Imperial College London
Department of Chemical Engineering
BCURA Research Contract No B73
The Selection of Low Cost Sorbents and Process Conditions for
Mercury Capture from Flue Gases
Final Project Report
Project duration: 1 October 2004 – 30 September 2007

University Project Managers
Professor D.R.Dugwell and Professor R.Kandiyoti
Department of Chemical Engineering
Imperial College London
South Kensington Campus
London SW7 2AZ
E-mail: d.dugwell@imperial.ac.uk
r.kandiyoti@imperial.ac.uk
Tel: 020 7594 5568/5581; Fax: 020 7594 5604

BCURA Project Officer
Dr F. D. Fitzgerald
Doosan Babcock Energy Limited
Porterfield Road
Renfrew PA4 8DJ
E-mail: dfitzgeral@doosanbabcock.com
Tel: 0141 885 3998; Fax: 0141 885 3860

Report prepared by:
Mr Revata Seneviratne
E-mail revata.seneviratne03@imperial.ac.uk

EXECUTIVE SUMMARY
Coal-fired utility boilers are the largest anthropogenic source of mercury emission to
the atmosphere, with an estimated 45 tonnes being released in the USA alone in 1999.
Mercury abatement legislation is already in place in Canada and the USA. Many
plants there are achieving mercury emission reductions through the injection of high
quality activated carbons into the flue gas, after the air pre-heaters. This injected
carbon, plus adsorbed mercury, is then captured by the particulate control system,
using either electrostatic precipitators or fabric filters. Many studies on mercury
capture used Norit Darco Hg™ as the bench-mark sorbent. However recent tests have
shown that bromine-impregnated activated carbons like Norit Darco Hg-LH™ and BPAC™ have enhanced mercury capture capability. Although proven to be effective in
full-scale plant trials, these carbons are expensive, costing about £1000 per tonne at
the time of the inception of this project, thus adding a significant increment to the unit
cost of electricity produced. BCURA Project B73 was thus conceived to explore the
possibility of developing less costly sorbents to achieve significant reductions in
mercury emissions from utility boilers.
In this BCURA-funded study, the effectiveness of coal fly ashes and sorbents
produced from waste material (char and activated carbon from scrap tyre rubber and
sewage sludge) have been tested for their mercury capture capability, using benchscale equipment. In the experimental scheme, a small fixed bed of sorbent is exposed
to a gas stream dosed with mercury vapour. The gas stream composition has been
tailored to simulate the flue gas generated from the combustion of Harworth (UK)
coal. A sorbent bed temperature of 150oC, with a hold time of one hour, has been used
as the baseline test condition. Initial experiments were conducted on a sample mass of
100 mg; this was reduced subsequently to 20 mg, in order to better differentiate
between the performance of the sorbents. Both Norit Darco Hg™ and Norit Darco
Hg-LH™ have been included in the study to serve as reference standards.
Preliminary experiments using nitrogen gas alone, doped with mercury vapour, have
shown that bromide-impregnated sorbents made from the waste materials matched the
performance of Norit Darco Hg-LH™ in capturing almost all the mercury that entered
the reactor. Tests with a more complete simulated flue gas stream, containing N2, NO,
NO2, SO2, HCl, CO2, O2 and water vapour, have shown that the charcoal and steam
activated carbons, made from either scrap tyre rubber or sewage sludge, are just as
effective as Norit Darco Hg™ when evaluated under the same test condition,
exhibiting mercury capture efficiencies close to 100%. Coal fly ashes have proved to
be markedly inferior to carbons as mercury sorbents in the fully simulated gas stream,
even though some ash samples were superior to other sorbents in the preliminary,
nitrogen only, testing. It was apparent that the effectiveness of the non-bromide
impregnated sorbents from scrap tyre rubber, and also of the Norit Darco Hg™,
improved after initial exposure to a gas stream containing either HCl or NOx. Coal fly
ashes, on the other hand, showed no such improvement since they had already been
conditioned by these gases in the power plant. This pre-conditioning may account for
the comparatively favourable performance observed for some fly ashes when tested in
the mercury vapour in nitrogen gas scheme.
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Thermal desorption experiments, and tests with increasing adsorption temperatures,
have shown that both Norit Darco Hg™ and steam-activated carbon from scrap tyre
rubber retain mercury via physical adsorption when exposed to mercury vapour in
nitrogen gas. However, tests using the same gas scheme revealed that a certain degree
of chemisorption may also occur with the charcoal made by the pyrolysis of scrap tyre
rubber. When the more complete gas scheme was used, both Norit Darco Hg™ and
the steam-activated carbon from scrap tyre rubber exhibited much stronger bonds with
the captured mercury, possibly due to interactions with HCl which seemed more
influential than the NO2 present in the gas steam. Under the same gas conditions, test
results for charcoal made from pyrolysis of scrap tyre rubber show that other chemical
adsorption processes (e.g. reaction with amorphous sulphur or NO2) seem to be
occurring in parallel to the HCl interaction.
Tests with mercury vapour in nitrogen show that the mercury capture efficiency of the
coal ash samples correlate strongly with loss on ignition (LOI) and micropore volume.
However, these results also indicate that an LOI in excess of 17% is needed for the
ash to match the effectiveness of bromide-impregnated activated carbon. Such a high
LOI value would be indicative of poor combustion efficiency and would render the fly
ashes unsuitable for construction applications, e.g. concrete addition, block making,
pre-cast concrete and grouting.
Toxic Characteristic Leaching Procedure (TCLP) leaching tests have been conducted
on all the sorbents recovered after exposure to mercury-containing gas. These tests
have been very encouraging since little evidence of mercury leaching has been found
from any of the spent sorbents. Thus spent sorbents, contaminated with mercury, can
still be considered suitable for disposal to landfill. In practice, assuming powdered
sorbent injection into the flue gas, the spent sorbent would form a minor component in
the fly ash recovered from the gas conditioning plant, a proportion of which goes to
landfill currently.
In terms of the best waste starting material, scrap tyre rubber is recommended in
preference to dewatered mesophilic, anaerobically digested (DEMAD) sewage sludge
because the latter has relatively high mercury content. This excess mercury would be
released during the initial pyrolysis step creating a further mercury capture and
disposal problem at the sorbent production facility.
The charcoal and steam activated carbons produced from scrap tyre rubber have
considerably less micropore volume than Norit Darco Hg™. This difference has not
been apparent in the current study because mercury capture efficiency has been
measured at mercury loadings far short of the equilibrium capacity. This is not
thought to be a limitation on the validity of the results of this study since, in the actual
power plant, the short residence time of carbon suspended in the flue gases [a few
seconds] is unlikely to lead to saturation of the sorbent with mercury.
The results of the current bench-scale tests suggest that sorbents produced from scrap
tyre rubber (without bromide impregnation) may be a suitable substitute for Norit
Darco Hg™ and, furthermore, may be particularly effective in plants which combust
coals with high chlorine content. Similarly, bromide-impregnated activated carbon
produced from scrap tyre rubber may be suitable as an alternative to Norit Darco HgLH™. The production of activated carbon offers an environmentally attractive
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disposal option for this waste material, as the costs of incineration or disposal to
landfill increase sharply. The yield of activated carbon produced from scrap tyre
rubber was comparable to that from lignite-based activated carbon, on a dry basis.
Furthermore, the steam activation process used to produce carbons from scrap tyre
rubber is essentially the same as that used to produce the commercially-available
activated carbons from lignite. Direct substitution of the raw material may thus be
possible, thereby obviating the need for major alterations to the activation process
plant. As the delivered price of scrap tyre rubber is liable to be less than that of lignite,
there is potential for producing scrap rubber-based sorbents at less cost than the
lignite-based Norit products.
In summary, the project has shown that bromide-impregnated carbons produced from
scrap tyre rubber may provide an alternative to commercially-available lignite-based
carbons. Such carbons are now being used in the USA, where mercury abatement
legislation is already in place. The activated carbon, in powdered form, is injected into
the power plant flue gas duct after the air preheater, to be recovered subsequently in
the particulate control system, along with much of the mercury content of the gas
stream. Power utilities in the UK are likely to be required by the EU to introduce
mercury emission abatement strategies in the near future, i.e. around 2010. The
availability at that time of a competitively-priced activated carbon would be of benefit
to the utilities operating coal-fired plant in the UK. In order to prove the potential of
the proposed novel scrap rubber-based carbon, it is suggested that testing should now
be conducted on a larger scale, e.g. injection into a single coal-fired burner test rig
fitted with a particulate control system.
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1.

INTRODUCTION.

The overall project aim has been to contribute to the fundamental scientific
understanding of methods for reducing the release of mercury to the environment
from the flue gases of coal-fired power stations. This aim has been pursued in parallel
with the DTI project [Number 408] “Towards zero emissions of NOx and mercury
from coal-fired plant”, in collaboration with Doosan Babcock Energy Limited, E.ON
Technology Centre, P S Analytical Limited and the University of Nottingham.
The main objective of this project has been the evaluation of a range of low cost
mercury sorbents in a fixed-bed reactor, as a function of sorbent bed temperature and
gas composition. The potential sorbents tested include flue gas dusts (due to their
residual carbon content), which were sought from BCURA Panel utility members and
low cost carbons, i.e. carbon black recovered from scrap car tyres or made from cheap
organic wastes, i.e. sewage sludge. The emphasis has been on the identification of
sorbents with significant mercury capture capacity, together with the most favourable
practical operating temperature for each. The first phase of the work included
selection and sourcing of potential sorbents; followed by preliminary sorbent
characterisation by SEM and BET surface area measurement. The second stage has
involved systematic testing of the various sorbents for their mercury capture potential,
as a function of temperature and gas composition. This stage has occupied the major
part of the project and used a fixed bed reactor system developed specifically for the
purpose. In the third stage of the study, the treated sorbents have been subjected to a
miniaturised leaching test to determine the stability of the sorbed mercury. An
understanding of the likely behaviour of mercury-contaminated spent sorbent after
disposal to landfill is essential, since it is necessary to demonstrate that contamination
of ground water will not result. The transferral of mercury pollution from the
atmosphere into ground water will not be an acceptable option. The results from the
project have been translated in the light of known power station flue gas conditions, in
collaboration with BCURA Panel utility members. The ultimate aim has been to
develop an economic and environmentally safe system of limiting mercury emissions
from coal-fired power plants.
Coals contain many elements in trace quantities, i.e. less than 1000 parts per million
(ppm). Mercury is one such element, being found in concentrations between 0.02 1.0 ppm typically, and is of particular concern since it is readily volatilized during
combustion.1 Owing to the high volatility, a major part of the mercury present in coal
may avoid capture by existing particulate matter control devices.2 Although mercury
has no known bio-inorganic role in life-forms, it is able to enter the food chain.3 The
Health and Safety Executive warn that mercury is a neurotoxin and that acute mercury
exposure can result in severe nausea, kidney damage and even death.4
It is apparent that the total Hg emissions in most developed countries have either
stabilized or reduced5, the same is true for mercury emissions from coal combustion
in many of these countries. However, the importance of mercury emissions from coal
combustion relative to the total mercury emissions has increased in certain countries.
This is because the more concentrated mercury emissions from other sectors (e.g.
chlor-alkali plants) are more readily controlled or have been eliminated.5 Reduction of
mercury emissions from coal-fired boilers has thus become more important.
1

Coal-fired utility boilers are currently the largest single source of mercury emissions
in the United States, accounting for about one-third of total anthropogenic mercury
emissions.6 Data collected by the U.S. Environmental Protection Agency (EPA)
indicate that, during 1999, the 900 million tons of coal fired in U.S. power plants
contained 75 tons of mercury. On average, about 40% of the mercury entering the
power-plants was captured, while 60% was emitted. Thus U.S. coal-fired power plants
emitted ~45 tons of mercury into the atmosphere in 1999. Recent estimates of annual
global mercury emissions from all sources [both natural and anthropogenic] range
from roughly 4,400 to 7,500 tons per year.7 Anthropogenic U.S. mercury emissions
were estimated to account for roughly 3% of this global total, and U.S. coal-fired
power plants are estimated to account for about 1% of the global total.7
Mercury in flue gas can be classified as particulate-bound mercury (Hgp) and gaseous
mercury. The latter form may exist as either elemental or oxidised mercury.8
Particulate-bound mercury is effectively captured by ash collection devices, such as
electrostatic precipitators (ESP) and fabric filters (FF). It is mainly the gaseous form
of mercury that is emitted by coal-fired power plants. The lifetime of elemental
mercury Hg0 in the atmosphere is estimated to be up to a year; oxidised forms, on the
other hand, have a lifetime of only a few days because of particulate settling and the
water solubility of oxidised mercury.6 As a result, Hg0 can be transported over
transcontinental distances, whilst oxidised gaseous and particulate forms of mercury
tend to be deposited nearer their emission source7.
In the past, emission standards for mercury which could theoretically apply to coalfired power plants as a group have been higher than actual emissions.5 However on
March 15, 2005, the US EPA issued the first-ever Federal Rule to permanently cap
and reduce mercury emissions from coal-fired power plants.7, 9 A first-phase cap of 38
tons per year (tpy) will become effective in 2010, while 2018 has been set as the date
for the second phase cap of 15 tpy; this being a reduction of nearly 70% from the
current status.10 The EPA believes that the target for the first phase cap could be met
by taking advantage of “co-benefit" reductions. According to this scheme, the systems
in place for limiting sulphur dioxide (SO2) and nitrogen oxide (NOx) emissions under
the EPA's Clean Air Interstate Rule (CAIR) would also achieve, in parallel, the
required reductions in mercury emissions.7 Mercury emissions limited by using a capand-trade approach, where allowances could be readily transferred among all
regulated facilities, was believed to be the most cost effective way of reducing
emissions from the power sector. The mercury emission limits, based on gross energy
output, applicable to coal-fired utility plants that were constructed, modified or
reconstructed after January 30, 2004 are listed in Table 1.11 Under this scheme, plants
combusting bituminous coal have one of the highest limits, at approximately
9.5 kg/TWh. In 2006, the Canadian Council of Ministers for the Environment
endorsed a Canada-wide standard (CWS) that will significantly reduce mercury
emissions from their coal-fired power generation sector (ref. Table 2).12 These
emission limits are more stringent than the EPA limits in the USA. Canadian coalfired utility plants using bituminous coal will have to operate with an average annual
mercury emission as low as 3 kg/TWh. The European Union, Australia and Japan are
also setting up programmes to monitor mercury emissions from coal-fired power
plants, with the possibility of setting standards in the foreseeable future.5
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Various control technologies for reducing mercury emission from coal-fired boilers
are being developed, in order to find the most appropriate method for combining with
existing air pollution control devices.9 Direct injection of powdered activated carbon
(PAC) upstream of a particulate control system has been intensively studied to
remove vapour-phase mercury from the flue gas streams of coal-fired utilities. To
date, injection of PAC has been recognised as the most promising technology as a
near-term mercury control technology. This technology, however, still needs more
effort to reduce the amount of carbon injection and the associated operating costs. The
short residence time of the PAC, from the injection point to the particulate control
device, the existence of competing species in the flue gas that adsorb on the active
sites of the carbon, and the low concentrations of mercury in the flue gases, require a
high ratio of carbon-to-mercury to be used, in order for a mercury removal efficiency
of 90% to be achieved.6
In order to make sorbent injection more cost effective, it is necessary either to reduce
the amount of sorbent needed or decrease the cost of the sorbent itself.13 The injection
of chemically-treated carbons has achieved high [>90%] removal rates, at
significantly lower injection rates than with untreated carbons, in a number of fullscale plant studies.14 Brominated activated carbons such as Sorbent Technologies’ BPAC™ and B-PAC-Low Cost™, as well as Norit Darco Hg-LH™, have been recently
produced specifically for capturing mercury from utility plants using coals with low
halogen contents.15 When evaluated during full-scale field tests with low halogen
coals these bromine impregnated sorbents have shown significantly improved
mercury removal performance in comparison to untreated carbons, like Darco Hg™.15
Field tests at a 360 MW US coal-fired unit which normally emits 122 kg of mercury
per annum have shown that, in order to capture 90% of the mercury, Norit Darco HgLH™ needed to be injected at a rate of 1.03 pounds per million actual cubic feet.16
The current delivered price of this bromine-impregnated activated carbon is £230 per
tonne, resulting in an annual cost of £250,000 for the carbon sorbent alone.
In the present work, the mercury capture effectiveness of potentially low cost sorbents
derived from scrap tyre rubber and sewage sludge have been tested, and ranked,
against commercially available Norit Darco Hg™ (formerly known as Norit Darco
FGD™) using a novel bench-scale fixed-bed experimental reactor. This particular
carbon has been extensively studied by other researchers for its mercury capture
efficiency and equilibrium capacity, during both laboratory and large-scale tests in
coal-fired utility plants.6, 17, 18 Coal fly ash also plays a role in both the adsorption of
mercury and the oxidation of elemental mercury in the flue gas19, thus this study has
investigated the possibility of re-using coal fly ashes from three UK coal-fired utility
plants. Finally, the effect of bromide impregnation has also been studied in this
project.
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2.

EXPERIMENTAL

2.1.

The sorbents evaluated in this study

The different sorbents that were evaluated during this study for mercury capture
efficiency are listed below:
•
•
•
•
•
•
•
•
•
•

Norit Darco Hg™
Fly ash A
Fly ash C
Fly ash E
Fly ash G
Tyre char R1
Tyre char R3
Tyre AC R2
Sewage sludge char
Sewage sludge AC R2

•
•
•
•
•
•
•
•
•
•

Norit Darco Hg-LH™
Fly ash B
Fly ash D
Fly ash F
Fly ash H
Tyre char R2
Tyre AC R1
Tyre AC R3
Sewage sludge AC R1
Sewage sludge AC R3

Norit Darco Hg™ and Norit Darco Hg-LH™ are lignite-based, commercially
available, activated carbon marketed by Norit Americas Inc. which are specifically
produced for the removal of mercury from flue gases.20 Both these carbons have been
processed at temperatures in excess of 870oC.20 Other researchers have reported that
the mean particle size of Norit Darco Hg™ PAC is ~ 9 to 15μm.6 Norit Darco HgLH™ which is a brominated carbon21 is, according to Norit Americas Inc., highly
effective in removing mercury from flue gas at plants burning low halogen fuels.20
The specifications of these two PAC, published by Norit Americas Inc., are listed in
Table 3.
The fly ash samples A – D are from the same UK coal-fired power plant. These
samples were produced during a test, which investigated the effect of LOI content on
the mercury retained on the fly ash samples when combusting a UK coal. The fly ash
samples E and F were produced from another UK coal-fired power plant combusting a
Russian coal, while fly ash samples G and H are from a third UK coal-fired power
plant combusting a Russian coal. If, in the future, fly ash is re-injected into the flue
gas duct for mercury capture, it might be done without any screening to remove the
larger sized ash particles. The study was therefore conducted using the as-received fly
ash samples directly, i.e. without any bias towards a particular particle size. However,
in order to study the effect of fly ash particle size on mercury capture, two fly ash
samples (fly ash D and F) were sieved to segregate the ash samples according to their
particle size. Both fly ash D and F had a similar particle size distribution, with a
majority of the particles being smaller than 38 μm (Table 4).
Tyre char R1 – R3 are charcoal samples produced from the pyrolysis of scrap tyre
rubber, while tyre AC R1 and R2 are activated carbons made from steam activation.
Tyre AC R3 is a zinc bromide impregnated activated carbon. Similarly, sewage
sludge char was produced from pyrolysis of sewage sludge, while sewage sludge AC
R1 – R3 are zinc bromide impregnated activated carbons. The sorbents made from
4

scrap tyre rubber and sewage sludge were produced at the Centre for Environmental
Control and Waste Management, Imperial College London.

2.1.1. Producing sorbents from scrap tyre rubber
The charcoal samples were produced by pyrolysing tyre rubber using the same
scheme published by Miguel (ref. Figure 1).22 A Carbolite HTR 11/150 laboratory
scale rotary furnace (diameter ~ 150 mm) with an internal volume of approximately
4.5 L was therefore used in the present study. For tyre pyrolysis run R1,
approximately 340 g of cut scrap tyre rubber pieces (less than 15 mm in size) were
heated in an inert atmosphere at a rate of 10°C/min. This inert atmosphere was
maintained by having a nitrogen sweep gas flow of 500 mL/min. A holding time of
half an hour at 700°C was used for the pyrolysis runs; resulting in a char yield of
34%. Since the same process conditions were used to produce tyre char R2, the
charcoal yield from this run was comparable to the first pyrolysis run.
In a similar manner, activated carbon was produced from scrap tyre rubber by using
the scheme (ref. Figure 2) published by Miguel et al., which results in carbons with a
high surface area.23 Approximately 200 g of cut scrap tyre rubber pieces (less than
15 mm in size) were heated at 5°C/min in an inert atmosphere maintained by a
nitrogen gas flow of 500 mL/min. Once the temperature had reached 700°C, this
atmosphere was rapidly substituted by a flow of 500 mL/min of steam/nitrogen
(80:20, v/v). This was generated by having a water flow of 0.3 mL/min and a nitrogen
gas flow of 100 mL/min. As prescribed by Miguel et al.,23 the same heating rate of
5oC/min was maintained until the activation temperature of 925°C was reached.
Active carbon with a yield of 29% was obtained by using these conditions with a
holding time of 80 minutes at the activation temperature.
A third tyre pyrolysis run was performed to identify the effect of steam activation.
The pyrolysis was therefore completed by using the same temperature programme
employed for steam activation. However, since the rubber was to be pyrolysed, a
constant 500 mL/min nitrogen sweep gas flow was maintained throughout the
carbonisation process. The charcoal yield from the third pyrolysis run was ~33%.
The aim of this study is to rank low cost sorbents against Norit Darco Hg™; this
sorbent has a mean particle size between 9 – 15 μm.6 Since other researchers have
found that mercury capture may be affected by the particle size of the sorbent, the
pyrolysis chars and activated carbons from scrap tyre rubber were crushed and only
the smallest recoverable size fraction (38–75 μm) was tested for mercury retention
efficiency.24

2.1.2. Producing charcoal from sewage sludge
Both charcoal and bromine-impregnated activated carbons prepared from pyrolysing
dewatered mesophilic, anaerobically digested [DEMAD] sewage sludge were tested
for their mercury capture efficiencies. The procedure used to prepare the sorbents was
similar to the process used previously by Gee 25 for producing activated carbons from
waste material. The heating sequence employed for making both the charcoal and the
bromide impregnated activated carbon from sewage sludge was the same and is
described in sub-section 2.1.3. Direct comparison could therefore be made between
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the sorbents and, in addition, any effect of bromine impregnation on the mercury
capture performance could be investigated.
The charcoal from the pyrolysis of sewage sludge was obtained by first drying the
DEMAD sludge overnight in a circulating oven until a constant sludge mass was
obtained. The mass of dry sludge was 33% of the mass of the initial sludge that was
placed in the oven. The dried sludge was crushed and subsequently carbonised in the
bench scale rotary kiln that Miguel 22 had previously used to make low cost sorbents
from scrap tyre rubber. The charcoal particles obtained from the carbonisation were
later reduced in size and the particles between 38 μm and 75 μm were recovered for
mercury capture testing.

2.1.3. Producing bromide impregnated PACs from sewage sludge
In this study, a modified version of the procedure Gee 25 found effective to produce
activated carbons using ZnCl2 was employed to make the bromide impregnated
activated carbon. Wet DEMAD sludge was first mixed with ZnBr2 and dried
overnight in a circulating oven. The dry solid was subsequently crushed and later
activated using the same bench-scale rotary kiln that was employed to prepare the
charcoal from sewage sludge. During the activation process, the solid was first
carbonised at 450oC for two hours and then activated at 600oC for one hour. The same
heating rate of 5oC/min was used to raise the temperature to each holding stage.
During each run a 500 mL/min nitrogen sweep gas flow was maintained to ensure that
the volatile products were removed from the activation area.
The activated carbons that were produced from the activation runs, i.e. “sewage
sludge AC R1 and R2”, were later washed using a standard post-treatment
procedure26, to remove loose ash, traces of uncarbonised oil and any zinc that was not
bound to the carbon. The carbon particles were therefore washed with a 2M HCl
solution and subsequently vacuum filtered using Whatman No. 1 paper. The solid
residue was then washed with deionised water and dried overnight in a circulating
oven. The dried solids were crushed and particles between 38 μm and 75 μm were
recovered for the mercury capture tests.
When the sewage sludge AC R1 and R2 samples were later analysed for their
chemical content, they were found to contain significantly more chlorine than the
other sorbents (ref. sub-section 2.2.2). This is believed to be due to the HCl washing
of these activated carbons. A third sewage sludge activation run was therefore
performed, with the activated carbon being washed with 2M HBr solution instead,
before final washing with deionised water until the filtered water had a constant pH
value (~ 6.7). The solid residue from this third run went through the same final stages
of post-treatment process that was used for the first two activated carbons, namely it
was also dried, crushed and later sieved. 500 g of wet DEMAD sludge was used for
the last run, and since this sludge had a water content of 71%, the initial mass of dry
sludge was 144 g. The final activated carbon yield after the deionised washing was
39% (based on the initial mass of dry sludge).

6

2.1.4. Producing bromide impregnated PACs from scrap tyre rubber
The bromide impregnated activated carbon, tyre AC R3, was produced by using the
experience gained from the pyrolysis of scrap tyre rubber and producing bromideimpregnated activated carbon from sewage sludge. In order to make the activation
more effective, it was decided to first pyrolyse the tyre rubber and then mix the zinc
bromide solution with the charcoal that was produced. 50 g of charcoal from the tyre
pyrolysis run R2 was therefore treated as the raw material and it was subjected to the
same processes that were used to produce sewage sludge AC R3. The final activated
carbon yield based on the mass of tyre pyrolysis charcoal was 78% (26% when based
on the initial mass of scrap tyre rubber).

2.2.

Characterisation of the sorbents

2.2.1. The sorbent surface area and microporosity
The atomic radius of mercury is 1.6 Å27 thus these atoms would be expected to diffuse
into the micropores (which are pores less than 20Å) of the sorbents tested in this
study. Brunauer, Emmett and Teller (BET) surface area and thickness plot (T-plot)
analyses were undertaken to obtain information about the micropore distribution using
a Micromeritics ASAP 2000 Surface Area Analyzer. A typical sample mass of
approximately 150 mg was used to study the activated carbons. Since fly ash has a
smaller surface area than activated carbon, a larger sample mass of approximately
500 mg was used to obtain accurate results for the fly ashes. Each analysis was carried
out by first degassing the samples at 105oC and then evaluating with nitrogen gas at
77 K. The results obtained are tabulated in Table 5. The percentage deviation of the
BET surface area for each sample was within ±5%, while the regression analysis for
the T-plots for each of the samples had correlation coefficients that were
approximately 0.99.
The activated carbons seem to have a significantly larger surface area and micropore
volume than the other sorbents. The BET surface area for Norit Darco Hg™ listed in
Table 5 was comparable to the value reported by Norit Americas Inc. and Pavlish et
al.6, 20 The surface area and micropore volume of Norit Darco Hg-LH™ was less than
Norit Darco Hg™. Although the Norit Americas Inc. data sheet also showed a
reduction in the surface area of its bromine impregnated activated carbon, the BET
surface area measured in this study is ~33% less than the value published by the
activated carbon manufacturer (ref. Table 3 & Table 5). The fact that the surface area
of the Norit bromine impregnated activated carbon was less that its non-brominated
version, suggests that the bromination process for this activated carbon may have been
done separately, after its activation. This cannot be confirmed, however, since the
Norit Darco Hg-LH ™ manufacturing process is a copyright of Norit Americas Inc.
The fly ash samples had the smallest BET surface areas. Furthermore, the micropore
areas of these ash samples were comparable to the BET surface areas. This suggested
that the samples had mainly micropores with only a limited amount of mesopores and
macropores. The micropore volume in each ash sample does seem to be correlated
with the LOI content in each ash (Figure 3).
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Although the tyre char R1 sample had a larger BET surface area than the fly ash
samples, the results also suggest that this charcoal, and the fly ash samples, have
similar micropore volumes per unit mass of sample. The steam activation of the scrap
tyre rubber char was found to significantly increase the BET surface area, micropore
volume and the micropore area. Miguel reported similar BET surface area values for
the pyrolysis charcoal (82 m2/g) and steam activated carbon (283 m2/g) produced
from scrap tyre rubber by using the same pyrolysis and activation conditions as the
sorbents in this study.22 On the other hand, the zinc bromide activation of charcoal
from scrap tyre rubber increased the BET surface area and micropore volumes by only
~35% and 80%. Steam activation therefore seems to be a more effective method of
producing a highly porous activated carbon from scrap tyre rubber.
While the sewage sludge charcoal had a similar BET surface area to the charcoal from
pyrolysis of scrap tyre rubber, the bromide impregnated activated carbons from
sewage sludge had similar BET surface areas and micropore volumes to that of
commercially available Norit Darco Hg™. This suggests that the ZnBr2 activation is
very effective in producing a porous sorbent from sewage sludge.
The bromide impregnated carbons from sewage sludge and Norit Darco Hg™ had the
largest micropore volumes, suggesting that they may have a greater capacity for
mercury. However, it should also be noted that other researchers have suggested that
removal of mercury from flue gas by activated carbon may take place via reactions
with surface functional groups.28 Therefore other factors may also play a role in
capturing the mercury in the flue gas.

2.2.2. Ash and elemental analysis
It has been suggested that the presence of bromine, chlorine and sulphur in sorbents
may enhance mercury capture.15, 28 The elemental analyses of sorbents are tabulated in
Table 6. When compared to the total mass, the concentration of bromine in Norit
Darco Hg-LH™ and the bromide impregnated activated carbons prepared in this
study were only a few percent greater than the amount found in the other sorbents
produced from the same raw materials. During the initial pre-activation process (i.e.
mixing), the mass of ZnBr2 added was similar to the mass of either the dry sludge or
the charcoal from scrap tyre pyrolysis (ref. sub-section 2.1.3 and 2.1.4). The low
concentration of bromine that remains in the activated carbon suggests that it was
either removed with the volatile compounds (during the activation process) or it was
dissolved in the acid wash (during the post-activation treatment).
The chlorine concentrations in the sewage sludge AC R1 and R2 were only
marginally smaller than the mass percentage of bromine in the sorbents. However,
charcoal from the same sludge only contained a minute quantity of chlorine; this
suggests that some of the chlorine from the HCl solution used to wash the carbon
(post activation process) may have remained on the solid. Since the presence of
chlorine in sewage sludge AC R1 and R2 may contribute to improvement in the
sorbent performance, the post-activation step was changed to an HBr wash for the
third activated carbon run with sewage sludge. This seems to have significantly
reduced the amount of chlorine present in the activated carbon.
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Laboratory studies have shown that sulphur impregnation of activated carbon does
significantly improve the elemental mercury adsorption capacity.29 Table 6 shows that
the charcoal and steam activated carbon produced from scrap tyre rubber have a
considerable sulphur concentration. The fact that the bromide impregnated activated
carbon from the same raw material has a much smaller percentage of sulphur,
suggests that the acid washing procedure was very effective in removing any sulphur
that was not strongly bonded to the sorbent.
It is also interesting to note that although the sewage sludge charcoal and carbons
have much higher ash contents than the other activated carbon and pyrolysis sorbents,
their BET surface areas were comparable, if not greater. This suggests that the
pyrolysis and activation process of sewage sludge was effective in creating a greater
micropore volume for a given mass of carbon in the sorbent.
The zinc bromide activation of charcoal from scrap tyre rubber, coupled with the HBr
wash, produced the sorbent with the largest proportion of carbon. However this
activated carbon had ~22 times less micropore volume compared to the carbons made
by steam activation of scrap tyre rubber. Steam activation thus seems to be more
effective in producing a highly microporous sorbent from scrap tyre rubber.

2.2.3. X-ray diffraction analysis
X-ray diffraction (XRD) analysis of the sorbents was conducted with a Philips
PW1700 series Automated Powder Diffractometer, which used Cu K-α radiation at
40 KV/40 mA with a secondary graphite crystal monochromator. Each sample was
placed in a zero background substrate (single silicon crystal) and the data were
obtained over a 2θ = 5o to 80o range (steps of 0.04o), with a time per step of 2 seconds.
A search match was later performed on the results by using “Philips X’Pert Graphics
and Identify” software in conjunction with the International Centre for Diffraction
Data (ICDD) database to identify each crystalline phase in the sorbents.
The analysis of nine selected sorbents revealed that they contained mainly amorphous
phases (Figure 4 and Figure 5). The chemical formulae for each of the compounds
found in the sorbents are listed in Table 7. Mullite, quartz and magnetite were the
main crystalline phases in the coal fly ashes. The major crystalline phases in Norit
Darco Hg™ were quartz and calcite, while the charcoal and steam activated carbon
produced from scrap tyre rubber had wurtzite as the primary crystalline phase. The
absence of wurtzite in the bromide impregnated activated carbon from the same raw
material does suggest it was removed by the acid washing process. The same washing
process seems to have also removed the calcite that was initially present in the
bromide impregnated activated carbon made from sewage sludge.

2.2.4. SEM and EDX analysis
Some selected sorbents were analysed by using scanning electron microscopy (SEM)
[coupled with energy dispersive X-ray (EDX)] at the Materials Department of
Imperial College London. The instrument used was an Oxford Instruments JEOL
model JSM-840A with an accelerating voltage of 20 kV. The results that were
obtained are shown in Figure 6 to Figure 20. The outcome from the XRD analysis of
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the sorbents reported in the previous sub-section was confirmed by the EDX scans.
When compared to the other sorbents, fly ash samples were distinctly different, with
the inorganic species in the ash having agglomerated into spherical globules. A
similar observation for fly ash particles was made by Hassett and Eylands.30 SEM
images of the sorbents derived from scrap tyre rubber do show that some of the
wurtzite (ZnS) present was not part of the carbon matrix and appeared in separate
particles. EDX analysis of the impregnated sorbents did confirm the presence of
bromine in each sample.

2.3.

Experimental procedure

The reactor that was used to tests the sorbents is based on the experience gained from
a previous hot gas cleaning project.31 The unit is intended for operation at
temperatures below 300°C. It has been designed around three concentric borosilicate
glass tubes (Figure 21). Gas tight joints are maintained by keeping all connections at
the lower end of the reactor, beneath the furnace, where the temperature is moderate.
The simulated flue gas stream that enters the reactor is heated by an electric furnace,
as it flows upwards along the annulus between the tubes of the unit. This heated gas
flow is then reversed and passes downwards through the sorbent bed towards the
reactor outlet. A 2 mm thick Kaowool felt disc located in the central annulus of the
unit is used to support a fixed quantity of sorbent.
In order to calculate the mass balance, an external gold amalgamator is connected to
the reactor gas exit; this serves as a back-up capture unit to pick up any residual
mercury in the gas stream. At the end of each experiment, the sorbent and the
amalgamator are analysed for total mercury by using a LECO AMA 254 mercury
analyser. This analyser quantifies the mercury present in solid samples by combustion
over a catalyst in a pure oxygen flow.3 Unfortunately it cannot be used for solids
containing a high concentration of halogens. The bromide-impregnated activated
carbons were therefore digested in an Aqua Regia solution and analysed for mercury
content by using a PSA 10.025 Millennium Merlin System at P S Analytical, UK.32
A simplified schematic diagram of the new bench-scale system that was used in this
study is presented in Figure 22. As shown in this figure, mercury for the experiments
is produced by using a PSA “Cavkit” 10.534 mercury generator from P S Analytical,
UK. The U.S. National Institute of Standards and Technology (NIST) used a similar
PSA 10.534 for the generation of Hg vapour mixtures in a flowing gas stream to
establish a gaseous mercury standard.33 The unit uses an oven arrangement to generate
elemental mercury from a mercury-impregnated inert substrate.
In order to conduct a realistic investigation on the capture of mercury in power plant
flue gases, mercury capture efficiencies of the sorbents have been measured with
various gases. The different gas schemes used during this study were based on the flue
gas produced from the combustion of a typical UK bituminous coal (Harworth).34
Table 8 has a tabulation of the constituents of the complete simulated flue gas scheme
that was employed. Flue gas from the combustion of Harworth coal has a mercury
concentration of 29 ng/L (at normal temperature and pressure [NTP]). The required
mercury flow rate was obtained by using the Cavkit, while gas cylinders were used for

10

the other gas constituents. The required quantity of water vapour was produced by
bubbling nitrogen gas through a heated Dreschel bottle. The total gas flow to the
reactor was kept constant at 37 mL/min (measured at NTP) which resulted in a
superficial gas velocity of 0.01 m/s through the reactor section just above the sorbent
bed. This velocity is similar to the air-to-cloth ratio for fabric filters installed in coal
fired power plants.35 When used in coal-fired power plants, the sorbent for mercury
capture will most probably be injected into the flue gas duct after the air pre-heater
and then be collected, along with the fly ash, by the particulate control system (either
an ESP or a FF). Most UK coal-fired power plants are equipped with ESPs that
operate at about 130°C, whilst the typical operating temperature of cold-side ESPs in
the USA is around 150°C.24 In order to gain a better understanding of the mercury
adsorption process, test temperatures between 100°C – 200°C have been used for the
experiments; this temperature variation results in only a minor change to the
superficial velocity of the gas stream and is believed to have a negligible effect on the
experimental results.
During a typical experimental run, approximately 100 mg of sorbent was exposed to a
simulated flue gas stream for a period of approximately one hour. The above test
conditions for the simulated flue gas flow, and an experimental time of one hour,
meant that approximately 64 ng of mercury flowed into the reactor during each test.
The effect of transients that occurred during start-up, and at the end of each the test,
had a minimal effect on overall experimental error given the long length of the test.
Calibration of the Cavkit from PS Analytical was verified by testing the system for an
hour with the external amalgamator connected directly to the simulated flue gas inlet.
At the end of each calibration test, the Leco AMA 254 was used to quantify the
mercury retained on the external amalgamator. The results proved that the system
functioned within ± 10% of the required “set-point” for mercury concentration.
Other researchers have found that the presence of HCl, NO and NO2 in the gas stream,
either individually or in combination, enhance the capture of mercury.6 The sorbents
in the current study were thus tested under the six different gaseous atmospheres listed
below,
•
•
•
•
•
•

Exp. 1 - Has a gas stream of Hg0 vapour mixed only with N2
Exp. 2 - Has a gas stream of Hg0 vapour mixed with N2, NO and NO2
Exp. 3 - Has a gas stream of Hg0 vapour mixed with N2 and HCl
Exp. 4 - Has a gas stream of Hg0 vapour mixed with N2, NO, NO2, O2, CO2
and SO2
Exp. 5 - Has a gas stream of Hg0 vapour mixed with N2, NO, NO2, O2, CO2,
SO2 and HCl
Exp. 6 - Has a gas stream of Hg0 vapour mixed with N2, NO, NO2, O2, CO2,
SO2, HCl and H2O

The mercury capture efficiency is deduced from the amount of mercury captured by
both the sorbent and the external amalgamator, and is defined by the following
equation.
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Mercury capture efficiency =

Hg captured by sorbent
Total Hg to the reactor

In this particular case, “Hg captured by sorbent” is the difference between the total
mass of mercury on the sorbent after the experiment, less the initial mass of mercury
already on the sorbent before the experiment. The “Total Hg to the reactor” is the sum
of “Hg captured by the sorbent” and the mass of mercury retained on the external
amalgamator. The external amalgamator was therefore purged before each
experimental run to eliminate any residual mercury. A mass balance for each
experimental run was calculated by comparing the “Total Hg to the reactor” against
the expected 64 ng of mercury that should have been present in the simulated flue gas
stream.
The mercury capture efficiencies reported in the next section are from multiple tests
with the fixed-bed reactor. About 85% of the results are mean values calculated from
two or more experimental runs at the same test conditions. The experiments that were
repeated showed that the performance of each sorbent varied within a maximum
standard deviation of 10% of the calculated mean values. On this basis, it was
justifiable to use the other results acquired from single tests to obtain a better
understanding of the performance of each sorbent.
At the baseline test conditions [a gas flow of 37 mL/min (measured at NTP) and the
reactor heated to 150oC], the pressure drop due to the Kaowool felt disc was
approximately 30 mm of water column (1.2 inches water column). When the sorbent
bed was added this pressure drop (at the same test conditions) increased to
approximately 65 mm water column (2.4 inches water column). During a full-scale
sorbent injection test at a coal fired power plant in USA, the pressure drop across the
bag house was found to vary between about 25 and 100 mm water column (2 and 4
inches water column).36 The Kaowool felt disc can therefore be considered to cause a
flow resistance similar to the fabric filter bags used in US coal-fired power plants.

3.

RESULTS and DISCUSSION.

3.1.

Varying exposure time

Mercury capture efficiencies for 100mg of Norit Darco Hg™ and the two sorbents
from scrap tyre rubber, examined at different hold times while exposed to the gas
scheme Exp. 1 at 150oC, are shown in Figure 23. The results for Norit Darco Hg™
and tyre char R1 suggest that they were more effective during the initial 30 to 45
minutes of exposure to the gas stream, after which the efficiency gradually decreased
and stabilised. There may be a limited number of sites in the sorbents which retain
mercury more effectively and these were spent when the duration of the tests were
more that 45 minutes. Since there was a considerable scatter in the results for tyre AC
R1, it was not possible to determine if this sorbent was also more efficient at shorter
hold times. Nevertheless, the observation that the sorbent performance stabilised
during the longer exposure experiments suggests that all three sorbents have active
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sites which are capable of retaining mercury and that these sites are not fully
exhausted even after more than 120 minutes exposure to the gas stream. This could be
due to the fact that even after experiments which ran for 180 minutes, the total amount
of mercury that entered the reactor was only 193 ng. Consequently, mercury loading
on the sorbents varied between approximately 1.0 - 0.5 ng/mg of sorbent, with the tyre
AC R1 sample having the largest loading. After exposing Norit Darco Hg™ to the
simulated flue gas for 180 minutes, the mercury loading was ~0.5 ng/mg of sample,
this is clearly negligible compared to the 2460-2590 ng/mg maximum mercury
capacity reported by other researchers.6 The results from varying the exposure time
does suggests that when the three sorbents are examined using mercury vapour in pure
nitrogen, with a hold time of 60 minutes, their performance is not limited by their
saturation capacity for elemental mercury.

3.2.

Effect of sorbent mass

Mercury capture efficiencies of some of the sorbents examined with two different
sample masses, of 20 mg and 100 mg and using gas scheme Exp. 1 are shown in
Figure 24. The relative ranking of sorbent effectiveness did not change when the
sample mass was reduced, and the three fly ash samples were found to be the most
efficient in both cases. However, sorbent performance decreased significantly, in
every case, when the sample mass was lowered to 20 mg. The fly ashes D and E, and
tyre char R1 sample captured 1.9 and 2.2 times, respectively, less mercury with the
smaller sample mass. The performance of Norit Darco Hg™ and the activated carbon
produced from scrap tyre reduced by approximately similar ratios of about 3.5 times.
Furthermore, these two activated carbons also had similar efficiencies for capturing
mercury. The results do suggest that the process by which elemental mercury is
captured on the two activated carbons is comparable and may be different from the
capture mechanism on the fly ashes and charcoal from the pyrolysis of scrap tyre
rubber. In each test, only about 64 ng of mercury entered the reactor, therefore at the
end of each experiment the final mercury loadings on the 20 mg sorbent samples were
still considerably less than the maximum mercury capacity of Norit Darco Hg™
found by other researchers.6 The reduction in sorbent performance when the sample
mass was decreased was thus not limited, in any way, by the saturation capacity for
mercury. On the other hand, the sorbent bed height is directly related to the mass of
sorbent used in each test. Consequently, the contact time for a particular volume of
gas with the sorbent bed would have reduced five-fold when the sample mass was
changed to from 100mg to 20 mg. The decrease in sorbent performance may thus be
related to mass transfer and kinetic limitations. However, the observation that the
reduction in performance was not identical among the various sorbents suggests that
other factors may also have a bearing on the effectiveness for retaining mercury.
These factors are discussed in the following sub sections.

3.3.

Effect of test temperature

The dependency of sorbent performance on test temperature, when exposed to
mercury vapour in pure nitrogen, is presented in Figure 25. The experimental scheme
used for this particular test showed that the fly ash samples D and F were significantly
superior to the other sorbents when studied at temperatures above 150oC. Sorbent
effectiveness for elemental mercury capture decreases with increasing test
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temperature for every sorbent tested, which is indicative of physical adsorption. Many
studies have show that the adsorption process for mercury on activated carbon
surfaces is exothermic, which indicates a typical physisorption mechanism.37, 38
The effect of test temperature when NO and NO2 were included in the gas stream is
presented in Figure 26. The addition of NOx seemed to improve significantly the
performance of the activated carbons and the charcoal from pyrolysis of scrap tyre
rubber. Dunham et al.39 and Olson et al.40 have suggested that Hg0 may be
catalytically oxidised on the surface of the sorbent in the presence of NO2. Although
there was only a marginal reduction in sorbent performance with increasing
temperature, when tested with gas scheme Exp.2, the results do suggest that physical
sorption may be an initial step in mercury capture. Pavlish et al. have also suggested
an initial physical adsorption mechanism with mercury being bound finally to the
sorbent by chemisorption.6

3.4.

Effect of gas composition.

3.4.1. Tests with a sample mass of 100 mg
Mercury capture efficiencies for four sorbents (100 mg sample mass) when exposed
to five different gas mixtures (refer § 2.3), at a test temperature of 150°C and a hold
time of 60 minutes, are shown in Figure 27. When exposed to a mercury gas stream
diluted in nitrogen, the efficiency of Norit Darco Hg™ and the sorbents prepared from
scrap tyre rubber was between about 40–50%. However, when the gas stream
included NO and NO2, the performance of these sorbents improved, with mercury
capture in excess of 95%. Fly ash D captured practically all the mercury during this
latter gas scheme, and retained about 90% of mercury, even under Exp.1 conditions.
As mentioned in the previous sub-section, the improvement in sorbent performance
when the gas scheme included NOx could be due to the mercury capture method
proposed by Dunham et al.39 and Olson et al.40 They suggested that in the presence of
NO2, elemental mercury is catalytically oxidised on the surface of the sorbent.
The introduction of chlorine into the gas stream improved the effectiveness of the
activated carbons (Norit Darco Hg™ and the active carbon produced from scrap tyre
rubber) and fly ash D (~100% capture efficiency). However the presence of HCl had
no effect on the performance of the tyre char R1 samples. These results thus suggest
that Norit Darco Hg™, and active carbon from scrap tyre rubber, are more capable of
retaining mercury when it is oxidised with chlorine.
Miller et al. found that during mercury break-though tests, the interaction between
SO2 and NO2 impaired the capture of elemental mercury.41 SO2 may react with the
catalytic sites that would otherwise have aided the retention of mercury.6 A similar
outcome was therefore expected when the gas mix in Exp. 4 was used, as it contained
a substantial concentration of SO2. Tests with this gas scheme showed that the
performance of the tyre char R1 reduced by 15%, compared to the results with gas
scheme Exp. 2. However, only a marginal reduction was observed for the two
activated carbons. The observed high efficiency for the activated carbons may be
because the current research is investigating the capture efficiency, rather than the
break-through capacity of the sorbents. Only a limited amount of mercury enters the
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reactor during each test, even with a hold time of one hour, thus only a relatively few
of the available sites are needed to retain all the mercury, leaving others available to
react with the SO2.
When the more complete simulated flue gas mix, Exp. 5 was used, the sorbents
captured practically all the mercury that entered the reactor. Compared to the results
observed for Exp. 4, the inclusion of chlorine in the gas stream may have caused the
observed rise in the performance of activated carbon for the tests with Exp. 5. The
addition of HCl to the gas stream (Hg0 in N2) had showed no improvement in the
performance of tyre char R1 sample. However, this sorbent had a marked increase in
its effectiveness when the gas scheme was changed from Exp. 4 to Exp. 5. The results
therefore suggest that while HCl alone may not improve the effectiveness of tyre char
R1, a combination of HCl with NOx and SO2 causes significant improvement to the
mercury capture efficiency of this sorbent.

3.4.2. Test with a sample mass of 20 mg
In order to observe the effect of the different gas compositions in greater detail, the
sample mass was reduced from 100 mg to 20 mg. The effect of gas schemes Exp1, 2,
3, 5 and 6 on some selected sorbents are presented in Figure 28. This plot does not
include any results for tests on fly ash D with gas scheme Exp.2 or fly ash E with gas
schemes Exp. 2, Exp. 3 and Exp. 5.
As with the 100 mg samples, tests with the smaller 20 mg sorbent bed also showed
that introduction of NOx or HCl considerably improves the efficiency of Norit Darco
Hg™ and the sorbents made from scrap tyre rubber. Consequently, even thought the
sample mass was only 20mg, the sorbents were ~100% effective. No significant
reduction in Hg capture was observed when SO2 and, later, water vapour were also
added to the simulated flue gas stream.
The introduction of HCl, in gas scheme Exp.3, seemed to improve the performance of
fly ash D, although some of the mercury was still able to pass though the sample.
Furthermore, tests using gas scheme Exp. 6 showed that a considerable proportion (24
– 33 ng) of the mercury that was not retained by fly ashes D, or E, had condensed
with the water vapour, after it had passed through the sorbent bed. Since only oxidised
mercury is readily soluble in water,42-44 the fact that mercury was found in the
condensed water vapour suggests that the fly ash samples were not capable of
adsorbing all the oxidised mercury in the gas stream. Tests on fly ash D with gas
scheme Exp. 5 also found that after passage through the sorbent bed, some of the
mercury condensed at the lower end of the reactor, which was cooler. These tests thus
illustrate that although the fly ash was able to oxidise the mercury, the 20 mg sample
was unable to capture it all. This could be because the smaller mass of fly ash may
have only a very limited number of sites capable of capturing oxidised mercury. Other
studies have also found that while many fly ashes can could oxidize elemental
mercury, not all them could capture the mercury.19
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3.5.

Effect of initial exposure to NOx and HCl

Some selected sorbents were initially exposed to NOx and HCl in order to obtain more
information on how the mercury capture is affected by the presence of NOx and HCl
in the simulated flue gas stream. These experiments were conducted by passing either
gas scheme Exp. 2 (for NOx) or Exp. 3 (for HCl), but without any mercury present,
through a 100 mg sorbent bed for a period of one hour. During this time, the sorbent
bed was maintained at 150oC. After the initial exposure to either NOx or HCl, the
sorbent performance was then measured using gas scheme Exp. 1 with a test
temperature of 150oC and a hold time of 60 minutes. The results obtained are
illustrated in Figure 29 and Figure 30, with comparison against experimental results
for sorbents that did not have any pre-treatment.
Initial exposure to NOx does seem to improve the performance of all three sorbents
significantly, with Norit Darco Hg™ capturing almost all the mercury that entered the
reactor. The results thus suggest that mercury can be effectively captured by
interactions with NOx retained on the sorbents. However, the sorbent made from scrap
tyre rubber had a mercury capture efficiency approaching ~ 80% when initially
exposed to NOx; this sorbent then captured almost all the mercury when tested with
gas scheme Exp.2. This does illustrate that there may have also been some gas phase
interaction between mercury and NOx during these experiments.
The initial exposure of sorbents to HCl was found to improve sorbent performance to
varying degrees. When tested with gas scheme Exp. 1, the two activated carbons were
~100% effective, while the charcoal from the pyrolysis of scrap tyre rubber was able
to capture ~70% of the mercury. The results thus suggest that the tyre char R1
samples may have less active sites available for holding HCl. This may be the reason
why tyre char R1 was less effective than the two activated carbons when they were
studied using gas scheme Exp. 3.
The fact that initial exposure to either NOx or HCl improved the effectiveness of both
Norit Darco Hg™, and sorbents made from scrap tyre rubber, does also explain why
the coal fly ash samples, D and F, were very effective in capturing mercury when
tested with gas scheme Exp. 1. These two ashes have already been in contact with the
NO2 and HCl present in the flue gas at the coal-fired power plant. Furthermore the fly
ashes D and F have high loss on ignition (LOI) values. LOI is a commonly used
indicator for the carbon content in the fly ash and is a key parameter for mercury
capture on fly ash.30 Some of the NO2 and HCl in the flue gas could have been
adsorbed on the carbon in the fly ash particles and consequently contributed to the
observed high mercury capture efficiencies of fly ashes D and F. Other studies have
also seen that NO2 and HCl improve mercury capture on coal fly ash collected from
power plants.45, 46

3.6.

Desorption of retained mercury

During the present study, desorption tests have also been completed in order to obtain
more information on the mercury capture mechanism for some selected sorbents. The
desorption tests were done using 20 mg samples of Norit Darco Hg, tyre char R2 and
tyre AC R1 samples that had first been exposed to mercury in either gas scheme Exp.
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1, Exp. 2, Exp 3 or Exp. 5 for one hour at 150oC. During the desorption test, the
sample was heated to 200oC at 5oC/min and held at this temperature for one hour. A
nitrogen sweep gas flow of 37 mL/min (measured at NTP) ensured that any mercury,
and other compounds, released from the sorbent were removed from the reactor. The
results obtained are illustrated in Figure 31.
Even though Norit Darco Hg and tyre AC R1 captured less mercury than tyre char R2
when exposed to gas scheme Exp. 1, most of the mercury held by the two activated
carbons was desorbed at 200oC, while only ~22% of the mercury held by the char was
removed. Thus tyre char R2 may be capturing mercury by both physisorption and
chemisorption processes when exposed to gas scheme Exp.1, while physical
adsorption seems to be the main mechanism for the two activated carbons.
Although the addition of NO2 to the gas stream had lead to increased capture of
mercury, only a reduced proportion was desorbed from the sorbents. This suggests
that the sorbents must be capturing mercury via a chemisorption mechanism. The fact
that tyre char R2 also showed reduced mercury desorption suggests that the chemical
sorption mechanism that includes NO2 must be occurring, in preference to the
processes that took place when this sorbent was studied with gas scheme Exp. 1.
The level of mercury desorption from the activated carbons tested under gas scheme
Exp. 3 (including HCl) also decreased. On the other hand, mercury desorption
actually increased in the case of tyre char R2. The chemical adsorption process that
occurs in the two activated carbons must therefore be similar, and result in a stronger
bond than the forces holding mercury to the same sorbents during tests with gas
scheme Exp. 2. However, the interaction between mercury in gas scheme Exp. 3 and
the tyre char R2 must be a different process, which results in a weaker bond than
occurs in either of the activated carbons or between NOx gases and the tyre char R2.
Desorption results for the activated carbons (Norit Darco Hg™ and tyre AC R1) that
had been exposed to Exp.5 were similar to the outcomes from desorption tests on the
spent activated carbon samples that had captured mercury from gas scheme Exp. 3.
Since gas scheme Exp.3 had illustrated the effect of HCl on mercury adsorption, it can
be concluded from the desorption tests with Exp. 5 that Norit Darco Hg™ and tyre
AC R1 captured mercury through an interaction between mercury and HCl, and this
process may have dominated over the reactions with NOx.
Desorption tests on spent tyre char R2 samples found that the samples which captured
mercury from gas scheme Exp. 5 were marginally more stable, thermally, than the
chars which had captured mercury from gas scheme Exp. 3. However, the amount of
mercury that was released from the first spent char samples was still significantly
more than the quantity removed from the used samples that adsorbed the mercury
present in gas scheme Exp. 2. The results obtained from the different desorption tests
with tyre char R2 therefore suggests that the mercury present in gas scheme Exp. 5 is
adsorbed onto this sorbent via a number of separate mechanisms, with a larger
fraction being between mercury and chlorine.
The thermal desorption tests with gas scheme Exp.5 suggest that interactions between
HCl and Hg are the predominant mechanism for bonding mercury onto the three
sorbents. However a recent study with mercury model compounds showed that HgCl2
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decomposes at ~180oC.47 Although the tyre char R2 did show an increase in the
amount desorbed, the activated carbons showed an opposite trend when HCl was
included in the gas stream. Consequently, even though mercury had reacted with HCl,
it may have not been captured by the activated carbons as HgCl2, but as another
oxidised species of mercury. Tyre char R2 on the other hand could have captured a
certain percentage of mercury as HgCl2.

3.7.

Bromide impregnated activated carbons

During plant-scale tests, sorbents with bromine present have shown improved
mercury capture efficiency.15, 48 Consequently, bromide impregnated activated
carbons made from scrap tyre rubber and sewage sludge have also been tested during
the present study. The results obtained from experiments under gas scheme Exp. 1,
and Exp.6, are presented in Figure 32 and Figure 33, respectively.
Tests with gas scheme Exp.1 show that bromide does improve significantly the
mercury capture performance of the activated carbons from both scrap tyre rubber and
sewage sludge. However, when the simulated flue gas mix, scheme Exp.6 is used, all
the sorbents, except the fly ash samples, show mercury capture capacities approaching
~100%. Commercially available, bromine impregnated activated carbons like BPAC™ and Norit Darco Hg-LH™ were produced specifically for capturing mercury
in flue gases generated from the combustion of coal with low halogen contents.15 The
results obtained from the present study confirm this, as the bromine impregnated
sorbents appeared to be superior only when NO2 and HCl are absent from the
simulated flue gas stream.
Since the 20 mg bromide impregnated samples were virtually 100% effective when
examined with gas scheme Exp.1, further tests were conducted with this gas scheme
to find out if using a smaller sample mass would affect the sorbent performance. Thus
experiments were carried out with 10 mg of Norit Darco Hg-LH™, and 10 and then 5
mg of tyre AC R3. However, even with the reduced sample mass (hence reduced
residence time) the bromide impregnated activated carbon were still able to capture all
the mercury in the gas stream. Thus the bromide impregnated sorbents produced from
scrap tyre rubber and Norit Darco Hg-LH™ were more than 20 times as effective as
Norit Darco Hg™ for removing mercury under the conditions of gas scheme Exp. 1.

3.8.

A closer analysis of mercury capture by fly ash

The effectiveness of fly ash samples under gas scheme Exp. 1 are presented in Figure
34 and Figure 35. These ash samples were obtained from DTI project no. 408 that ran
in parallel with the BCURA B73 project.49 The results seem to suggest that both the
initial mercury retained by the fly ashes, and the subsequent mercury captured during
the bench-scale tests, correlate well with the loss on ignition (LOI; a value used to
approximate the level of carbon in ash).5 Similar findings have also been made by
other researchers.5 Naik et al. have suggested that the unburned carbon component of
LOI catalyzes Hg0 oxidation and retains particulate-Hg, and is the most effective
inherent sorbent for Hg in fly ash.45 A fair correlation between mercury capture
efficiency and ash micropore volume is also apparent in Figure 36.
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During this study, experiments have also been conducted to ascertain if there was any
correlation between fly ash particle size and mercury capture efficiency. The results
obtained when 20 mg of the different size fractions of fly ash samples D and F were
exposed to gas scheme Exp. 1, for one hour at 150oC, are illustrated in Figure 38 and
Figure 40, respectively. In addition, Figure 37 and Figure 39 present the initial
mercury concentration on the different size fractions of these two ashes. It is apparent
that the initial mercury concentration is practically the same for the different size
fractions of fly ash D. Values are also the same for fly ash F, except where the particle
size is larger than 106 μm, when a significantly lower initial mercury value is evident.
The mercury capture tests show that fly ash D is marginally more effective as particle
size is increased. On the other hand, the mercury capture efficiency of fly ash F seems
independent of particle size. In the as-received raw ash, prior to sieving, the sub-38
μm material predominates (> 60% by mass) in both fly ashes. Therefore the
effectiveness of the two ash samples might be expected to correspond most closely to
the results obtained when the smaller sized particles were tested. As this was not the
case for fly ash F, it suggests that the larger particles in this particular ash play an
enhanced role in capturing mercury, possibly because the larger particles may have
higher carbon contents.50 The results of this set of experiments do not suggest a
conclusive correlation between mercury capture efficiency and fly ash particle size.
Other researches have also made similar observations.24

3.9.

Leachability of mercury retained on the sorbents

If the sorbents examined in this study were to be used in a coal-fired power plant, they
would most probably be collected along with the fly ash in the particulate control
system. Currently, the fly ash from coal-fired power plants is either sold for
construction usage or disposed to landfills.21, 51 Either way, the spent sorbent would be
exposed to rain water over a long time-scale. It is known that Hg0 is not soluble in
water, whereas Hg2+ in ash is soluble.52 The leachability of mercury captured by the
test sorbents of the current project has been studied therefore, in order to ascertain the
stability of the retained mercury.
The tests have been conducted on 20 mg sorbent samples, after they had been
exposured to either gas scheme Exp. 1 or Exp. 5. The contaminated sorbents have
then been subjected to a modified form of a standard leaching method: the US-EPA
Toxicity Characteristic Leaching Procedure (TCLP).53 This micro-leaching scheme,
which has been specifically adapted for smaller samples, was found to be accurate for
masses in the 100 mg range.54 The leaching tests completed during the present study
were with sample masses of ~50 mg (sorbent mass of 20 mg and 30mg of kaowool
support). As mentioned in the TCLP method, a solid to liquid ratio of 1:20 was used
by adding 1 mL of Aristar® grade glacial acetic acid (diluted with deionised water
until the pH of the mixture was 2.88 ± 0.05) to the container holding the solid sample.
These vessels were then agitated for 16 hours. After this period of time, dilute nitric
acid was added and the leachate was later filtered by using Whatman® No1 filter
paper (Grade 1, Cat. No. 1001 110). Since the mercury concentration on the leachate
was below the detection limit of the Leco AMA 254 analyser, the leachate samples
were analysed using the PSA 10.025 Millennium Merlin System at PS Analytical in
Orpington, Kent, UK.32 The results obtained are illustrated in Figure 41 and Figure
19

42. It was found that the maximum concentration of mercury in the leachates was
approximately 1.8 ng/mL (ppb), while the overall “limit of quantification” (LOQ) was
about 0.3 ng/mL (ppb).55 The results also show that a maximum of 3% of the
mercury present in the sorbents after exposure to the simulated flue gas stream was
leached to the solution. Although the measurements for the mercury concentration
were made close to the LOQ for the instrument, the results (except for sewage sludge
AC R3) do seem very consistent. To put the current measurements (i.e. the maximum
value of 1.8 ng/mL) into context, under the Safe Drinking Water Act, the US EPA has
established a maximum contaminant level for mercury of 2 ng/mL in drinking water.44
Furthermore, the mercury concentration in the leachate from this study was less than a
tenth of the Land Disposal Restrictions (LDR) 25 ng/mL TCLP limit for low mercury
waste if disposed using technologies such as solidification and stabilisation.44 It is
thus safe to conclude that spent sorbents could be disposed to landfill, along with the
fly ash (of which the sorbents will represent a very small mass fraction). Full-scale
tests with Norit Darco Hg-LH™ have reported similar findings of low mercury
concentrations in leachates from the spent carbon sorbent.15

3.10. Comparing sorbents made under the same process conditions
If any of the sorbents examined during this study are to be utilised in full-scale plants,
they will need to be produced on a substantial scale, and be of consistent quality, in
order to ensure consistent performance in use. Accordingly, an initial attempt has
been made to test the reproducibility of manufacture for carbon sorbents produced
from sewage sludge and scrap tyre rubber. A number of production runs, using the
same process conditions, have been conducted during the project, with encouraging
results. Analysis, based on the measurement of surface area, micropore volume and
elemental analysis, suggest that it is possible to manufacture reproducible carbon
sorbents (including bromide impregnated carbon) from both scrap tyre rubber and
sewage sludge.
Figure 43 presents the mercury capture performance of different batches of sorbent
when exposed to Exp.1 conditions, whilst Figure 44 presents data under Exp.5 and
Ext.6 conditions. Tyre pyrolysis runs R1 and R2 seem to have produced sorbents with
similar mercury capture capability. Experiments with the most complete simulated
flue gas scheme indicate reproducibility of performance for the steam activated and
bromide impregnated carbons from sewage sludge. However, although the steam
activated carbons had comparable mercury capture efficiencies under Exp.1
conditions when tested as a 20 mg bed, considerable difference was apparent when
tested in a 100 mg bed. Further tests will be needed to obtain a clear understanding for
this difference.
Tyre char R3 and the two steam activated carbons were produced using the same
heating procedure. Although the introduction of stream significantly improved the
surface area and micro-porosity of the sorbents, Figure 43 does show that if a 20 mg
sample mass is used, all three sorbents perform similarly when exposed to gas scheme
Exp. 1 for a period of one hour.
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3.11. Comparing the laboratory-scale results against full-scale tests
Tests with Norit Darco Hg™ at coal-fired utility plants have shown that it is able to
capture between 60% - 90% of the mercury in the flue gas stream, depending on the
type of coal and the particulate control system deployed.48 Fabric filters in coal-fired
power plants are cleaned at frequencies that are related to the pressure drop across the
bag house and filter-bag life; e.g. filters in the bag house at E.C. Gaston Electric
Generating Plant in Alabama, USA have a cleaning frequency of 1.5
pulses/bag/hour.56 Consequently, a filter cake of coal fly ash and sorbent particles
would gradually build up on the filter over a period of 40 minutes before the bag is
cleaned. Mercury sorbents in this plant would thus remain in contact with the flue gas
for a maximum of 40 minutes. However, in the current study, when the more
complete simulated flue gas scheme (Exp. 6) was applied over 60 minutes, all the
sorbents (except fly ash) were found to be capable of retaining almost all of the
mercury present in the gas stream.
There are probably several reasons why the bench-scale results differ somewhat from
the tests at coal-fired utility plants. First, in the bench-scale rig the simulated flue gas
passed though a moderately deep bed of sorbent (2.4 mm – 5.6 mm), whilst FFs in the
large-scale tests had a much thinner filter cake (0.8 mm – 1.6 mm prior to cleaning).57
Second, sorbent injection tests at power plants equipped with ESPs have shown that
mercury sorption occurs mainly during the “in-flight” period while the flue gas flows
to the ESP, suggesting poor contact between gas-borne mercury and the sorbent
powder once it has become attached to the ESP electrodes.56 As a consequence,
contact between the gas stream and the sorbent is much better in the laboratory test
system. Furthermore, it is extremely difficult to replicate all the conditions of a large
coal-fired utility at the bench-scale. Other studies have suggested that if SO3 is
present, even in ppm concentrations, it may bind to the basic sites on the sorbent and
thus restrict the adsorption of mercury.58 This gas is always present at low ppm levels
in the flue gases from coal-fired plants, being derived from the sulphur content of the
coal. In addition, neat SO3, or SO3-producing additives, are widely used to improve
the performance of electrostatic precipitators in coal-fired power plants.58 It has not
been possible to include SO3 in the gas mix in the current study, due to safety
constraints.

3.12. Benefit of using waste to produce sorbents
This study has ranked sorbents produced from waste material (scrap tyre rubber and
sewage sludge) against commercially available sorbents made from lignite coal (Norit
Darco Hg™ and Norit Darco Hg-LH™). A significant proportion of used tyre rubber
and sewage sludge in the UK is presently incinerated or land-filled. However EU and
UK legislations limit the amount of waste that can be disposed by these methods and,
therefore, other means of disposal are becoming necessary. Producing activated
carbons from waste material could be one viable solution.
When evaluated under the experimental schemes used in the present study, the
charcoal and activated carbons produced from the waste materials without bromide
impregnation were found have a similar performance to Norit Darco Hg. Furthermore,
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the bromide impregnated sorbents produced from the waste materials seemed to be as
effective as the brominated Norit Darco Hg-LH. The bench-scale results do thus
suggest that these waste materials could be suitable alternatives to lignite for making
sorbents for mercury capture. The process used to produce carbon sorbents from scrap
tyre rubber and sewage sludge would probably have been similar to the method used
to make the commercially available activated carbons. Furthermore, other researchers
have found that the average dry basis activated carbon yield from lignite is ~30%,59
which is similar to the product yield for steam activated carbons from scrap tyre
rubber (refer § 2.1.1). Direct substitution of the raw material for the activation process
may therefore be possible with minor process changes. The dried DEMAD sewage
sludge used during this study contained ~1.18 ± 0.04 ppm of mercury, and most of
this mercury was released during the pyrolysis stage of the sorbent manufacturing
process. Any large-scale production facility for sewage sludge based carbons would
therefore require a mercury capture system. Scrap tyre rubber is therefore a more
viable starting material for producing carbon sorbents for mercury capture from flue
gases.

4.

CONCLUSIONS

1.

The mercury capture performances of coal fly ashes, plus carbon sorbents
produced from scrap tyre rubber and sewage sludge, have been compared
against the commercially available activated carbons Norit Darco Hg™ and
Norit Darco Hg-LH™ using bench-scale experimental equipment.

2.

Tests with mercury vapour in pure nitrogen have shown that bromideimpregnated activated carbons produced from scrap tyre rubber and sewage
sludge are the most effective sorbents. These sorbents were capable of capturing
all the mercury introduced into the reactor, using just 5% of the necessary mass
for Norit Darco Hg™. In addition, these bromide impregnated activated carbons
showed a similar performance to the more expensive, bromine-impregnated
Norit Darco Hg-LH™. These sorbents thus appear suitable for capturing
mercury in flue gases from the combustion of low halogen content coals.

3.

Tests with the different gas schemes have shown that the presence of both NO2
and HCl does significantly improve the performance of the pyrolysis chars and
the un-brominated activated carbons. These sorbents had mercury capture
efficiencies approaching 100% when exposed to the most complete simulated
flue gas scheme, which included N2, NO, NO2, HCl, SO2, O2, CO2, and water
vapour. Although some of the coal fly ashes performed respectably when
exposed to mercury vapour in a pure nitrogen stream, the tests with the most
complete simulated flue gas scheme showed that their effectiveness was
significantly less than of the charcoal and un-brominated activated carbon
sorbents.

4.

The performance of Norit Darco Hg™, charcoal and steam activated carbon
made from scrap tyre rubber improved if initially exposed to NO2 or HCl. The
fact that the fly ash samples had already been exposed to flue gases containing
NO2 and HCl, in the power plant, may explain why some fly ash samples were
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more effective than the charcoal and steam-activated carbons exposed to
mercury vapour in nitrogen only.
5.

Thermal desorption tests suggest that the mercury captured by Norit Darco
Hg™, and steam-activated carbon produced from scrap tyre rubber, when
exposed to a gas stream of mercury vapour in pure nitrogen, is mainly
physically adsorbed. On the other hand, chemical adsorption may also have been
involved in mercury capture by the charcoal from the pyrolysis of scrap tyre
rubber. When the gas scheme included NO2, all three sorbents showed a marked
reduction in the amount of mercury desorbed, suggesting a degree of
chemisorption. However, Norit Darco Hg™ and steam-activated carbon from
scrap tyre rubber which had been exposed to HCl-containing gas showed the
lowest mercury desorption loss. The presence of HCl thus resulted in the
strongest bond between mercury and these sorbents. Conversely, in the case of
pyrolysis char derived from scrap tyre rubber, a significant desorption loss was
apparent after exposure to HCl, suggesting weaker attraction forces between this
sorbent and mercury in the presence of HCl. Tests with the most complete
simulated flue gas scheme suggest that HCl does play a predominant role in the
capture of mercury by the these waste-based carbon sorbents.

6.

Tests with fly ash samples showed that mercury capture could be correlated to
LOI and also to the micropore volume of the ash. However, a LOI in excess of
17% is necessary to bring fly ash up to the level of effectiveness of the bromide
impregnated activated carbons (based on tests with mercury in nitrogen gas
only). Such an LOI is unacceptable, both on the grounds of loss of combustion
efficiency and also of reduction in the value of the ash. Fly ashes from most
coal-fired utility plants are sold for construction usage and price is sensitive to
carbon content of the ash. Values above 1% can adversely affect the sale value
of fly ash for cement replacement in concrete,6 and the British Standards impose
an upper limit of 7% for category B fly ash for use in concrete.60

7.

TCLP leaching tests conducted on sorbents, post mercury adsorption
experiments, have shown very little evidence of mercury leaching; with the
mercury concentration of leachates actually being below the safe limit for
drinking water recommended by the US EPA. These observations suggest that
spent sorbent could be disposed to landfills along with the fly ash.

8.

The main objective of this study has been to rank sorbents produced from waste
materials against the performance of two commercially available activated
carbons, Norit Darco Hg™ and Norit Darco Hg-LH™. The tests have shown
that both the charcoal and the steam-activated carbons produced from waste
material are a suitable substitute for Norit Darco Hg™. Furthermore, the
bromide impregnated activated carbons produced from waste material were
found to be as effective as Norit Darco Hg-LH™, the bromine impregnated
activated carbon from Norit Americas Inc. However, since the sorbents have
been tested in a packed bed configuration, using a simulated flue gas stream, it
has not been possible to obtain direct correlation between the results of the
current project and data from tests on US coal-fired power plants.
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9.

5.

Dried DEMAD sewage sludge used for producing the sorbents contained ~1.18
± 0.04 ppm of mercury, and most of this mercury was released during the
pyrolysis stage of the sorbent manufacturing process. This mercury
volatilisation will clearly require that mercury capture is built into any largescale production facility for sewage-sludge based carbons. It is thus suggested
that scrap tyre rubber is a more viable starting material for producing carbon
sorbents for mercury capture from flue gases. Manufacture of carbon sorbents
would be an environmentally valuable means of disposing of this waste
material, much of which goes to landfill currently.

PROPOSED WORK FOR A SUBSEQUENT
PROGRAMME.

5.1.

Inclusion of SO3 in the simulated flue gas stream

All coals contain some component of sulphur which is inevitably oxidised during
combustion, with a small fraction being converted to SO3 rather than SO2. In addition,
coal-fired power plants fitted with ESPs as the particulate control system, regularly
add extra SO3 as a flue gas conditioning agent, in order to regulate the electrical
resistivity of the combustion fly ash.61 Studies by other researchers have suggested
that if SO3 is present, even in ppm concentrations (due to either combusting high
sulphur coals or injection of SO3 for flue gas conditioning), it may bind to the basic
sites on sorbents, thereby restricting the adsorption of mercury.58 The high capture
efficiencies reported in the present study were done in the absence of SO3, even when
using the most complete simulated flue gas scheme. As a result, it is possible that the
data reported here may be overly optimistic, in terms of predicting performance of the
test sorbents at plant-scale. It is thus suggested that any subsequent study includes
SO3 into the simulated flue gas scheme.

5.2.

Entrained flow reactor

Electrostatic precipitators are the principal particulate matter control system employed
in UK coal-fired power plants. If sorbent injection is used in these plants, then the
main, effective contact between sorbent and flue gas is limited to the “in-flight”
period as the sorbent is carried in the gas flow to the ESP; this results in a contact time
of about 2 -2.5 seconds.48, 56 In the present study, the simulated flue gas passed
through a fixed bed of sorbent for a period of 1 hour, thereby providing much greater
interaction between the sorbent and the gas stream. This may be why the effectiveness
of Norit Darco Hg™ was much higher than observed in full-scale tests. It is thus
suggested that any subsequent study be done with a system that is more comparable to
the configuration of UK power plants, i.e. using an entrained flow reactor where
residence times are comparable. Activated carbon injection tests using the entrained
flow reactor at the National Risk Management Research Laboratory at Air Pollution
Prevention and Control Division of the U.S. EPA produced results which correlated
well with full-scale field test.28 Furthermore, the Electric Power Research Institute
Inc. (EPRI) have a Multi-Pollutant Control Test (PoCT) system which has been used
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to test sorbents for mercury capture by using a module that simulates in-flight removal
upstream of an ESP.62 The level of Hg removal from tests with this system was found
to be fairly consistent with results from full-scale tests.

6.

PUBLICATIONS ARISING FROM THE PROJECT

6.1.

Journal publications

Charpenteau, C.; Seneviratne, R.; George, A.; Millan, M.; Dugwell, D.R.; Kandiyoti,
R., Screening of low cost sorbents for arsenic and mercury capture in gasification
systems. Energy & Fuels 2007, 21, 2746-2750.

Seneviratne, H. R.; Charpenteau, C.; George, A.; Millan, M.; Dugwell, D. R.;
Kandiyoti, R., Ranking low cost sorbents for mercury capture from simulated flue
gases. Energy & Fuels, Available online Oct. 2007.

6.2.

Conference papers

Seneviratne, H. R.; Charpenteau, C.; George, A.; Millan, M.; Dugwell, D. R.;
Kandiyoti, R. In Low cost sorbents for mercury capture from simulated flue gases,
International Conference on Coal Science and Technology, Nottingham, UK, 28 - 31
August, 2007.
Seneviratne, H. R.; Charpenteau, C.; George, A.; Millan, M.; Dugwell, D. R.;
Kandiyoti, R. In Evaluating sorbents produced from sewage sludge for removing
mercury from simulated flue gases, International Conference on Coal Science and
Technology, Nottingham, UK, 28 - 31 August, 2007.
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8.

TABLES/FIGURES.

8.1.

Tables

Table 1 Mercury emission limits for US coal fired utility plants – based on gross energy
output.11

Coal rank/plant type
Bituminous units
Subbituminous units
Wet FGD
Dry FGD
IGCC units

Emission limit
9.5 kg/TWh
19.1 kg/TWh
35.5 kg/TWh
9.1 kg/TWh

Table 2 Average annual mercury emission limits for Canadian coal-fired utility plants

Coal rank
Bituminous units
Sub-bituminous units
Lignite units
Blends

Emission limit
3 kg/TWh
8 kg/TWh
15 kg/TWh
3 kg/TWh

Table 3 Specifications of Norit Darco Hg and Darco Hg-LH published by Norit
Americas Inc.20

Less than 45 μm
Total Sulfur
Bulk desity, tamped
(g/mL)
Surface area (m2/g)

Darco Hg™
95%
1.2%
0.51

Darco Hg-LH™
95%
1.2%
0.6

600

550

Table 4 Particle size distribution of the fly ashes D and F.

Particles larger than 150 μm
Particles between 106 – 150 μm
Particles between 75 – 106 μm
Particles between 38 – 75 μm
Particles less than 38 μm

fly ash D
1%
3%
14%
21%
61%

Fly ash F
5%
4%
5%
25%
61%
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Table 5 Surface area, micropore volume and micropore area of the sorbents

Norit Darco Hg™
Norit Darco Hg-LH™
Fly ash A
Fly ash B
Fly ash C
Fly ash D
Fly ash E
Fly ash F
Fly ash G
Fly ash H
Tyre char R1
Tyre char R2
Tyre char R3
Tyre AC R1
Tyre AC R2
Tyre AC R3
Sewage sludge char
Sewage sludge AC R1
Sewage sludge AC R2
Sewage sludge AC R3

BET Surface
area (m2/g)
660 ± 11.5
335 ± 4.0
1 ± 0.01
2 ± 0.01
3 ± 0.02
5 ± 0.03
8 ± 0.1
15 ± 0.17
3 ± 0.02
3 ± 0.02
72 ± 0.2
80 ± 0.08
73 ± 0.1
219 ± 3.7
279 ± 4.8
97 ± 0.09
53 ± 0.6
670 ± 13.3
678 ± 14.3
729 ± 8.6

Micropore
volume (mm3/g)a
169
61
0.21
0.25
0.40
0.47
1.16
2
0.48
0.37
1
1
3
60
74
3
10
151
161
133

Micropore
area (m2/g)a
367
133
0.5
0.6
1
1
3
5
1.1
0.9
5
5
7
128
158
9
21
332
351
298

t-plot -Correlation
coefficient
0.996
0.999
0.995
0.998
0.999
0.998
0.997
0.998
0.997
0.999
0.999
0.999
0.999
0.999
0.999
0.999
0.998
0.989
0.987
0.993

Note
a – analysed by t-plot
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Table 6 Ash and elemental analysis of the sorbents

Sorbent
Norit Darco Hg™
Norit Darco Hg-LH™
Fly ash D
Tyre char R1
Tyre char R2
Tyre AC R1
Tyre AC R3
Sewage sludge char
Sewage sludge AC R1
Sewage sludge AC R2
Sewage sludge AC R3

Ash
10.0
27.5
92.3
13.1
12.4
12.7
4.5
71.2
31.5
33.7
32.0

Ash and elemental analysis in percentages unless stated otherwise
Carbon Nitrogen Oxygen Hydrogen Sulphur Chlorine
Bromine
77.41
0.65
3.8
0.22
0.37
0.03
<100 ppm
57.85
0.43
5.8
0.26
1.09
0.03
3.05
6.90
0.21
<0.1
<0.05
0.29
0.02
<100 ppm
83.16
0.27
<0.1
0.29
2.91
0.03
510 ppm
84.17
0.35
<0.1
0.24
2.83
0.03
374 ppm
82.69
0.37
<0.1
0.10
2.95
0.01 Not analysed
90.06
0.30
3.0
0.17
0.83
0.01
1.08
23.01
2.46
<0.1
0.70
1.04
0.06
0.01
47.09
4.40
8.7
0.95
1.79
0.57
1.74
48.61
4.59
7.3
0.95
1.28
1.01
1.76
46.55
4.55
7.8
0.88
1.87
0.01
2.09

Table 7 Chemical composition of the crystalline phases found using XRD

Crystalline phase
Calcite
Iron Sulfide
Lime
Magnetite
Mullite
Quartz
Wurtzite
Zincite

Chemical compound
CaCO3
FeS
CaO
Fe3O4
3Al2O3 .2SiO2
SiO2
ZnS
ZnO
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Table 8 Individual gas/vapour concentrations and flow rates for the more complete
simulated flue gas schemes used during this study.

Constituent
N2
NO
NO2
O2
CO2
SO2
HCl
H2O
Hg

8.2.

concentration
75%
490 ppmv
17 ppmv
6%
12%
1799 ppmv
200 ppmv
7%
3.5 ppbv

Volume flow rate (mL/min at NTP)
27.5
1.8x10-2
6.2x10-4
2.1
4.5
6.6x10-2
7.3x10-3
2.5
1.3x10-7

Figures

Figure 1 Schematic diagram of the rig for pyrolysis of scrap tyre rubber (Modified
from the figure published by Miguel et al.23).
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Figure 2 Schematic diagram of the rig for the activation of scrap tyre rubber.22
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Figure 3 Micropore volumes in each fly ash sample versus LOI content.
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Figure 4 XRD scan results of some selected activated carbons, fly ashes and sorbents
from scrap tyre rubber
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Figure 5 XRD scan results of char from sewage sludge and some selected bromide
impregnated activated carbons
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Figure 6 SEM & EDX analysis of Norit Darco Hg™ (at x1000 magnification).

Figure 7 SEM & EDX analysis of Norit Darco HG-LH™ (at x1000 magnification)
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Figure 8 SEM & EDX analysis of fly ash D (at x1000 magnification).

Figure 9 SEM & EDX analysis of fly ash E (at x1000 magnification).
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Figure 10 SEM & EDX analysis of fly ash F (at x100 magnification).
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Figure 11 SEM & EDX analysis of fly ash G (at x100 magnification).

41

Figure 12 SEM & EDX analysis of tyre char R1 (at x450 magnification).

Figure 13 SEM & EDX analysis of tyre char R1 (at x1000 magnification).

42

Figure 14 SEM & EDX analysis of tyre char R3 (at x1000 magnification).

43

Figure 15 SEM & EDX analysis of tyre AC R1 (at x1000 magnification).

44

Figure 16 SEM & EDX analysis of tyre AC R3 (at x1000 magnification).

45

Figure 17 SEM & EDX analysis of sewage sludge char (at x1000 magnification).

Figure 18 SEM & EDX analysis of sewage sludge char (at x1000 magnification).

46

Figure 19 SEM & EDX analysis of sewage sludge AC R3 (at x1000 magnification).

47

Figure 20 SEM & EDX analysis of sewage sludge AC R3 (at x1000 magnification).
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Figure 21 New Borosilicate low temperature mercury capture reactor

Figure 22 Schematic diagram of experimental scheme
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Figure 23 Mercury capture efficiencies at different hold times with a gas stream of only
mercury vapour and nitrogen gas.
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Figure 24 Mercury capture efficiencies when sorbent mass of 20 and 100 mg were used
on tests with a gas stream of only mercury vapour and nitrogen gas.

50

Norit Darco Hg
Fly ash D
Fly ash F
Tyre char R1
Tyre AC R1

Mercury Capture Efficiency (%)

100

TM

80

60

40

20

0
100 C

150 C

175 C

200 C

Test Temperature (Deg. C)

Figure 25 Mercury capture efficiencies at different test temperatures with a gas stream
of only mercury vapour and nitrogen gas (Exp. 1) (sample mass – 100 mg)
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Figure 26 Mercury capture efficiencies at different test temperatures with a gas stream
of mercury vapour, nitrogen, nitrogen oxide and nitrogen dioxide gas (Exp. 2) (sample
mass – 100 mg)
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Figure 27 Mercury capture efficiencies of the sorbents when tested gas schemes 1 to 5.
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Figure 28 Mercury capture efficiencies for the sorbents when tested with different gas
schemes.
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Figure 29 Comparing sorbent performance after initially being exposed to a gas stream
with NO and NO2.

Gas scheme Exp. 1
Initial exposure to HCl

Gas scheme Exp. 3

100

Mercury Capture Efficiency (%)

90
80
70
60
50
40
30
20
10
0

Norit Darco Hg

Tyre char R1

Tyre AC R1

Figure 30 Comparing sorbent performance after initially being exposed to a gas stream
with HCl
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Figure 31 Mercury desorption tests with Norit Darco Hg™, tyre char R2 & tyre AC R1
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Figure 32 Effect of bromide impregnated activated carbons (Gas scheme Exp.1)
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Figure 33 Effect of bromide impregnated activated carbons (Gas scheme Exp.6)

Mercury capture

LOI

100

18

80

14
12

60
10
8
40
6

Loss On Ignition (%)

Mercury Capture Efficiency (%)

16

4

20

2

as
h

H

G
Fl
y

as
h

F
Fl
y

as
h
Fl
y

as
h

E

D
Fl
y

as
h
Fl
y

Fl
y

as
h

B
as
h
Fl
y

as
h
Fl
y

C

0

A

0

Figure 34 Mercury capture efficiencies of the fly ashes when tested with a gas stream of
mercury vapour and nitrogen gas stream (sample mass = 20 mg)

55

Mercury capture efficiency
For mercury capture efficiency
Initial mercury concentration
For intial mercury concentration

80
Mercury Capture Efficiency (%)

1.2
1.0
0.8

60
0.6
40
0.4
0.2

20

Initial Hg concentration (ppm)

100

0.0
0
2

4

6

8
10
12
14
Loss on Ignition (LOI) (%)

16

18

Correlation coefficients
For Mercury capture efficiency = 0.949
For Initial mercury concentration = 0.980

Figure 35 Mercury capture efficiency and initial mercury concentration versus LOI
content in the fly ashes.
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Figure 36 Mercury capture efficiency versus micropore volume in the ash samples
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Figure 37 Initial mercury concentration on the different particles sizes of fly ash D
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Figure 38 Mercury capture efficiency of the different particle sizes of fly ash D
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Figure 39 Initial mercury concentration on the different particles sizes of fly ash F
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Figure 40 Mercury capture efficiency of the different particle sizes of fly ash F
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Figure 41 Mercury leaching results for sorbents initially exposed to gas scheme Exp. 1.
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Figure 42 Mercury leaching results for sorbents initially exposed to gas scheme Exp. 5.
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Note - Hold time = 60 min. Test temperature = 150 C

Figure 43 Mercury capture efficiencies of the sorbents made from the same process
conditions (Gas scheme Exp. 1)
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Figure 44 Mercury capture efficiencies of the sorbents made from the same process
conditions (Gas scheme Exp. 5 and Exp. 6)
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