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Abstract

In order to study mercury (Hg) retention in solid sorbents, researchers generally employ
similar laboratory scale devices. However, despite their similarities, these devices are
generally used under different experimental conditions. The Hg concentration in gas
phase, gas flow and sorbent bed characteristics are variables that influence the contact
time, mass transfer and kinetics and may greatly modify the quantities of Hg retained
when the same sorbents are compared. These differences in the experimental conditions
do not impede an evaluation of the sorbents as long as the results obtained points
towards the same qualitative conclusions. However, the extent of variation needs to be
defined to avoid misleading. To illustrate the range of interpretations, the results of a
preliminary approach using four experimental devices in two laboratories have been
compared in this work. All the experiments were carried out under a nitrogen
atmosphere and Hg" in gas phase. The same sorbents were employed in all the devices.
These were fly ashes obtained from the combustion of coals of different rank and with
different unburned carbon contents. From the results obtained it can be inferred that it is
necessary to strictly control the influence of the experimental variables in order to infer

a correct interpretation of the results.

Keywords: mercury; fly ash; coal combustion



1. Introduction

Mercury (Hg) emissions are a global air pollution problem that is attracting
significant attention worldwide. Of all the sources of anthropogenic Hg emissions, coal
combustion has been reported to be the largest single category '~. Estimations of the
contributions to total emissions in Europe indicated that in 2004 38 % of anthropogenic
mercury emissions originated from coal combustion *. As a consequence, legislative
bodies in Europe and USA have considered reducing Hg emissions from coal fired
power plants *°. A ruling to regulate Hg emissions from coal fired power plants was
announced in USA in line with the Clean Air Act of March 15, 2005 °. Although the
Federal regulatory structure for Hg emissions from coal-fired power plants is once again
uncertain following the vacatur of EPA’s Clean Air Mercury Rule on February 8, 2008
7, the U.S. Environmental Protection Agency (EPA) in collaboration with public-private
research organizations have fostered the development of a suite of mercury control
technologies for coal-fired power plants®.

In this situation a number of research groups have focused their research activity
on evaluating different solid sorbents to capture mercury species in flue gases from coal

combustion employing laboratory scale devices °**

. These laboratory devices are
mainly based on fixed sorbent beds. Although the quantitative results obtained from
these devices are different to those expected at industrial scale, they provide a good
method for checking the ability of a given solid material to capture mercury and, what is

more important, a means of comparing the behaviors of different sorbents in order to be

able select the most appropriate.



In the studies carried out using sorbent bed reactors, the experimental conditions
are usually very different. The Hg concentrations in flue gases emitted during coal

310,22

combustion in a power station can reach values ranging from 30 to 70 ug/m . In the

22 concentrations of Hg ranging from 10 to 11.7x10° pg/m’ have been

laboratory tests
examined. The flue gas rates of the sorbent used in laboratory scale studies have varied
between 0.030 and 15 L/min ***"2**" while the temperatures have ranged from 100 to
177 °C *** * gsimilar to the temperatures around electrostatic precipitators and
scrubbers. Because Hg retention may be significantly influenced by these parameters,
this work tries to asses the effects of the experimental conditions on Hg retention in
order to select the best conditions. This assessment will help to explain apparently
conflicting results and lead to a better understanding of the behavior of sorbents in Hg
capture. Although an accurate evaluation of the variables affecting laboratory scale
reactors needs to be modeled, an approximate description of the range of conditions to
be compared is necessary. The aim of this paper is to discuss the results and their
possible interpretations using four experimental devices in two laboratories with various
fly ashes as sorbents. The experiments were carried out in a nitrogen atmosphere using
Hg’ in gas phase. The fly ashes were well characterized previously > %, It should be
emphasized that the aim of the work is not to evaluate the fly ash characteristics as

sorbents, but to ascertain the reliability of the results when different laboratory scale

reactors are used.

2. Experimental
Four fly ash samples were employed in this study, three of which were obtained
from pulverized coal combustion power plants (PCC), while the fourth was taken from

a fluidized coal combustion power plant (FBC) that uses limestone in its bed. In one of



the power stations the blend contained high rank coals (CTA). In another, high volatile
bituminous coals were used (CTSR), while in the third, sub bituminous coals were
burned (CTES). The FBC plant was fed with a blend of bituminous coal and coal wastes
of high calorific value. This sample was denoted CTP. Different size fractions were
separated from each sample in order to obtain samples enriched in unburned carbon
(CTA>150 pum, CTSR>80 um and CTES>200 pum). In the CTP sample, the unburned
carbon was homogeneously distributed amongst the different size fractions and for this
reason only the raw CTP sample was used in this study. The average of particle size for
the raw fly ashes ranged from 10 to 60 pm being 321, 175 and 270 pm for the fractions
CTA>150, CTSR>80 and CTES>200, respectively. The unburned carbon content in
each size fraction was estimated as loss of ignition (LOI) at 815°C, and the BET surface
area was measured by means of volumetric adsorption of nitrogen at 77K. In previous
studies on CTA, CTP, CTSR, CTES fly ashes ***" # it was concluded that mineral
matter differences had no affect on mercury adsorption capacity. However, mercury
capture is influenced by the carbon content in the samples enriched in unburned carbon,
and the mercury retention capacity was found to be higher in the fly ashes obtained
from bituminous coals.

The laboratory devices used for Hg retention are shown in Figures 1-4, and the
experimental conditions used are listed in Table 1. The experimental devices used for
the retention experiments consisted of glass reactors heater by furnaces and fitter with a
thermocouple. The gas lines were heated to avoid possible condensations. All the
experiments were carried out under a N, atmosphere. The temperature of the sorbent
was maintained at 120°C in all cases. The sorbent bed was prepared by mixing the fly
ash sample with sand in different proportions (Table 1). The dimensions of the sorbent

bed in each reactor were different (Figure 1).



Experimental device N°1 (Figures 1-2, Table 1) included a glass reactor fitted
with an internal and external tube and heated by two different furnaces. In this device
Hg in gas phase was obtained by evaporating Hg’. The fly ash bed and the element
source were placed inside the same internal tube but heated separately in the two
furnaces. The Hg that could not be retained in the sorbent bed was captured by
impingers containing 1N KCl, 5% HNO3/10% H,0; and 4% KMnO4/10% H,SO4. The
amount of Hg retained was determined by analyzing the fly ashes post-retention in a
cold vapor atomic absorption spectrometer (CV-AAS) after extraction using 60 % (v/v)
HNOs;. The Hg concentration in gas phase was greater than it is in power stations (Table
1).

Reactor N°2 (Figures 1 and 3) was similar to the one described above but in this
case the Hg in gas phase was produced outside the reactor using a permeation tube. The
concentration of Hg passed through this reactor was much lower and similar to that
expected in a power station (19.8 pg/m’) (Table 1). A continuous Hg emission monitor
(UT 3000) was used to monitor the Hg and to obtain Hg adsorption curves. As in the
case of the react N° 1, any Hg that could not be retained in the sorbent bed was captured
by impingers containing the same solutions as in the first reactor.

In experimental device N°3 (Figures 1 and 4) was possible to observe the effect
of using a much lower gas flow than in reactors N°I and N°2 (Table 1). In this case, the
saturated Hg vapor was made to pass from a bottle to the sample tube containing the
sorbent and then via through a 3-way valve to a flow-through cell in the UV beam of an
atomic absorption spectrometer (AAS), operating in cold vapor mode.

Finally, device N° 4 was designed to resemble N°2 but was equipped with a

different reactor and consequently had a different sorbent bed volume and bed



characteristics (Figure 1). In device N°4 the nitrogen sweep gas rate was lower than in

N°2 (Table 1).

3. Results and discussion

Although the influence of LOI and BET surface area on mercury retention has
been studied in a previous work *° the data are included in this paper (Table 2) in order
to illustrate the key differences between the fly ash samples. Retention capacity is
defined as the amount of Hg retained per g of fly ash and the confidence limits of the
results are represented by the standard deviations (Table 3). It was considered that
equilibrium uptake would be reached when the outlet concentration became equal to the
inlet concentration. Equilibrium or maximum retention capacity (MRC) was achieved in
all cases, except for the CTSR>80 sample in reactor N°4, in which MRC was not
achieved even after 18 hours. In Figure 5 examples of the breakthrough curves are
presented as the ratio of the outlet to the inlet concentration (C,,/Ci,) versus time for the
four experimental devices. For experimental device N°I, the breakthrough curve is
discontinuous because the Hg retained was determined by analyzing the sorbent post-
retention after different amounts of elemental Hg had been passed through the sorbent
bed.

The results in Table 3 shows that Hg retention by the four fly ashes and the three
fly ash carbon concentrates is different in the four experimental conditions used (Table
1). This is not surprising but what needs to be established is whether in all the
experimental devices the results show the same trend when the sorbent behaviors are

compared. It was already known that the retention capacities of all these samples are



influenced not only by the experimental conditions but also by the characteristics of the
samples. If the results obtained with the original fly ashes (CTA, CTP, CTSR, CTES)
from all the experimental devices are compared, it may be concluded that CTSR is the
best fly ash for mercury capture (Figure 6). However, when mercury retention in CTP,
CTA and CTES is compared, a different picture emerges because the trend in the
behavior of these samples varies slightly depending on the experimental conditions.
Thus, mercury retention capacity can be arranged in increasing order as
CTP>CTA>CTES in reactor 1 and 4, whereas in reactors 2 and 3, in which the retention
capacities are lower, not significant differences can be observed between the three fly
ashes. When the unburned carbon concentrates (CTA>150, CTSR>80 and CTES>200),
that have a higher mercury retention capacity than the original fly ashes, are compared,
the best sorbent is CTSR>80. This is followed by CTES>200 and CTA>150 for all the
devices (Figure 6), the only exception being in device N°1 (Table 3). It can be conclude
that for the samples with the highest retention capacity, the trend observed in all cases is
similar and consequently the conclusion will be the same. However, the evaluation of
the sorbents with a low retention capacity may be misleading if the experimental
conditions are not clearly defined.

As might be expected, increasing the Hg concentration in gas phase, which
influences mass transfer, enhances Hg capture (Figure 7). However, the greater
retention capacity due to the huge differences in the mercury concentrations in gas
phase is not the only effective way to differentiate the mercury retention capacities trend
of some of the samples. This is demonstrated if we consider the results obtained in the
devices using the highest mercury concentration in gas phase (N°1 and N°3) (Table 3).
In reactor N°1 it is not possible to differentiate between the fly ash and its unburned

carbon concentrates and in N°3 it is not possible to differentiate among the four original



fly ashes. Neither is it possible for most of the samples in reactor N°2, which used the
lowest mercury concentration in gas phase and the highest flue gas rate. However, the
results obtained in reactor N°4 reveal different mercury retention capacities for different
types of fly ashes which may serve as basis of comparison.

Hg contact time is another important factor that influences retention. If we
compare the results from reactors N°2 and N°4 where Hg contact time is the same
(Table 1), similar retention capacities can be observe (Table 3). In these two cases, the
times needed to achieve the equilibrium capacity were similar (Tables 1 and 3). The
highest retention was achieved in device N° 1, where the Hg in gas phase was one order
of magnitude higher than in N°3 and the quantity of Hg passing through the bed per
minute was much greater (Table 1). This was found to have a considerable effect on the
retention of Hg in all the fly ashes studied but especially in the case of the CTSR fly ash
which was able to retain more than 3 mg of Hg per g of fly ash in reactor N°1. In this fly
ash, which exhibits the greatest retention, the differences between the retention by the
raw fly ash CTSR and the fly ash fraction with a high concentration of unburned
particles (CTSR>80) are very small. A similar situation is observed in CTA.

Although for the purposes of this study we have used fly ash samples and their
fractions enriched in unburned carbon, the effect of the carbon particles on the retention
of Hg is not discussed as this matter has been dealt with in previous papers '> .
However we will use the results obtained from these papers to support our interpretation
when discussing the different reactors. It should be noted that the differences in
retention capacities between a given fly ash and its fraction concentrated in unburned
particles cannot be clearly elucidated in all cases in the conditions of devices N°I and

N° 2 (Figure 8). By contrast, the positive effect of a high quantity of unburned particles



in fly ashes on Hg retention (high LOI and surface area) (Table 2), is clearly
demonstrated in most of the other conditions employed.

Although a relationship between the flue gas rate and Hg retention capacity
cannot be inferred (Figure 9), a comparison of the results from the reactors that have
high Hg concentrations (N° 1 and 3) with those that have low concentrations in gas
phase (N°2 and 4) shows that a decreasing flow rate (N°3 and 4) may favor retention in
unburned coal particles (Table 3).

Other factors that may influence mercury capture are linked to the characteristics
of the sorbent bed illustrated in Figure 1 and Table 1. If the results from the reactors that
employ low Hg concentrations in gas phase (N°2 and 4) are compared Hg retention
might be expected to be favored in the device N°4 (Figure 1) and indeed, the Hg
retention capacities in the fly ash carbon concentrates are higher in reactor N°4 than in
N°2 (Table 3). In the case of reactors using high Hg concentrations (N°1 and N°3), it is
the longer Hg contact time and the higher Hg concentration in gas phase (Table 1) that
seems to influence Hg capture rather than the dimensions of the reactor (Figure 1),
especially in the case of the CTSR samples.

In summary, a higher Hg concentration in gas phase leads to a greater Hg
retention (i.e. for reactors N°1 and 3) and in most cases the time necessary to achieve
the equilibrium capacity is shorter. But at high flue gas rates (N°1) the influence of the
unburned carbon in the fly ashes is not clearly discernible. In the reactors with low Hg
concentration in gas phases (i.e. for reactors N°2 and 4), the influence of the unburned
carbon is again discernible in reactor with the lowest flue gas rate (N°4).

Although the fly ashes generally follow the same trend in the four reactors
studied, the differences between reactors may give rise an erroneous interpretation of

the results. The conditions in reactor N°4 seem to be the most appropriate for studying



mercury retention capacities in fly ashes. Future work on the optimization and modeling
of experimental devices could be based on similar conditions to those tested in this
device, i.e. mercury concentrations in the simulated gas of the order of 100 pg Hg m™
and a contact time, defined as pg Hg min™, of around 0.05.

The evaluation of mercury retention by coal sub-products in a power station can
be carried out at industrial scale. However, in order to understand the mechanisms
governing this retention, laboratory scale studies are necessary. These laboratory scale
studies need to be designed in such a way that the enormous effort being carried out by
different research groups would be added. This work contributes to understand how we

could compare results obtained in different systems.
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Table 1. Experimental parameters for the different experimental devices

N°1 N°2 N°3 N°4
Hg concentration in gas phase, pg m™ |4 10° 19.8 510 99
Flue gas rate, L min” 0.5 2.5 0.025 0.5
Hg contact time, pg min™ 200 0.05 1.25 0.05
Sorbent temperature, °C 120 120 120 120
Volume of the bed (cm®) 4.9 2.5 1.4 3.5
Relation fly ash:sand IB3ww  1:3ww 1:3 viv 1:4 w/w

w/w: weight/weight
v/v: volume/volume



Table 2. Loss of ignition (LOI) and BET surface area of the fly ash samples

LOI  Surface area

(%) (m’g’)
CTA 5.7 1.6
CTA>150 22 4.2
CTSR 7.2 9.4
CTSR>80 54 18
CTES 2.0 1.9
CTES>200 18 13
CTP 3.8 6.7




Table 3. Mercury retention capacity and time needed to achieve equilibrium capacity in
the fly ash samples for the different experimental devices

Hg N°1 t Hg N°2 t Hg N°3 t (min) | Hg N°4 t
(ugg")x10°  (min) | (ugg")  (min) | (ngg")x10° (ngg")  (min)
CTA 0.30+0.02 45 1.120.2 100 | <0.1 3 0.80+0.20 100
CTA>150 0.32+0.02 67 1.0+0.2 200 0.16+0.03 100 1.6+0.2 150
______ TSR 37205 e (T T R TSR m—
CTSR>80 3.840.2 118 40.7+4.1 900 0.37+0.02 540 49.0£4.9* 1075
CTES | 0.112001 90 14+02 100 | <0.1 3 0.74+0.20 g
CTES>200 | 021+0.02 ) 1.4+0.2 200 0.28+0.02 397 4.5+£0.5 325
______ o on i e o : . P

*Thermodynamic equilibrium had not yet been reached



