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a b s t r a c t

Modeling approaches are generally used to describe mercury transformations in a single step of flue gas
treatment processes. However, less attention has been given to the interactions between the different
process stages. Accordingly, the mercury removal performance of a full-scale solid waste incineration
plant, equipped with a dry flue gas treatment line was investigated using two complementary modeling
strategies: a thermochemical equilibrium approach to study the mercury transformation mechanisms
and speciation in the flue gas, and a kinetic approach to describe the mercury adsorption process. The
modeling observations were then compared to real-operation full-scale data. Considering the typical flue
gas composition of waste incineration facilities (high concentrations of HCl compared to Hg), it was found
that a process temperature decrease results in better mercury removal efficiencies, associated with a
higher oxidation extent of Hg in HgCl2, and the enhancement of the sorbent capacity. Improvements
can also be attained by increasing the sorbent injection rate to the process, or the solid/gas separation
cycles. An empirical correlation to predict the mercury removal efficiency from the main operating
parameters of dry flue gas treatment units was proposed, representing a useful tool for waste incineration
facilities. The presented modeling approach proved to be suitable to evaluate the behavior of full-scale
gas treatment units, and properly select the most adequate adjustments in operating parameters, in order
to respect the increasingly constraining mercury emissions regulations.
1. Introduction

Incineration is a widely used treatment method for waste mate-
rials that allow the reduction of their volume and hazard. It is gen-
erally used for municipal solid wastes (MSW), sewage sludge, and
hospital residues (Beylot et al., 2018). However, even if this process
in an interesting solution for waste management, the associated
gaseous emissions may pose several risks to human health, wild-
life, and ecosystems, if not treated, as they contain large amounts
of pollutants such as acid gases (HCl, SO2, HF), heavy metals (Hg,
Cd, As, Ni, Pb, etc), NOx, dioxins, and furans (Ahmad et al., 2018;
Quina et al., 2008). In particular, mercury is one of the most haz-
ardous metals in municipal and hospital incineration flue gases
due to its high volatility, persistence, long-distance migration,
and bioaccumulation (Ha et al., 2017; Tao et al., 2017).

In consequence, rigorous regulations regarding mercury emis-
sions from waste incineration facilities are applied in most devel-
oped countries. As far as the European Union (EU) is concerned,
the industrial emissions directive 2010/75/UE sets the maximum
pollutant levels to be respected by the EU member states, in the
Best Available Techniques REFerence document for Waste Incinera-
tion – WI BREF. In particular, a new revision of this document,
stablishes that the daily average mercury emissions to air of waste
incineration facilities must be below 5–20 lg/Nm3, depending on
the used gas treatment technologies and mercury content in the
input waste stream (European Commission, 2019). From the accep-
tance of this revision in November 2019, the EUmember states will
have 4 years to implement the required technical measures and
adopt the new threshold values.
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To effectively respect these regulations, several existing inciner-
ation plants will be constrained to adapt their flue gas treatment
process, giving particular attention to mercury removal strategies.
For this purpose, it is important to fully understand the mercury
transformation mechanisms during the gas treatment process,
and the impact of the operating parameters on mercury removal
efficiency.

In this regard, process simulation is an interesting approach to
analyze the effect of different operating conditions on mercury
speciation and removal, through the different compartments of a
flue gas treatment line. In the presented context, the application
of this approach to industrial-scale units could be particularly use-
ful, as it allows the identification of the most suitable adjustments
to be performed in waste incineration plants, in order to reduce
mercury emissions, before doing any modification in the plant lay-
out or operation (Jannelli and Minutillo, 2006). Modeling
approaches have been generally used to describe the mercury
transformations in a single step of the flue gas treatment process
(Antonioni et al., 2014; Gharebaghi et al., 2011; Xu et al., 2003).
However, less attention has been given to the possible interactions
between the different sections of a gas treatment line, and the
impact of the process operating conditions and reactants on the
global mercury removal efficiency.

In accordance, the aim of this work is to understand the mer-
cury transformation mechanisms taking place in the different sec-
tions of an industrial flue gas treatment line, and to identify the
operating parameters and interactions that have the greatest
impact on mercury adsorption and removal efficiency. For this pur-
pose, a solid waste incineration plant, equipped with a dry flue gas
treatment line was analyzed using two complementary modeling
strategies. A thermochemical equilibrium approach to study the
mercury transformations and speciation in the flue gases, and a
kinetic approach to describe the mercury adsorption process on
activated lignite. The modeling observations were compared to
the results of a full-scale parametric study, performed in the
analyzed flue gas treatment line. Accordingly, the validity of the
proposed simulation approach was discussed, and the key param-
eters associated to the reduction of mercury emissions were
identified.
2. Materials and methods

2.1. Description of the flue gas treatment unit considered

A solid waste incineration plant located in France was consid-
ered in the present study. The unit is able to treat around
Fig. 1. Overall MSW flue gas treatment
150,000 tons of wastes per year (including urban, commercial,
and hospital residues), recovering the available energy to produce
heat and power. The facility consists in two incineration lines
equipped with dry flue gas treatment units. Accordingly, the pre-
sent study is based on the modeling and process analysis of the
gas treatment unit of one incineration line, with a nominal waste
feed rate of 9.5 tons/h.

The flue gas treatment purpose is the removal of the typical gas-
eous pollutants produced during the incineration of wastes: acid
gases (HCl, SO2), heavy metals (mainly Hg), dioxins, furans, and
nitrogen oxides. In this case, a dry cleaning process is used, includ-
ing three main stages. The first one corresponds to a spray tower to
reduce the temperature of the flue gas to temperatures between
210 �C and 180 �C. Then, sodium bicarbonate (NaHCO3) and acti-
vated lignite are injected to the process line (in-duct) to neutralize
acid gases and capture heavy metals, dioxins, and furans, followed
by a pulse-jet fabric filter. Finally, after the solid removal from the
gas stream, the flue gas treatment is completed by a selective cat-
alytic reduction unit (SCR), where an ammonia solution is fed into
a catalytic reactor to reduce nitrogen oxides emissions. The general
plant layout of the flue gas treatment unit analyzed in this study is
schematized in Fig. 1.

The flue gas composition is continuously measured at three sig-
nificant points of the treatment line, in order to monitor the perfor-
mance of the different stages. The first point is located at the inlet
of the spray tower (ST), the second one at the exit of the bag filter
(EF), and the last one at the chimney exit (CH). The HCl, SO2, O2,
and H2O concentration measurement is performed online using
FTIR analyzers, provided by Secauto, and the mercury concentra-
tion and speciation (Hg tot, Hg� and Hgn+) using Durag HM-
1400-TRX2 total mercury analyzers. The flue gas temperature is
also continuously measured at the three described points, as well
as the dust content in the gas at the chimney exit. The daily aver-
age operating parameters and flue gas composition of the analyzed
gas treatment unit, considered for this study, are presented in
Table 1, for the three described stages and measurement points.
2.2. Modeling of the described flue gas treatment

Given the steps described above, the modeling of the flue gas
treatment process has been also divided in three main sections:
flue gas cooling tower, acid gases and mercury removal stage,
and selective catalytic reduction unit. The analysis of the process
has been performed using two complementary strategies. In a first
stage, a thermochemical equilibrium approach allowed the analy-
sis of mercury speciation in the different compartments of the gas
unit layout and analyzed sections.



Table 1
Average flue gas composition at the three measurement points and operating parameters.

Flue gas composition

Spray tower inlet (ST) Fabric filter exit (EF) Chimney exit (CH)

NO (mg/Nm3 dry gas) 280.2 ± 21.5 290.7 ± 36.0 58.1 ± 10.8
HCl (mg/Nm3 dry gas) 785.0 ± 78.0 5.7 ± 1.6 5.5 ± 3.3
SO2 (mg/Nm3 dry gas) 32.3 ± 8.0 6.0 ± 1.8 4.7 ± 2.5
O2 (vol% dry gas) 8.6 ± 0.5 9.0 ± 0.5 9.3 ± 1.0
H2O (vol%) 18.4 ± 0.5 19.4 ± 1.8 19.2 ± 1.7
Hg tot (lg/Nm3 dry gas) 98.0 ± 50.2 10.5 ± 6.2 11.0 ± 6.5
Hg n+ (lg/Nm3 dry gas) 90.5 ± 48.7 9.9 ± 5.4 10.3 ± 5.6
Dust (mg/Nm3 dry gas)a – – 0.2 ± 0.1

Average operating parameters
Spray cooling tower Inlet flow rate (Nm3/h) 55,000

Inlet flue gas temperature (�C) 300
Outlet flue gas temperature (�C) 195

Pulse-jet fabric filter Inlet flue gas temperature (�C) 195
Outlet flue gas temperature (�C) 185
NaHCO3 feed rate (kg/h) 80
Average filtration cycle time (s) 600
Activated lignite feed rate (kg/h) 5

Selective catalytic reduction unit Inlet temperature (�C) 185
Outlet temperature (�C) 183
NH3 feed rate (l/h) 15.3

a The dust content in the flue gas was only measured at the chimney exit (CH).
treatment line. Afterwards, considering that the mercury capture
by activated lignite cannot be described by a thermodynamics
analysis, a kinetic approach was used to model the adsorption
phenomena.

2.2.1. Thermochemical equilibrium modeling of mercury speciation
The thermochemical equilibrium approach allows the analysis

of the feasibility or spontaneity of chemical transformations from
the knowledge of the global parameters of the process, i.e. compo-
sition, pressure and temperature (Zhou et al., 2013). Nevertheless,
some limitations must be considered when applying this strategy
to flue gas treatment analysis. In particular, equilibrium calcula-
tions involve a homogeneous and closed-system assumption, and
do not account for concentration or temperature gradients. More-
over, they do not allow the description of physical processes in the
flue gas, such as mercury adsorption by solid reactants or gas-solid
interactions with fly-ashes (Abanades et al., 2002). Only the homo-
geneous reactions between gas-phase reactants can be considered.

Despite these limitations and the fact that the considered flue
gas treatment stages do not reach the thermodynamic equilibrium
state due to their complex operating conditions, the thermochem-
ical equilibrium assumption is generally adequate to analyze the
fate of most gaseous species produced during combustion process.
In particular, different authors have proved that thermodynamic
equilibrium approach gives reasonable results for mercury trans-
formations during coal-combustion flue gas treatment (Hall et al.,
1991, 1990; Zhou et al., 2013), being also considered as a suitable
strategy for the analysis of MSW incineration flue gas (Abanades
et al., 2002; Jannelli and Minutillo, 2006).

In this regard, the thermochemical equilibrium condition of
each section is evaluated by minimizing the Gibbs free energy of
the system (DG) (Nichita et al., 2002; Shabbar and Janajreh,
2012). To perform these calculations, the equilib module of the
software FactSage� was used, considering the average flue gas
composition and process conditions at the inlet of each stage. Ther-
mochemical information of elements and compounds was taken
from the SGPS and ELEM databases included in FactSage� software
(Bale et al., 2016).

2.2.1.1. Flue gas cooling stage. As the main objective of the spray
tower is the cooling of the incineration flue gases, the thermo-
chemical equilibrium approach was employed to analyze the
impact of temperature on the mercury speciation in the gas. More-
over, to better understand the transformations and oxidation
mechanisms taking place during the cooling process, the effect of
the flue gas composition was also investigated. Since O2, HCl, SO2

and NO are the main mercury oxidation agents in the flue gases,
the impact of each individual compound was studied, as well as
their possible interactions.

2.2.1.2. Acid gases and mercury removal stage. The second section of
the flue gas treatment line analyzed in this work includes the
removal of acid gases (HCl, SO2), heavy metals (mainly Hg), and
dioxins and furans from the exhaust stream. For this purpose,
NaHCO3 and powdered activated lignite are directly injected in
the flue gas pipe (in-duct treatment), followed by a solid/gas sep-
aration step in a bag filter. In particular, NaHCO3 is related to acid
gas removal, while activated lignite is associated to mercury abate-
ment (Dal Pozzo et al., 2019; Pavlish et al., 2003; Srivastava et al.,
2001). Considering that the injection of solid reactants is done
simultaneously, the analysis of mercury transformations and mer-
cury removal in this section was performed in two steps. At first,
the influence of NaHCO3 on mercury speciation in the flue gas
was analyzed using a thermochemical equilibrium approach. Then,
since this approach does not allow the description of physical pro-
cesses in the flue gas, the mechanisms related to mercury adsorp-
tion by activated lignite were studied in detail considering the
process kinetics, as described in Section 2.2.2. It is worth mention-
ing that as reported by different authors, the fly-ashes may also
contribute to the mercury removal from flue gases, via heteroge-
neous oxidation and/or adsorption processes, depending on their
unburned carbon content and mineral composition (Feeley et al.,
2009; Hassett and Eylands, 1999; Rumayor et al., 2018). However,
since their mercury capture capacity is considerably low in com-
parison to activated lignite (Karatza et al., 1998; Lighty et al.,
2008), the impact of fly-ashes on mercury removal is not consid-
ered in this study.

2.2.1.3. Selective catalytic reduction unit (SCR) - NOx removal
system. The last stage of the analyzed flue gas treatment line is
dedicated to NOx removal using a selective catalytic reduction unit
(SCR). For this purpose, NH3 is injected into the exhaust stream in
the presence of a catalyzer, promoting the destruction of nitrogen
oxides by their transformation in N2 and H2O (Cheng and Bi, 2014).



Table 2
Activated lignite and adsorbent bed characteristics.

Adsorbent characteristics – Activated lignite HOK�

Particle size d50 (lm) 63
SBET (m2/g) 300
Average pore diameter (lm) 1
Particle porosity (–) 0.5
Particle density (kg/m3)a 700
Elemental analysis
C (wt% db.) 87.9
H (wt% db.) 0.4
O (wt% db.) 0.6
N (wt% db.) 0.5
S (wt% db.) 0.6
Ash (wt% db.) 10.0

Adsorbent bed characteristics
Filtration area (m2) 2290
Even though the capture of mercury compounds was mainly per-
formed by the injection of activated lignite in the previous stage
of the process, a small fraction of pollutants may still remain in
the exhaust stream.

In this regard, in the presented facility layout, the SCR unit is
not directly related to mercury removal. However, it is well known
that selective catalytic units may also oxidize elemental mercury in
the flue gases (Eswaran and Stenger, 2005). In accordance, the
thermochemical equilibrium analysis of this process step may help
to understand the mercury speciation behavior through the SCR
unit and the impact of NH3 injection. In this point it is important
to clarify that as previously stated, the equilibrium analysis does
not allow the study of the heterogeneous reactions between the
flue gases and the catalyzer surface. Only the homogeneous reac-
tions between gas-phase reactants are considered in this work.
Bed porosity (–) 0.5
Air-to-cloth ratio (m/s) 0.007

Langmuir parameters considered for simulationb

K0 (m3/g) 0.37
DHads (kJ/mol) �22
200 �C K (m3/g) 100

xmax (–) 0.055
150 �C K (m3/g) 205

xmax (–) 0.160
120 �C K (m3/g) 312

xmax (–) 0.171

a From (Ruthven, 1984).
b From (Karatza et al., 1996b). HgCl2 adsorption on activated carbon impregnated

with 18.7% Na2S.
2.2.2. Mercury adsorption modeling on activated lignite
The mercury adsorption process in the second stage of the ana-

lyzed flue gas treatment unit was modeled using Aspen Adsorp-
tionTM V8.4. In the presented plant layout, mercury adsorption
takes place predominately in the fabric filter, considering the short
residence time of the reactants in the feeding duct (Scala, 2001a;
Wang et al., 2008). Accordingly, the model is focused on the
description of the fabric filter.

Unlike the thermodynamic equilibrium analysis, the modeling
of mercury adsorption should also take into account the gas flow
and composition through the process, the physico-chemical char-
acteristics of the adsorbent material, and the bag filter operating
parameters, as well as a simplified geometry of the filtration sur-
face. In particular, the impact of different operating parameters
on the mercury removal efficiency was studied. Thus, the activated
lignite flow rate, the temperature through the baghouse, and the
filtration cycle time were the analyzed parameters. In this regard,
a fixed-bed adsorption unit of equivalent surface area to the ana-
lyzed fabric filter was considered. The physico-chemical properties
of the activated lignite, and the characteristics of the modelled
adsorbent bed are summarized in Table 2. Taking into account that
the amount of lignite coke and sodium bicarbonate accumulated in
the bag filter varies with time, the thickness of the filter cake was
determined for a specific filtration cycle time, from the average
mass flow of solid reactants, according to Eq. (1) (Chen and
Hsiau, 2009):

LðtÞ ¼ _mt
Aqp 1� eð Þ ð1Þ

With L the thickness of the filter cake (cm), ṁ the mass flow
rate of activated lignite and NaHCO3 (g/s), t the filtration cycle time
(s), A the filtration area (cm2), qp the solid particles density (g/cm3),
and e the filtration bed porosity (–). It is assumed that the activated
lignite and sodium bicarbonate particles are spherical and uni-
formly dispersed over the entire filtration surface. Additionally,
the gas flow and the reactant injection to the process is considered
constant during the filtration cycle. As previously stated, the con-
tribution of the fly-ashes to the mercury removal is not considered
in this stage.

To take into consideration the mass transfer resistances present
in the gas phase adsorption process (e.g. mass transfer resistance
between the bulk gas phase and the solid interface, and intra-
particle transport mechanism through the adsorbent pore struc-
ture) (Garrick and Bühlmann, 2018), the particle MB2 model in
Aspen AdsorptionTM was used. This model assumes that the acti-
vated lignite particles have a uniform pore structure and that the
effective gas-phase diffusion coefficient is constant. The latter
one is calculated from the values of the mercury diffusion coeffi-
cient in air, reported in the literature, and the Knudson diffusion
coefficient (Skodras et al., 2008; Zhou et al., 2015). For its part,
the boundary layer mass transfer coefficient was determined using
the Sherwood number correlation (Skodras et al., 2008). The pres-
sure and gas velocity inside the bed are related by the Ergun equa-
tion. Moreover, the temperature is considered constant through
the filter, and the mercury adsorption heat effects are neglected
due to the low concentration of mercury in the flue gases.

The Langmuir theory was used to describe the adsorption equi-
librium of mercury on activated lignite. Since no experimental iso-
therm parameters are reported in the literature for this specific
adsorbent/adsorbate couple (e.g. asymptotic adsorbate concentra-
tion xmax, and equilibrium constant K), the corresponding values
for mercury adsorption on sulfur impregnated activated carbon
with similar surface area, proposed by Karatza et al. are considered
in this work (Karatza et al., 1996b, 1996a). Moreover, it is assumed
that in the operating temperature range of the fabric filter, the
temperature dependence of the equilibrium constant K can be
described by an Arrhenius type equation, with K0 and DHads the
preexponential factor and the heat of adsorption, respectively.
These parameters, also proposed by Karatza el al. are summarized
in Table 2.

In accordance, the mercury concentration in the flue gas at the
exit of the fabric filter can be determined by the process simula-
tion. Thus, the mercury removal efficiency (MRE) during a filtration
cycle is calculated from the following equation:

MREð%Þ ¼ CHginlet � CHgoutlet

CHginlet
� 100 ð2Þ

where CHg inlet and CHg outlet are the mercury concentrations at the
inlet and at the outlet of the fabric filter.

2.3. Comparison between simulation and full-scale parametric
analysis results

In addition to the process simulation, a parametric study was
performed in the described flue gas treatment unit to validate
the impact of the operating parameters on the global mercury



Fig. 2. Effect of temperature on mercury speciation transformations. Flue gas
composition at the inlet of the cooling tower as described in Table 1.
removal efficiency of the installation. In particular, the gas temper-
ature at the outlet of the gas cooling tower, the activated lignite
injection rate, and the filtration cycle time through the bag filter
were the parameters considered. The adjustments of the process
parameters were performed independently, and their impact was
evaluated during an observation period of 2 months to take
account of the variability of the flue gas conditions, as summarized
in Table 3.

It is worth noting that the filtration cycle time is also controlled
in industrial facilities by the pressure drop through the filter. In
fact, the filter cleaning is triggered when the filtration time set
point or the pressure drop set point are exceeded, whichever
occurs first. In accordance, both values are presented in Table 3.
Even though the filtration cycle time is inevitably influenced by
other operation parameters like the solid sorbents injection rate,
the analysis of the pressure drop values continuously measured
through the filter during the parametric tests, suggests that the
average interval between two cleaning stages is close to the filtra-
tion cycle time set point, and then, this value can be considered as
a reasonable average for the filter operation.

For the performed parametric tests, the global mercury removal
efficiency was calculated according to Eq. (2), considering the total
mercury concentration measured at the inlet of the cooling tower
(ST) and the chimney exit (CH). To assess the impact of the ana-
lyzed parameters, the mercury removal efficiency of the flue gas
treatment unit was calculated as a monthly average, considering
the observation period of the test runs. Then, the comparison
between the simulation and the full-scale parametric analysis
results was performed. For all the tested operating conditions,
the calculated standard deviation of the monthly mercury removal
efficiency was below 3%, suggesting that the results of the per-
formed parametric analysis are statistically significant and show
the impact of the main process parameters on the flue gas treat-
ment unit performance.
3. Results and discussion

3.1. Flue gas cooling stage modeling

3.1.1. Impact of flue gas temperature on mercury speciation
For the analyzed plant layout, and considering the flue gas com-

position at the inlet of the cooling tower, summarized in Table 1,
the thermochemical equilibrium calculations showed that the pro-
cess temperature in this stage has an important impact on the mer-
cury speciation in the gas. In particular, in the temperature range
between 150 �C and 800 �C, the temperature decrease enhances
the mercury oxidation to HgO and HgCl2, as presented in Fig. 2.

At 800 �C only a small fraction of mercury is present in the flue
gases as HgO, and predominantly exists in its elementary form Hg�.
In contrast, gas cooling below 700 �C results in a fast transforma-
tion of elemental mercury in HgCl2. Clearly, HgCl2 is the main mer-
cury compound formed during the flue gas cooling process under
the analyzed conditions (>99%). This behavior is in agreement with
various reported results, considering that HCl is a significant com-
ponent of MSW incineration flue gas, and chlorine has been iden-
tified as the main gas phase reactant influencing mercury
oxidation (Hall et al., 1991; Xu et al., 2003).
Table 3
Parameter adjustments performed in the full-scale flue gas treatment unit.

Parameter adjustments

Spray cooling tower Outlet temperature
Pulse-jet fabric filter Activated lignite feed rate

Filtration cycle time
In accordance, temperature reduction is a very important step
in the flue gas treatment process, since the removal of oxidized
mercury compounds (Hgn+) can be performed more efficiently, in
comparison to elemental mercury (Hg�) (Carey et al., 1998; Ie
et al., 2013; Pavlish et al., 2003; Rumayor et al., 2018). Therefore,
the increase of the ratio Hgn+/Hg� in the flue gases will be related
to a better mercury removal efficiency in the following steps of
the treatment process.

3.1.2. Impact of flue gas composition on mercury speciation
The impact of the flue gas composition on the mercury specia-

tion was analyzed in detail at the average outlet temperature of the
studied cooling tower (195 �C). As already stated, O2, HCl, SO2 and
NO are the main mercury oxidizing agents present in solid waste
incineration flue gases. In accordance, the influence of each com-
pound was analyzed separately in a first stage, and then, the pos-
sible interactions between them were also evaluated.

– Influence of oxygen concentration

Considering the oxygen concentration in the flue gas (~9%), it
was observed from the thermochemical equilibrium study that
oxygen promotes mercury transformation in HgO, in the absence
of other oxidizing agents, through the following homogeneous
reaction:

Hg0
gð Þ þ 1=2O2 gð Þ ! HgOðgÞ ðR2Þ
Accordingly, the simulation results presented in Fig. 3a show

that the transformation of mercury in HgO takes place in some
extent in the presence of O2. However, even with relatively high
oxygen concentrations in the flue gas (>8%), elemental mercury is
the dominant species leaving the cooling tower.

These results are in accordance with different authors that ana-
lyzed the mercury transformation reactions in simulated incinera-
tion flue gases with similar compositions (Hg + O2 + N2), and
suggest that oxygen is a weak promoter of homogeneous mercury
oxidation in the absence of other oxidizing agents (Niksa et al.,
2001). In contrast, the equilibrium analysis showed that oxygen
is a key factor in mercury oxidation in the presence of other gases
like HCl and SO2, as detailed below.
Observation period

205 �C ? 195 �C 2 months
5 kg/h ? 10 kg/h 2 months
600 s (12 mbar) ? 900 s (14 mbar) 2 months



Fig. 3. (a) Influence of oxygen concentration on mercury speciation in the absence of other oxidizing agents at 195 �C, (b) Influence of HCl concentration on mercury
speciation. 195 �C, 8.6vol% sec O2.
– Influence of HCl concentration

The equilibrium calculations showed that in the absence of
other oxidizing agents, the reaction between Hg and HCl is not pre-
dominant and elemental mercury is the main species observed in
the flue gases. These results, in agreement with different authors,
showed that elementary reactions between Hg and HCl in inert
gas have a very high energy barrier, and does not occur at the typ-
ical cooling tower temperatures in solid waste incineration plants
(e.g. 180–300 �C) (Hranisavljevic and Fontijn, 1997a; Sliger et al.,
2000).

In contrast, it was observed that mercury oxidation by HCl is
favored by oxygen, being mercury chloride (HgCl2) the dominant
compound formed. In this regard, considering the oxygen content
in the analyzed incineration plant, the simulation results show that
mercury oxidation increases with HCl concentration, as presented
in Fig. 3b. Hg� and HgO are the main mercury species in the
absence of HCl. Then, the HgCl2 concentration increases with HCl,
reaching a maximum when a molar ratio HCl/Hg of 2 is attained.
Above this ratio, almost all the mercury in the flue gases is present
as HgCl2 at equilibrium conditions (>99%). This behavior suggests
the following reaction mechanism, postulated by Hall et al (Hall
et al., 1990), with HgO acting as an intermediate in the formation
of HgCl2.

Hg0
gð Þ þ 2HClðgÞ þ 1=2O2 gð Þ ! HgCl2ðgÞ þ H2OðgÞ ðR2Þ

Hg0
gð Þ þ 1=2O2 gð Þ ! HgOðgÞ ðR2aÞ

HgOðgÞ þ 2HClðgÞ ! HgCl2ðgÞ þ H2OðgÞ ðR2bÞ
Several authors have indicated that mercury oxidation may also

occur via chlorine intermediates like atomic chlorine or Cl2. How-
ever, it has been demonstrated that the conversion of HCl to Cl2 in
the flue gas conditions is kinetically limited (Hranisavljevic and
Fontijn, 1997b; Senior et al., 2000; Xu et al., 2003), and accordingly,
the presented mechanism may be the most suitable to explain the
homogenous mercury oxidation by HCl in the analyzed plant
conditions.

– Influence of SO2 concentration

As in the case of HCl, the thermochemical equilibrium calcula-
tions showed that no reactions occur between SO2 and Hg� in inert
atmosphere. In contrast, in the presence of oxygen, HgSO4 (s) may
be the main mercury compound formed during the gas cooling
process. In this case, HgO may also be considered as an intermedi-
ate in the formation of HgSO4 (s), probably following the reaction
mechanism presented below:
Hg0
gð Þ þ 1=2O2 gð Þ ! HgOðgÞ ðR3Þ
HgOðgÞ þ SO2ðgÞ þ 1=2O2 gð Þ ! HgSO4ðsÞ ðR4Þ
Some authors have also suggested that SO2 may have an inhibi-

tory effect on mercury oxidation reactions, because of the compet-
itive formation of SO3 and H2SO4 (Cao et al., 2007; Ochiai et al.,
2009). However, the equilibrium analysis showed that considering
the average concentration of SO2, O2, and Hg in the analyzed flue
gases, and particularly the high SO2 concentration in comparison
to Hg, this inhibitory effect can be neglected.

– Influence of complex gas mixtures

Bearing in mind that MSW incineration flue gas is composed of
a mixture of different gases including HCl, O2, SO2 and NO, their
impact on mercury speciation cannot be analyzed independently,
and their co-influence needs also to be studied. For this purpose,
the average gas composition of the described incineration plant,
presented in Table 1, was considered.

The equilibrium calculation results showed that SO2 has a lower
oxidizing capacity in comparison to HCl. For instance, considering a
SO2 concentration of 32.3 mg/Nm3, the HgCl2 content in flue gas
increases with the HCl concentration, and is the dominant species
above 0.05 mg HCl/Nm3. This behavior suggests that under the
usual conditions of MSW incineration processes, with high HCl
concentrations in comparison to Hg, and high HCl concentrations
in comparison to SO2, the dominant oxidation reactions of elemen-
tal mercury are those with HCl (reaction (R2)).

Moreover, the impact of NO on mercury oxidation is very weak
during gas cooling, and no remarkable differences in mercury spe-
ciation were observed with the change of NO concentration. In
relation to this, some discrepancies have been reported regarding
the influence of NO on the transformation of mercury species. Most
of them are related to the composition of flue gases, depending if
they come from coal combustion or MSW incineration processes.
In the former case, considering the low chlorine content of coal,
some authors have described a strong influence of NO, inhibiting
or promoting homogeneous mercury oxidation reactions, depend-
ing on its amount in the flue gases (Niksa et al., 2001; Rumayor
et al., 2018). In contrast, in the latter case, it has been reported that
NO has a weak influence on mercury speciation, due to the pres-
ence of high HCl concentrations, whose mercury oxidation effect
is dominant in the conditions of flue gas cooling devices (Zhou
et al., 2013).

In this regard, from the performed parametric analysis concern-
ing the flue gas composition, reactions (R2a) and (R2b) are pro-
posed as the most suitable mechanism describing mercury
transformation through the analyzed gas cooling tower.



3.2. Acid gases neutralization and mercury removal stage modeling

As previously described, the analysis of mercury transforma-
tions and mercury removal in this process section was performed
in two steps. At first, the influence of NaHCO3 on mercury specia-
tion in the flue gas was analyzed using a thermochemical equilib-
rium approach. Then, the mechanisms related to mercury
adsorption by activated lignite were studied considering the pro-
cess kinetics.

– Gas treatment with NaHCO3 – Influence on mercury speciation

In general, the acid gases removal from the exhaust stream can
be described by the neutralization reactions (R5)–(R7) (Antonioni
et al., 2014).

2NaHCO3ðsÞ ! Na2CO3 sð Þ þ CO2ðgÞ þ H2OðgÞ ðR5Þ

Na2CO3 sð Þþ2HClðgÞ ! 2NaClðsÞ þ CO2ðgÞ þ H2OðgÞ ðR6Þ

Na2CO3 sð Þ þ SO2ðgÞ þ 1=2O2 gð Þ ! Na2SO4ðsÞ þ CO2ðgÞ ðR7Þ
In consequence, the NaHCO3 injection to the process depends

on the concentration of acid compounds in the gas, and particularly
HCl, which is the predominant one. The thermochemical calcula-
tions results showed that the amount of NaHCO3 fed to the process
has a weak influence on the mercury speciation in the flue gas
stream, and HgCl2 remains the main compound observed in this
process stage. Nevertheless, it is worth noting that two trends were
identified in relation to the NaHCO3 injection and HCl concentra-
tion in the flue gases. In particular, for molar ratios NaHCO3/HCl
equal or below 1, HgCl2 is the main mercury species in the gas
and no changes are observed with the solid reactant amount
increase. In contrast, in the case of an excess of NaHCO3, a fraction
of HgCl2 may react with Na2CO3 to form HgO or Hg� ((R8) and (R9))
(Ruzovic and Svoboda, 2019; Svoboda et al., 2016):

Na2CO3 sð Þ þ HgCl2ðgÞ ! 2NaClðsÞ þ CO2ðgÞ þ HgOðgÞ ðR8Þ

2HgOðgÞ ! 2Hg
�
ðgÞ þ O2ðgÞ ðR9Þ

Considering that the typical temperature range for in-duct gas
treatment process is between 150 �C and 300 �C (Verdone and
De Filippis, 2004), it is worth noting that reactions (R8) and (R9)
may be favored by an increase in the gas temperature. In particular,
the equilibrium calculation results showed that for NaHCO3/HCl
molar ratios higher than 1, a gas temperature increase above
180 �C may result in the reduction of HgCl2 in HgO or Hg�, and
in consequence, may be associated to higher mercury emissions
to atmosphere.

For instance, about 2% of HgCl2 may be transformed to Hg� and
HgO at 190 �C, the average temperature through the fabric filter, if
Fig. 4. (a) Influence of gas temperature and filtration cycle time on mercury removal effi
rate and filtration cycle time on mercury removal efficiency (average temperature in th
a NaHCO3/HCl molar ratio above 1 is assumed. Even though this is
not the case of the analyzed gas treatment unit, in the particular
evaluated conditions (reported daily average operational parame-
ters), the implications of this phenomena cannot be neglected,
since depending on the gas flow and mercury concentration, it
may result in an increase of the mercury emissions to the atmo-
sphere. As already stated, the removal efficiency of mercury from
flue gases is higher for oxidized compounds (Hgn+) in comparison
to elemental mercury (Hg�). In particular, different experimental
reported works, have shown that the HgCl2 adsorption capacity
of carbonaceous materials may be around 500 times higher in
comparison to Hg� (Ie et al., 2013; Karatza et al., 1996a).

– Gas treatment with activated lignite – mercury adsorption

Considering the simulation assumptions previously described,
the impact of the process temperature, filtration time, and acti-
vated lignite injection rate on the mercury removal efficiency
was analyzed. In agreement with the thermochemical equilibrium
analysis results, it is assumed that all the mercury in the flue gas
exists as mercury chloride (HgCl2). Langmuir isotherm parameters
for this compound, reported by Karatza et al. (1996), and summa-
rized in Table 2 were used.

From the simulation results it can be observed that for the oper-
ating conditions of the bag filter, a decrease in the flue gas temper-
ature promotes the HgCl2 adsorption by the activated lignite. For
instance, in the presented case study, a temperature decrease from
200 �C to 180 �C may be related to a rise in the mercury removal
efficiency between 7% and 10%, as shown in Fig. 4a. Furthermore,
it can be observed that removal efficiencies higher than 85% may
be attained at 180 �C.

These results are in agreement with different reported works
concluding that the adsorption capacity of several materials is
inversely related to the process temperature. In the particular case
of mercury capture, several authors suggested that the behavior of
activated carbon and activated lignite is similar, and the mercury
removal efficiency increases with the reduction of the temperature
(Lin et al., 2006; Min et al., 2016). Nevertheless, it is important to
point out that even if a decrease in the process temperature may
promote the mercury capture by activated lignite, a too low tem-
perature level may be detrimental for the acid gas abatement. In
this case, temperatures around 200 �C are required to increase
the reactivity of NaHCO3 and attain a better HCl and SO2 neutral-
ization (Dal Pozzo et al., 2019). In accordance, process temperature
for in-duct and baghouse filtration systems working with activated
lignite and sodium bicarbonate should be chosen carefully,
depending on the pollutants concentration in flue gases.

In addition to the temperature, the simulation results also
showed that the activated lignite amount injected to the process
has a significant impact on the mercury removal efficiency. From
Fig. 4b, it can be observed that at 190 �C, a variation in the acti-
ciency (activated lignite injection 5 kg/h). (b) Influence of activated lignite injection
e fabric filter 190 �C).



vated lignite mass flow rate from 5 kg/h to 7 kg/h is followed by an
increase on the mercury removal efficiency from 5% to 10%. Like-
wise, for the analyzed process conditions, the simulation results
showed that mercury removal efficiencies higher that 95% can be
obtained with activated lignite injection rates above 8 kg/h. These
results are also in accordance with several reported studies, which
showed that the adsorbent amount available for mercury capture
is directly correlated to the mercury removal efficiency in both
laboratory-scale and industrial-scale facilities (Ghorishi and
Gullett, 1998; Li et al., 2018; Scala, 2001b). In fact, higher adsor-
bent concentrations in the flue gases are associated to a greater
collision probability between the solid reactant and the pollutant,
and also a greater surface area available for adsorption. In accor-
dance, higher activated lignite injection rates result in better mer-
cury adsorption efficiencies.

Moreover, it can be noticed from Fig. 4a and b that the increase
in the gas filtration time through the baghouse is also associated to
higher mercury removal percentages. Indeed, longer filtration
cycles result in a greater amount of solid reactant available in
the filter for the pollutant adsorption process, improving the over-
all removal efficiency.

The simulation results also showed that an increase on the mer-
cury concentration in the flue gas may have a negative effect on the
mercury removal efficiency. This impact is nevertheless not signif-
icant (<1%) if the daily average variations of the mercury concen-
tration at the inlet of the treatment unit are considered (Hg
tot = 98 ± 50 lg/Nm3). However, it is worth mentioning that
depending on the nature of the incinerated wastes and their mer-
cury content, some mercury peaks as high as 800–1000 lg/Nm3

may be observed at the inlet of the unit during short periods of
time. In relation to this, the simulation results showed that at
180 �C an increase on the mercury concentration from 98 to
1000 lg/Nm3 in the treated gas results in a 0.5% reduction of the
pollutant uptake (activated lignite injection rate of 5 kg/h and
average filtration cycle time of 600 s). This negative effect may
be stronger at higher temperatures, with a decrease near 4% on
the mercury removal efficiency at 210 �C.

Accordingly, an empirical correlation to predict the mercury
removal efficiency from the main operating parameters of the flue
gas treatment line can be proposed from the simulation results,
considering the impact of the activated lignite mass flow rate
(ṁ), the average temperature through the fabric filter (T), and
the filtration cycle time (t) (Eq. (3)):

MREð%Þ ¼
"

�0:00025tþ 0:27625ð Þ ln ðm_ Þ þ 0:00061tþ 0:34145ð Þ
� �

� 0:00013T2 � 0:04573T þ 4:0194
h i#

� 100 ð3Þ

Withṁ in kg/h, T in �C and t in seconds. Since the flue gas treat-
ment process analysis in this work is based on daily average values,
the occasional peaks on mercury concentration are not considered
in the proposed correlation. The presented expression is applicable
in the temperature and filtration cycle ranges between 180 �C and
210 �C, and 500 s to 900 s respectively, taking into account that
these are the typical operating conditions of full-scale units work-
ing with NaHCO3 and activated lignite, as previously stated. The
validity of this expression to predict the mercury removal effi-
ciency of the analyzed full-scale flues gas treatment unit is dis-
cussed in Section 3.4.
3.3. Selective catalytic reduction (SCR) stage modeling

The flue gas composition measured at the exit of the bag filter
(EF) was considered for the modeling of this process stage. At this
point, small concentrations of HCl, SO2, and mercury compounds
are still present in the flue gas. However, it is possible to observe
that HCl concentration is significantly higher in comparison to
Hg concentration (5.7 mg/Nm3 HCl in comparison to 10.5 lg/
Nm3 Hg tot). Thus, in agreement with the simulation results pre-
sented in the previous section, it is assumed that HgCl2 is the main
mercury species in the gas at the inlet of the SCR unit.

The thermochemical equilibrium calculations showed that for
the average operating conditions of the SCR unit, the NH3 injection
in the flue gas stream does not have a visible reduction effect on
the gaseous HgCl2, and then, no variations were noticed in the mer-
cury speciation. The same behavior was observed with the increase
of the injected NH3 amount above the stoichiometric molar ratio
NH3/NO. Even if the thermochemical equilibrium approach is not
suitable to analyze the reactions taking place at the surface of
the catalyzer, it is worth noting that several studies have shown
that a certain amount of mercury may be adsorbed by the SCR unit,
competing with NH3 and HCl (Eswaran and Stenger, 2005; Presto
and Granite, 2006). This phenomena might be associated to a sud-
den desorption of mercury when the concentration of NH3 or HCl
increases, along with a mercury peak at the chimney exit (Presto
and Granite, 2006; Reissner et al., 2015). Nevertheless, this event
was not identified in the analyzed gas treatment unit, and no par-
ticular variations in mercury speciation were observed through the
SCR reactor.
3.4. Comparison between process modeling and full-scale parametric
analysis results

In relation to the mercury speciation, the thermochemical equi-
librium simulation results are in agreement with the flue gas com-
position measured at the three selected points of the treatment
line. In particular, it was noticed that under the described average
process conditions and as observed in Table 1, mercury is mainly
present in the flue gas in an oxidized form (Hgn+), most likely
HgCl2, considering the relatively high HCl content in the gas stream
in comparison to Hg. From the measured gas composition and spe-
ciation, it was possible to observe that at the inlet of the spray
tower (ST), almost 90% of the total mercury correspond to oxidized
compounds (Hgn+). Similarly, this value is near 95% at the exit of
the fabric filter (EF) and the chimney (CH). The differences with
the simulation results, suggesting that almost all the mercury is
found in oxidized form (>99%), are certainly related to the fact that
the full-scale process is not at perfect equilibrium, and then, the
complete oxidation of mercury is not attained during the flue gas
residence time in the process compartments.

Furthermore, in relation to the mercury removal efficiency, the
simulation results showed that an increase in the process perfor-
mance can be achieved by the use of different strategies. For the
typical composition of MSW incineration flue gases (i.e. [HCl] �
[Hg] and [HCl] � [SO2]), it was observed that the reduction of
the mercury emissions to the atmosphere is related to lower pro-
cess temperatures, higher activated lignite injection rates, or
longer filtration cycle times. This is in agreement with the results
of the parametric analysis performed in the full-scale unit and
summarized in Table 4.

In particular, it was observed that a flue gas temperature
decrease of 10 �C (from 205 �C to 195 �C) at the exit of the cooling
tower (activated lignite injection rate of 5 kg/h and average filtra-
tion cycle time of 600 s), resulted in a rise on the measured plant
mercury removal efficiency around 5%, close to the calculated val-
ues (~6%). As previously described, this trend may be associated to
an increase in the oxidized mercury content in the flue gas, and the
enhancement of the mercury adsorption capacity by activated lig-
nite, promoted by a temperature reduction.



Table 4
Mercury removal efficiency measured during the full-scale parametric analysis and comparison to calculated values.

Operating parameters Measured MRE Calculated MRE (%)

Baseline conditions Temperature – exit cooling tower: 205�C
Activated lignite injection rate: 5 kg/h
Filtration cycle time: 600 s (12 mbar)

86.4 ± 2.5% 83.7%

Parametric test 1 Temperature – exit cooling tower: 195 �C Activated lignite injection rate: 5 kg/h
Filtration cycle time: 600 s (12 mbar)

91.2 ± 0.5% 88.6%

Parametric test 2 Temperature – exit cooling tower: 195 �C Activated lignite injection rate: 10 kg/h
Filtration cycle time: 600 s (12 mbar)

95.5 ± 0.5% 97.2%

Parametric test 3 Temperature – exit cooling tower: 195 �C Activated lignite injection rate: 5 kg/h
Filtration cycle time: 900 s (14 mbar)

93.2 ± 0.3% 94.8%
Likewise, it was noticed that a rise on the activated lignite injec-
tion rate from 5 kg/h to 10 kg/h (0.5–1 kg/ton waste) resulted also
in an average increase of mercury removal efficiency of near 5%
(195 �C at the exit of the cooling tower and average filtration cycle
time of 600 s), compared to the calculated value from the simula-
tion results (~9%). A similar observation was made regarding the
filtration cycle time in the baghouse filter (also controlled by the
pressure drop through the filter). In particular, an increase from
600 s to 900 s (pressure drop from 12 mbar to 14 mbar) was fol-
lowed by an improvement of the mercury removal efficiency near
3% (195 �C at the exit of the cooling tower and activated lignite
injection rate of 5 kg/h), compared to a calculated value of 7%.
The differences between the simulation results and the measured
values are probably related to the simplifications adopted for the
modeling process. In particular, the activated lignite and NaHCO3

deposition on the filter surface is not homogeneous in real opera-
tion devices, resulting in reduced mercury removal performance.
Moreover, non-uniformities in the gas flow may also occur during
the filter cleaning cycles. Nevertheless, the observed trends show
that despite these slight differences, the proposed modeling
approach is suitable for the description of the analyzed process.

Considering that full-scale parametric analysis are not often
possible due to the high operational costs of incineration facilities,
this study confirmed the suitability of the presented process simu-
lation strategy to evaluate the behavior of industrial flue gas treat-
ment units, and determine the operation parameters that may
have the greatest impact on the mercury removal efficiency of
the process. In the same way, the proposed empirical expression
to predict the mercury removal efficiency from the knowledge of
the fabric filter main operating parameters can be a useful tool
for full-scale facilities equipped with dry flue gas treatment units
working with NaHCO3 and lignite coke.
4. Conclusion

The process simulation and parametric study performed in a
dry full-scale flue gas treatment unit showed that an improvement
on the mercury removal efficiency can be attained by properly
adjusting different process parameters like temperature, adsorbent
injection rate, or filtration cycle time. Considering the typical flue
gas composition of municipal solid waste incineration facilities, a
decrease in the process temperature results in better mercury
removal efficiencies, associated to a higher oxidation extent of ele-
mental mercury on HgCl2, and an enhanced adsorbent capacity.
Moreover, a reduction of mercury emissions may be attained by
increasing the adsorbent injection rate to the process, or the filtra-
tion cycle time through the fabric filter.

Considering that full-scale parametric analysis are not often
possible due to the high operational costs of incineration facilities,
this study confirmed the suitability of the proposed process simu-
lation strategy to evaluate the behavior of industrial flue gas
treatment units, and determine the operation parameters that
may have the greatest impact on the mercury removal efficiency
of the process. An empirical correlation to predict the mercury
removal efficiency from the main treatment line operating param-
eters was proposed, representing a useful tool for full-scale facili-
ties equipped with dry flue gas treatment units using NaHCO3

and lignite coke.
The approach developed in this work, combining thermody-

namics and kinetics modeling at full scale to understand the mer-
cury transformation mechanisms in the flue gas seems to the best
of our knowledge, to be a significant contribution to the state-of-
the-art.
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