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Sources of mercury pollution such as coal-fired power plants, cement plants and waste
incineration plants are subject to tightening of regulatory limits. In addition, a stronger
focus is given to mercury emission from discontinuous processes e.g. in metal refining
or crematoria. While in continuous processes established technologies like absorptive
gas scrubbing or flue gas adsorption are applied, for discontinuous emissions fixedbed adsorption with activated carbon is suitable from an economic point of view. In
this work the current state of mercury separation by adsorption is considered from an
industrial and scientific perspective.
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1. Basics of adsorption
Adsorption is a thermal separation process used for removal of pollutant or product
components from fluid phases to the surface of porous solids. By addition of atoms
or molecules from the fluid phase to the adsorbent surface an energetically more
favourable state is achieved. The process is exothermic. The energy released is called
heat of adsorption. Depending on the type and strength of the bond, a distinction is
made between physisorption and chemisorption. Physisorptive mechanisms between
adsorbent and adsorptive are mainly based on intermolecular interactions, such as
dispersion or dipole-dipole interactions. Physisorption does not change the chemical
nature of the adsorbent and the process is reversible under economic conditions. In
chemisorption, chemical bonds are formed between the adsorptive and the adsorbent
surface. In chemisorption significantly higher enthalpies are found compared to physisorption. [1, 6]
Activated carbons are low-priced adsorbents with large inner surfaces (> 400 m2/g).
Some processes are able to use lower activated materials like coke by inner surfaces of
290 m2/g. Activated carbons are used in gas phase adsorption (e.g. exhaust gas cleaning) and in liquid phase adsorption (e.g. waste water or drinking water treatment). [1]

2. Laboratory-scale experiments and simulation
For the design and optimization of flue gas and fixed-bed adsorption, a good knowledge
of the adsorption thermodynamics and kinetics is necessary. Laboratory measurement
of mercury adsorption is difficult because mercury is toxic, adsorbs chemically on the
surface of many materials (e.g. metal surfaces of pipes and valves) [7,8, 10] and reproducible supply of mercury vapour requires thorough experimental care. Therefore, a
special evaporator-cooler system was developed for mercury dosing. The polymers PFA
and PTFE were selected as materials for pipe, three-way valves, T-pieces and valves,
and glass or quartz glass was used for the vessels as these materials have only minor
interactions with Hg0.

2.1. Apparatus
The fixed-bed test facility for measuring breakthrough curves consists of the gas mixing section, the reactor, the analytical measuring unit and the exhaust gas treatment
(Figure 1). In the gas mixing section a defined mixture of Hg0 and N2 is provided. In
addition, O2 with a proportion of 0 to 40 vol. % can be dosed in the gas phase. Two glass
vessels (reactor 1, reactor 2) with separate temperature control are available to take up
the fixed adsorbent bed. In both systems, the mercury-containing nitrogen stream is
first heated to adsorption temperature in a tube coil and fed into the vertical fixed bed
in which the adsorption process takes place. In reactor 1, the fixed bed and the tube
coil are located in a double jacket tempered by mineral oil in the range of 20 to 120 °C.
Reactor 2 consists of quartz glass and can be heated up to 600 °C by a heating jacket.
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The mercury concentration is detected by an atomic absorption spectrometer VM 3000
of Mercury Instruments GmbH. The exhaust gas is processed by two chemisorptive
adsorbers with sulphur-impregnated activated carbon.

Figure 1:

Flow diagram of fixed bed test unit

2.2. Methods
The adsorption of Hg0 from a N2 carrier gas stream is studied on commercial activated
carbons. Single and cumulative breakthrough curves are measured in a fixed bed at
temperatures of 25 to 100 °C and mercury concentrations of 50 to 1,000 μg/m3. For the
measurement of breakthrough curves, the feed gas is passed through the fixed bed until
the outlet concentration has reached the initial concentration. Equilibrium is assumed
if the deviation is less than one percent in a period of one hour. In case of long lasting
experiments, a maximum runtime for the measurement of a single breakthrough curve
of ten hours was fixed. For the cumulative measurement of isotherms, the mercury
vapour is passed through the fixed bed until equilibrium or maximum runtime is
reached. Then, the next concentration step is started. From the measured adsorption
isotherms isosteric heats of adsorption are determined. A dynamic simulation of experimental breakthrough curves yields diffusion coefficients which are discussed with
respect to the concentration and temperature dependence of diffusion mechanisms in
mercury physisorption. For detailed investigation of mercury chemisorption tempera701
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ture programmed desorption (TPD) experiments employing activated carbon loaded
with mercury are carried out and modelled. During the experiments, the adsorbents
are heated from 30 to 600 °C with a constant heating rate of 5 °C/min.

2.3. Characteristics of mercury adsorption
In order to highlight the specific characteristics of Hg0 adsorption, four typical breakthrough curves on non-impregnated and impregnated activated carbons were recorded
at 25 °C and a Hg0 concentration of approx. 57 μg m-3. AC 01 contains only few heteroatoms, while AC 02 has a high oxygen content and AC 03 a high sulphur content.
AC 04 was washed with hydrochloric acid (with re-washing for pH neutralization)
for ash reduction.
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Breakthrough curves of Hg0 adsorption on activated carbons AC 01-AC 04 at 25 °C and
57 μg m-3

The breakthrough curve of AC 01 shows a typical S-shape and reaches equilibrium after
approx. 4 hours. Here, physisorption of Hg0 is the dominant mechanism.
In the case of AC 02-AC 04 the increase of concentration after the breakthrough is very
slow, so that the initial concentration is not reached within the experimental time. The
reason is a slow chemisorptive adsorption mechanism observed for many activated
carbons in addition to the physisorption of Hg0.
The adsorption capacity at 10 h measuring time decreases in the order
AC 04 > AC 03 >> AC 02 > AC 01. The result shows that Hg0 physisorption is characterized by fast kinetics and low adsorption capacities. Hg0 chemisorption, on the other
hand, has slow kinetics and high adsorption capacities.
702

2.4. Physisorption
The activated carbon AC 01 is a good example to investigate in detail the dynamic and
equilibrium during pure mercury physisorption. The measured equilibrium isotherms
almost show Henry behaviour. A significant increase in capacity is observed when
temperature decreases and/or concentration increases. This pronounced temperature
and concentration dependence is typical for physisorptive adsorption mechanisms.
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Adsorption isotherms of Hg0 on AC 01 at 25 to 100 °C

The calculated isosteric heats of adsorption of Hg0 only amount to about 50 % of the
enthalpy of evaporation. This shows that the adsorption of Hg0 is exothermic, but the
interactions of mercury with the surface of the activated carbon are significantly weaker
than the interactions between mercury atoms in the condensed mercury phase. At
room temperature, liquid mercury forms strong van-der-Waals clusters, whose bonding
energies lie between dispersion interactions and covalent bonds [5]. The experimental
breakthrough curves can be described by dynamic simulations with good accuracy. The
results demonstrate that surface diffusion is the rate-determining diffusion process.
Surface diffusion of Hg0 on the activated carbons exhibits no concentration dependence (Figure 4, left side) but a strong dependence on temperature typical for activated
processes (Figure 4, right side).
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2.5. Chemisorption
Chemisorptive mechanisms play a role in mercury adsorption on activated carbons
AC 02-AC 04. The systematic investigation of Hg0 chemisorption is difficult because
equilibrium capacities cannot be determined due to slow adsorption mechanisms.
Therefore, TPD experiments are carried out and modelled to investigate the desorption
kinetics and to obtain information on the surface chemistry of chemisorbed mercury.
A temperature-dependent desorption profile of chemisorption can be measured by
detecting the mercury concentration (Figure 5).
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Temperature and concentration signal of a typical TPD experiment

Concentration peaks at different temperatures with different heights and widths indicate
different adsorption mechanisms. The peaks are assigned to functional groups on the
surface of the activated carbon and mechanistic suggestions are made. In particular,
the influence of oxygen on the adsorption of mercury is discussed.
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3. Definition of suitable sorbents
Suitable adsorbents should have fast adsorption kinetics and high mercury capacity.
Despite the fast adsorption kinetics, adsorbents that predominantly interact physisorptively with mercury are not very effective due to their low adsorption capacities. For this
reason, activated carbons are frequently used, which chemically adsorb mercury and
are characterized by high capacities. Impregnated activated carbons with a cost-effective
production and a relatively fast adsorption kinetics are mentioned.

4. Transfer to industrial applications
Knowing this background, technical processes have to be designed to contact the gas to
be cleaned with the sorbent. The simplest but also most expensive way is to realize an
independent cleaning step in line with other processes. This is practiced with granulates
(GAC) in fixed or moving bed adsorbers, powder (PAC) is used as fluidized cloud in
combination with fabric filter or ESP. More interesting is to engineer an implementation of the adsorption process in other processes, e.g. activated carbon dosing in
wet scrubbers or dedusting processes or spray dryers etc. This is more ambitious but
very often more economic. Sometimes boundary conditions of existing plants force
this kind of solution [2]. Effects of multi component gas mixtures and co-adsorption
mechanisms make this more complex but not less interesting. Transfer of R&D data is
difficult and technical reality and boundary conditions of industrial processes are very
often different, not constant and never well defined as laboratory conditions.

5. Process boundary conditions
We must distinguish between primary and secondary boundary conditions of processes.
Secondary effects are physical or chemical behaviour of activated carbons to the process, e.g.
• Abrasion on walls, pipes, pumps and fabrics
• Corrosion concerning the O2-reduction capacity of coke to steel and Zinc
• Self ignition behaviour of activated carbons
• Explosion characteristics of activated carbons
• Storage and warehousing of activated carbons
All these effects are well known by hundreds of references, but they have to be considered for each individual process especially for economic and safety reasons, sometimes
they are more important than the adsorption process by itself [3].
Primary boundary conditions can have an extremely strong influence on the process. In
powder applications the distribution of the PAC in the gas flow is a stronger effect than
the adsorption parameters by themselves. The local and temporary absence of particles
(Figure 6) leads to lower removal efficiency, where there is no carbon it can’t work.
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Figure 6:
Local absence of PAC, influenced by dosing geometry and
equipment and flow characteristics; radial (top) or counterflow
injection (middle) and elboweffect (bottom); each part of the
pipe without PAC leads to local
or temporary removal efficiency
of zero
Calculation done by Weyer Group, Düren,
Germany, 2015
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time
dosing system green is a large-volume rotary valve, pulses very strong in time,
greater dispersion of the measured signals
system blue is an extremely continuous dosage with a bevel gear dosing, very uniform concentration course

Figure 7:

Hg emissions from two identical combustion lines with different sorbents and different
dosing systems

Discussing kinetics and mass transfer of pollutants to AC is often more influenced by
boundary conditions than by adsorption characteristics. The higher the need of removal
efficiency, the more important are these effects. Mercury removal efficiency is often
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needed to realize 99 %, the accuracy of dosing than has to be 100 %. Mass transfer –
and by this removal efficiency in these extreme cases – can be influenced very strong
by lower particle diameter, what is practiced in the market.
The way of process control influences the removal efficiency in the same way. Processes
without continuous emission control need to be 100 % sure by gravity controlled dosing.
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6. Practical examples
In the past, mercury separation was discussed in the context of municipal waste incineration MSW, where technical solutions have been available since 1990. Today, a
technical solution for mercury separation is needed for more processes due to the relevant mercury content in the coal itself, the substitution of coal by biomass residues and
recycling residues. In the past, the dosing of non impregnated simple activated lignite
in dedusting processes of MSW´s was sufficient. Since the capacities of chemisorption
are known [9], new and better solutions can be investigated. [4] operates a MSW, gas
cleaning consists of a wet scrubber followed by fabric filter with PAC dosing. To check
the efficiency of Hg removal, a synthetic amount of Hg was given to the boiler and
the cumulative quantity of detected Hg behind the boiler and at the end of the fabric
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filter was analysed (Figure 9). Test was done with non impregnated activated lignite
in comparison to H2SO4 impregnated PAC CSC–PBR. It was possible to increase the
efficiency of Hg removal by chemisorption up to 280 % (from 9 to 25 %).
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Source: Mineur, M.; Schmidt, W.: Betriebliche Erfahrungen zur Minderung von Quecksilber bei der Hausmüllverbrennung,.
VDI Wissensforum, Oktober 2012, Würzburg

6.1. Industrial power plant
170 MW fluidized bed combustion of coal, biomass and different recycling residues of
plastics and sludge is operated continuously by flexible proportion of the fuels. Mercury
emission is varying strong and removal is practiced by dosing PAC in addition to lime
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dosing
costs
Hg-capacity
physisorption by activated lignite
chemisorption by CSC-activated coke PBR

Comparison of physisorption
and chemisorption, industrial
power plant 170 MW Co-Combustion

in semi dry reactor for combined removal of SO2, HCl, HF, PCDD/F and heavy metals.
Fabric filter is used for dedusting of the reaction product. The plant was operated in
the beginning with simple PAC based on lignite coke (BET < 300 m2/g), dosing was
high and efficiency was limited. The plant fulfils all emission limits, but consumption,
efficiency, quantity of residues and operating costs were unsatisfactory. By changing
the philosophy from physisorption to chemisorption by using H2SO4 impregnated PAC
with special pore structure and milled extra fine (CSC Activated coke PBR), operation
could be optimized in these belongings (Figure 10).

6.2. Process gas cleaning in the cement works
To practice chemisorption in multi - component gases is more complex than clean test
under laboratory conditions. Implementation of PAC dosing in dedusting process of a
cement kiln gives excellent removal efficiency of Hg, relation between efficiency and
dosing is shown in Figure 11. The operating temperature was 175 °C. With physisorption
it was not possible to achieve sufficient efficiency, so impregnated PACs were required.
The influence in kind of impregnation is shown in Figure 12, special sulphur impregnation leads to better Hg-capacity and lower price than standard brominated PAC.
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Figure 11:

Quantity and stability of PAC dosing influences the removal efficiency of Hg; results
with CSC-PAC 6Br

Impregnation
S
Br
Hg-Capacity
Price

unit
% m/m
mg/g

PAC 1
6
0.5
8,300


PAC 2
2.0
1.5
2,100


Table 1:
Combined impregnation for better chemisorption in efficiency and price
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7. Conclusion
Technologies for removal of mercury from stack gases are available for more than
30 years, hundreds of references in MSW practiced this technology by simple activated
lignite. Increasing requirements in emission limits asked for higher removal efficiency
on the one hand, complexity of co-combustion in power plants, stronger discussion on
coal related Hg emissions and different thermal processes like cement, metallurgical
processes etc. asked for higher efficiency of activated carbons on the other hand. Solution could be found by chemisorption and the investigation of chemical impregnated
activated carbons. Technical solutions getting more complex by this, they are available
in general but further research activities are necessary to optimise and develop new
products.
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