 (6)

With the estimated converged values of o and g, P, for each trial
was calculated. Fig. 2 shows the comparison between the calcu-
lated values and the observed values. The correlation coefficient
was 0.94, indicating good agreement of the results.

The effect of mercury and chlorine concentration in the flue gas
on the gaseous phase mercury speciation is demonstrated as an
isoline diagram in Fig. 3. With increasing concentration of chlorine
in the coal, the proportion of Hg?" increased. However, the mercury
concentration has a more significant impact on the transformation
of Hg® to Hg?* than that of chlorine. Lower mercury concentration
leads to higher proportion of Hg?*. This confirms that the oxidation
reaction of mercury was kinetically limited. If the reaction reached
thermodynamic equilibrium, P, should have only depended on the
concentration of chlorine, which can be derived from the chemical
reactions between Hg® HgCl and HgCl,, shown as following
equations:

[HgCl,] = K>[HgCl][Cl] = KK [Hg®|[CI]? (7)
_ Mgl 1 1 @)
" [HgCl,) + He"] KoK [CI +1

3.2. Effect of calorific value of coal on mercury speciation in flue gas

The average value of the overall reaction rate coefficient k was
used so as to simplify the calculation. However, k reduces

Table 1
Proximate and ultimate analysis results of experimental coals.
Coal name Proximate analysis Ultimate analysis Qneca (MJ/kg) Hg (ppb) Cl (ppm) ASTMRank
Maq Ad Va FCa Sda Cq Hq Na Od
S01 8.41 44.64 23.64 31.72 1.47 38.88 2.35 0.64 12.02 13.54 673 120 Lig.
S04 3.80 22.97 10.54 66.49 2.79 67.03 2.55 1.00 3.66 25.98 428 310 Anth.
S07 9.14 24.82 27.80 47.38 0.53 57.69 3.46 0.90 12.60 21.87 202 3610 Subbit.
S09 4.07 30.52 24.27 45.21 0.48 55.72 3.25 0.85 9.18 21.79 35 720 Subbit.
S10 15.71 5.68 34.39 59.93 0.45 74.54 4.39 0.94 14.00 28.48 20 140 Bit.
PRB 27.70 8.00 48.30 42.90 0.57 67.30 4.58 0.96 19.92 28.04 50 100 Subbit.
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numbers listed on the curves and besides parentheses are the calculated percentage
of oxidized mercury and the numbers in parentheses are the measured percentages
of oxidized mercury.

drastically when the flue gas temperature decreases as per the
Arrhenius equation:

k =Aexp (f %‘) 9)

where A is a pre-exponential factor; E, the activation energy; T is
the temperature; and R is the gas constant.

As mentioned previously, the mercury oxidation reaction does
not proceed if the flue gas temperature is below 800 K. The furnace
temperature is 1100 °C, i.e. 1373 K. Therefore, t is the time during
which the flue gas temperature decreases from 1373 K to 800 K,
and this value is used in Eq. (2). This t could not be measured in
this experiment, but t can be considered to be proportional to
the heat of combustion which is directly related to the calorific va-
lue of coal combusted. Higher calorific value of coal would result in
longer time duration for mercury to be oxidized. Therefore, the cal-
orific value of coal could be an important factor for mercury
oxidation.

Results from four different types of coal (S01, S04, SO7 and S10)
were compared to establish the relationship between mercury

speciation and calorific value of coal. High correlation, with a coef-
ficient of 0.99, was found between the proportion of oxidized mer-
cury and the calorific value of coal, indicating that the calorific
value of coal could be an important factor. The higher calorific va-
lue of the coal results in a longer available time as well as higher
temperature, which has been demonstrated to accelerate mercury
oxidation.

3.3. Effect of coal particle size on mercury speciation in flue gas

Besides reactant concentration and temperature, coal particle
size is one more factor that might have influence on the mercury
oxidation. Trials with a constant coal feed rate of the same coal
(S04) with different coal particle sizes were conducted to deter-
mine the trends. As is shown in Fig. 4a, as the critical coal feed size
is changed from 100 pum to 25 pm, the percentage of oxidized mer-
cury in the flue gas gradually increased. Heterogeneous reactions,
catalyzed by the active ingredient on the particle surface, play an
important role in the mercury oxidation process. Smaller size of
coal has a larger total specific surface area, accelerating the cata-
lytic oxidation process. Therefore, finer coal particles enhance the
fraction of oxidized mercury. Another reason could be that smaller
size of coal results in more complete combustion, and hence
results in higher temperature, which accelerates the mercury
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Fig. 4. Mercury speciation in comparison between (a) different coal particle size
(S04, air-coal); and (b) air-coal and oxy-coal conditions (S04, 150 mesh). Note: S04
coal was used in these two sets of experiments.
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oxidation process. This is consistent with the discussion in Section
3.2. Based on results from this study and Bhardwaj et al. [17], the
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dized mercury was obtained, as shown in Fig. 5. The consistency
with the study of Bhardwaj et al. [17] confirmed the effect of coal
particle size on mercury speciation.

3.4. Comparing the effect of air-coal and oxy-coal conditions on
mercury speciation in flue gas

A mixture of O, and CO, was used in this study, instead of set-
ting up a recycled flue gas system. Fig. 4b compares the mercury
speciation between these two conditions. The coal feed rate and
the percentage of oxygen in the gas were the same in both condi-
tions. The oxy-coal condition resulted in a slightly higher mercury
oxidation rate than the air-coal condition, but the difference was
not significant. Table 2 shows the results from this study and Suri-
yawong et al. [21]. Suriyawong et al. [21] hypothesized that the
oxy-coal condition might not have an effect on mercury speciation.
However, theoretically there could be a possible oxidation path for
mercury under oxy-coal condition. Metal oxidation is one of the
major sub-mechanisms in particle formation. During the metal
oxidation process, CO, can convert metal to metal oxides [21],
and the metal oxides can further convert Hg® into Hg?*. Therefore,
with the role of metal as a catalyst, CO, can act as an oxidizer. The
following reactions are the three steps for mercury oxidation:

relationship between specific surface area and percentage of oxi- CO, +M < CO + MO (10)
Table 2
Mercury speciation in air-coal and oxy-coal conditions in different studies.
Condition This study Suriyawong et al. [21]
Air-coal 20%0,/80%CO, Air—coal 20%0,/80%C0, 25%0,/75%C0,
Percentage of oxidized mercury (%) 38.7 44.8 20.0 143 174
Percentage of elemental mercury (%) 61.3 55.2 80.0 85.7 82.6
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Hg® + HCl + MO < HgCl + OH + M (11)

HgCl + OH + HCl « HgCl, + H,0 (12)

The total reaction can be summarized as reaction (13):

Hg® + CO, + 2HCl + M « HgCl, + CO + H,0 + M (13)

This effect could be more dominant for the China coal seams,
due to the higher ash content in comparison to the PRB coal seams
[21].

3.5. Effect of mineral composition of coal on fine particle formation

Mineral composition plays an important part in fine particle
formation. There are two paths to form fine particles: one is vapor-
ization and condensation; the other is oxidation and nucleation
[21]. For those metals that were more volatile (e.g. Na, Pb, Cd),
vaporization and condensation dominate; for those metals or sub-
oxides that were less volatile (e.g. Mg, Al, SiO, Fe), oxidation and
nucleation dominate the fine particle formation. Based on the min-
eral composition of all the samples, oxidation and nucleation tend
to be the dominant path.

Fig. 6a shows the fine particle size distribution in the flue gas
resulting from the combustion of different coals. SO1 and S10 have
fewer types of metallic species than S04 and S07, which results in a
more uniform particle size distribution. Al and Si are the dominant
element in SO7 and S10, respectively. The particles generated from
the combustion of SO7 were finer than those from the combustion
of S10, which might due to the smaller size of nuclei generated
from Al than from SiO. Larger nuclei would probably shorten the
time of nucleation and coagulation. However, the combustion of
SO1 generated even larger particles than SO7 and S10 while it has
an equivalent amount of Al and Si as kaolinite. This was probably
because Al tends to lose electrons and Si oxide tends to accept elec-
trons, resulting in opposite polarity particles. The coexistence of Al
and Si would therefore accelerate the rate of coagulation. The fly
ash from S04 had larger particles than the others, which is in accor-
dance with the existence of Fe in S04.

3.6. Effects of feeding rate and particle size of coal on fine particle
formation

Higher total fine particle concentrations of fly ash resulted from
higher coal feeding rates, which led to larger size particles, as is
shown in Fig. 6b. At same coal feeding rates, the smaller size of
the inlet coal particles can contribute to the formation of larger
fly ash particles (Fig. 6¢). The smaller coal particles result in faster
combustion rates and subsequent release of metallic species that
form a higher concentration of particles. The higher concentration
of particles results in faster coagulation rates that result in the for-
mation of larger sized fly ash particles. In the meantime, smaller
size of coal would results in more complete combustion, hence re-
sults in higher temperature, which could be another reason for
this. Further studies are needed to ensure the direct reason.

3.7. Comparing the effect of air-coal and oxy-coal conditions on fine
particle formation

S04 and S10 were chosen to be burned under both the air-coal
and the oxy-coal conditions. The results of fly ash particle size dis-
tribution are summarized in Fig. 6d. No significant difference was
found in these two conditions. There were slightly more large par-
ticles formed in the oxy-coal conditions, which might be due to the
contribution of CO, to the metal oxidation process. The metal oxi-
dation process is an important step in fine particle formation [21].

CO, can act as a weak oxidizer in both the gaseous mercury oxida-
tion process and the fine particle formation process.

4. Conclusions

To better understand the formation process of the three mer-
cury species, i.e. Hg®, Hg?* and Hgp, bench-scale experiments in a
drop tube coal combustion system with measurements in the flue
gas were carried out. The focus was on understanding two mecha-
nisms: mercury speciation in the gas phase and fine particle forma-
tion. Concentrations of Hg species, residence time in the high
temperature regions and particle surface area for catalytic oxida-
tion are important factors for gaseous mercury speciation. The
mercury concentration in the coal, and subsequently in the flue
gas has the highest impact on the oxidation process. The concen-
tration of chlorine has a similar effect, though not as dominant
as the mercury concentration. Systems that result in higher tem-
peratures for longer durations result in greater formation of Hg".
Such conditions are obtained for both higher heating value coal
seams, and smaller sized coal feed particles. Mineral composition
of coal, coal feeding rate and coal particle size influence fine parti-
cle formation. Higher Al in coal seams resulted in greater fine sized
particle formation, while larger Fe concentration in coal leads to
the formation of larger particles. Al and Si result in opposite polar-
ity particles, and their co-existence in the coal seams results in
enhanced coagulation, thus leading to larger particle sizes. The
oxy-coal condition results in both enhanced mercury oxidation
and metal oxidation in the fine particle formation process. Burning
higher chlorine content coal (or adding halogen additives) or finer
size coal could be effective approaches for mercury control during
coal combustion.
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