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1. Introduction

Among the various air pollutants emitted from coal-fired power
plants, elemental mercury is a major environmental issue that has
attracted considerable attention in recent year [1–4]. A variety of
solutions have been studied to develop efficient and cost-effective
technologies to remove mercury from coal-fired power plants,
including conventional air pollution control devices (APCDs),
sorbent injection, electro-catalytic oxidation, photochemical oxi-
dation, injection of oxidizing agents and catalytic oxidation [5]; a
very comprehensive review of patents and papers on the several
technical solutions proposed for mercury abatement has been
recently given by Gao et al. [1].

Mercury (with typical concentrations of 10–100 lg/m3) exists
in three forms in coal-fired flue gas: elemental mercury (Hg0), oxi-
dized mercury (Hg2+, mostly in the form of HgCl2), and particle-
bound mercury (Hg(p)) [6–8]. Hg2+ and Hg(p) are relatively easy
to remove from flue gas by using typical APCDs, such as ESPs and
wet-FGD. Elemental mercury, Hg0, instead, is difficult to capture
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Notation

a NH3/NO inlet ratio
ASup Surface area [m2/g]
AV Area velocity = volumetric flow rate/monolith geomet-

ric surface [Nm/h]
Ci Concentration of i-th species [mol/cm3]
CNO,NH3

NO, NH3 dimensionless concentration = Ci=C0
Hg

CHg Hg0 dimensionless concentration = CHg=C0
Hg

DHNH3
Heat of adsorption of NH3 [kcal/mol]

dj Pores mean diameter [Å]
dh Hydraulic diameter of the monolith channel [cm]
Di Molecular diffusion coefficient of i-th species [cm2/s]
Deff,i Effective diffusion coefficient of i-th species [cm2/s]
DK,j Knudsen diffusion coefficient [cm2/s]
ej Porosity (pore volume/catalyst volume) of micro or

macro pores
eTOT Total porosity
EAtt DeNOX

Activation energy of the DeNOX reaction [kcal/mol]
EAtt Hg Activation energy of the Hg0 oxidation reaction [kcal/

mol]
g Effectiveness factor for DeNOX reaction
gHg Effectiveness factor for Hg oxidation reaction
hNH3

Surface coverage of NH3

h Half thickness of the catalytic wall [cm]
kDeNOX

Intrinsic rate constant of the DeNOX reaction [1/s]
kHg Intrinsic rate constant of the Hg0 oxidation reaction

[1/s]
kmt,i Gas–solid mass transfer coefficient of i-th species [cm/s]

KNH3
Adsorption constant of NH3 [cm3/mol]

K�NH3
Dimensionless adsorption constant of NH3 = KNH3 C0

NO
KNH3Hg NH3 inhibition constant in Hg0 oxidation [cm3/mol]
K�NH3Hg Dimensionless NH3 inhibition constant in Hg0 oxida-

tion = KNH3HgC0
NO

L Reactor axial length [cm]
l Gas dynamic viscosity [Pa�s]
q Catalyst bulk density [g/cm3]
qg Gas density [g/cm3]
R Dimensionless group in Eq. (9)
Re Reynolds number = qgvdh=l
s Wall half thickness [cm]
Sc Schmidt number = l=qgDHg

Shi Sherwood number = kmt;idh=Di

v Gas velocity [cm/s]
Ui Thiele number of i-th species
x Transverse intraporous coordinate [cm]
x⁄ Normalized transverse intraporous coordinate = x/s
z Axial coordinate [cm]
z⁄ Graetz coordinate
Z Normalized Z-coordinate = z/L

Subscripts and superscripts
b Gas bulk phase
w Gas–solid interface
m Micropores d < 400 Å
M Macropores d > 400 Å
due to its high volatility and low solubility in water [6,9]. This is
the reason why, at present, none of the existing separation technol-
ogies can guarantee the target of 90% abatement of elemental mer-
cury, as ruled in December 2011 by the Environmental Protection
Agency [3].

Among all the technologies, catalytic oxidation of elemental
mercury to ionic mercury, combined with ESP/FF and/or wet scrub-
bing, is presently the most promising method to achieve, in a cost
effective way, such a target [1]. The literature on catalytic oxida-
tion of mercury has flourished in recent years; several oxidation
catalysts have been studied and reported to be highly active
including noble metals [10–12], transition metal catalysts
[13–16] and, most interestingly, SCR catalysts [17,18]. Indeed, it
is now well known from lab-scale studies and confirmed by field
tests that the presence of a SCR-DeNOX unit affects mercury speci-
ation since the SCR catalyst favors the highly desired conversion of
Hg0 to the ionic species Hg2+ in the presence of HCl in the flue gas;
in the literature the reaction is usually referred to as oxidation of
elemental mercury to ionic mercury, but in practice it is an
oxi-chlorination of Hg0, with stoichiometry:

Hg0 þ 2HClþ 1=2O2 ! HgCl2 þH2O ð1Þ

Several studies have investigated the reaction over V2O5–WO3/
TiO2, mostly with emphasis on catalyst and reactor performances.
A number of macroscopic kinetic effects have been unanimously
recognized in the scientific and technical literature. It is for
instance well known that under typical SCR conditions the conver-
sion of Hg0 increases with increasing V-content of the catalyst [17],
thus V-sites are believed the active sites of the reaction. Also, it has
been reported that the rate of Hg0 oxidation is negligible in the
absence of HCl (in which case adsorption and surface accumulation
of mercury-species occur [19,20]) and it proceeds at high rates in
the presence of HCl [21]. Several authors have shown that the pro-
moting effect of HCl concentration has an asymptotic trend when
explored in a wide concentration range [17,22–25]; this is in line
with the proposal that the active site is a chlorinated V-site [21]
or with the more general assumption that the reaction requires
adsorption of HCl to generate Cl-surface species that react with
gas-phase or weakly bound Hg0 [26–28].

The temperature dependence of Hg0 conversion is typically
reported as moderate or even negative at temperatures above
380 �C [22,26,29,30]; this effect has not been fully explained in
the literature, and assumptions have been made on the limiting
role of adsorption steps. External mass transfer limitations could
explain low values of the apparent activation energy, in analogy
with the case of the SCR reaction [26]. However, Madsen et al.
[31,32] have recently shown, by running experiments over a pro-
prietary V-based catalyst at low space velocity and comparing
them with thermochemical equilibrium calculations, that the oxi-
chlorination of Hg0 (1) is a reversible process and the thermody-
namics are such that Hg0 is the favored species at high tempera-
tures. Indeed the impact of thermodynamics on the speciation of
mercury is well known in the literature of gas-phase chemistry
in incinerators and burners [33–35]. Thus, the moderate or even
reverse temperature dependence of Hg0 conversion could be partly
associated with the approach to thermodynamic equilibrium.

Finally, it is widely recognized that Hg0 oxidation is inhibited by
NH3 [18,20,22,25,29,36,37]. This effect has been mostly explained
by invoking a competitive adsorption of NH3 on the active sites.
Madsen et al. [31,32] have better shown that the inhibition is typ-
ical of low to medium reaction temperatures, while over 325 �C
NH3 apparently acts as a reducing agent for HgCl2. Stolle et al.
[25] have recently confirmed from combined DeNOX and Hg-oxida-
tion tests over SCR monoliths that ammonia can effectively reduce
HgCl2 to elemental mercury at 390 �C.

All these phenomena suggest a certain complexity of the cata-
lytic process, but a clear kinetic and mechanistic interpretation



Table 1
V2O5 load and geometrical properties of the high-dust honeycomb monoliths.

Cat. A Cat. B Cat. C Cat. D Cat. E

V2O5 [% w/w] 0.3 0.6 0.6 1.3 0.6
Pitch [mm] 6.63 7.00 7.11 6.81 7.10
Channel opening [mm] 5.65 6.12 6.31 6.04 6.45
(including the identification of the elementary reaction scheme,
the nature of the catalytic site, the nature of the intermediate spe-
cies and of the rate determining steps) is still missing. The funda-
mentals of the interaction of mercury and chlorine species on V-
based catalysts are however being addressed in the recent litera-
ture by the means of DFT analyses [38–40].

In this work, we focus on the impact of ammonia inhibition on
Hg0 oxidation in reaction (1). As mentioned by Niksa and Sibley
[41], the existence of NH3 inhibition suggests an analogy between
the Hg0 oxidation process and the SO2–SO3 process investigated in
previous studies [42]. The extent of such an inhibition is differently
reported in the literature. Niksa and Sibley [41] have reported Hg0

conversion measurements from a full scale reactor wherein mer-
cury conversion moderately decreased (from 85% to 65%) at
increasing NH3/NO feed ratio from 0 to 0.95. A more pronounced
effect was reported by Niksa and Fujiwara [26], who observed a
decrease of Hg0 conversion from 85 to about 40% at increasing
NH3/NO ratio. Kamata et al. [17] observed instead a dramatic effect
and reported the loss of Hg0 conversion efficiency from 80% to 0%
at increasing NH3/NO feed ratio. The scatter among data, though
obtained at comparable values of space velocity and temperature,
can be partially explained by possible differences in the nature of
coals, which affects the composition of the flue gases and in partic-
ular the concentration of HCl and the content of fly ashes. And
these factors can in turn affect the surface chemistry but also the
accuracy of the speciation measurement, highly critical because
of the inherent complexity of the analysis.

Thus, given on one side the importance of comprehending the
impact of ammonia inhibition on the performance of the reactor,
and on the other side the scatter but also the uncertainty of the
available experimental measurements, in this work we looked for
a chemical engineering analysis of the phenomenon, in order to
better rationalize the ways and the extent of the interaction
between ammonia adsorption and Hg0 oxidation. At this scope
we developed a model of the SCR reactor that incorporates the
description of the diffusion and reaction processes inside the
monolith wall; the model extends the mathematical treatment
developed by Tronconi et al. [43,44], able to describe NOX reduc-
tion and SO2 oxidation in SCR reactors.

Few other studies have addressed the modeling of the SCR pro-
cess, including Hg0 oxidation. Kamata et al. [17] have reported a
simplified plug flow model, which neglects the role of external
and intraporous mass transfer limitations on both reactions. Thus
the DeNOX and the Hg0 oxidation performances were analyzed
on the basis of apparent reaction rates. Niksa and Fujiwara [26]
have first decoupled the contribution of external diffusion resis-
tances on Hg0 oxidation by developing a heterogeneous 1D model,
which has been applied to describe a wide range of data sets from
lab-scale, to pilot scale and full scale plants. Later, Niksa and Sibley
[41] have proposed a complete mathematical treatment that incor-
porates the DeNOX and SO2–SO3 model of Tronconi et al. [44] and
adds to it a description of the Hg0 oxidation process which incorpo-
rates a simplified expression of the effectiveness factor. The model
was applied to simulate several full scale data and analyze the
potential for an improvement of Hg0 conversion by modification
of the macropore void fraction. Emphasis was thus on the integral
performance of the reactor.

With a more fundamental approach, in this work, we focus on
the specific roles that external and internal diffusion resistances
have on the extent of NH3 inhibition; since ammonia concentration
drops to zero within a very thin surface catalyst layer, due to the
diffusion controlled kinetics of the DeNOX process, it may be
expected that inter- and intra-phase mass transfer limitations will
have an important role in determining the impact of ammonia on
the rate of Hg0 oxidation. Accordingly we herein take a close look
at the intraporous field and analyze parametrically which factors
mainly affect the shape of the concentration profiles within the
monolith wall, as a means to rationalize the phenomena observed
at the macro-scale of the reactor. According to the recent findings
by Haldor Topsoe [31,32] and Koeser and coworkers [25], the treat-
ment herein proposed (wherein ammonia is uniquely consumed by
the DeNOX reaction and mercury oxidation is a forward reaction)
applies rigorously to conditions where the approach to thermody-
namic equilibrium or possible reactions of HgCl2 with ammonia are
negligible, thus for temperatures below 350 �C.

The paper consists of three main sections: we first illustrate the
model equations, discussing the assumptions and the rate expres-
sions herein implemented, then we estimate the characteristic
kinetic parameters of the kinetic scheme from independent data
(both at the lab-scale and at the pilot-scale) and verify the model
adequacy against pilot scale data, finally we apply the model to
analyze the concentration and rate profiles inside the reactor for
typical catalyst and reactor conditions and address a parametric
study.
2. Experimental

2.1. Catalysts

Commercial High Dust catalysts were tested in the pilot reactor.
The catalysts have a titanium dioxide (TiO2) matrix honeycomb
type, activated with vanadium pentoxide (V2O5) and tungsten tri-
oxide (WO3). Data on V-loading were provided by the producers
and are reported in Table 1, together with the geometrical param-
eters of the monoliths.

For each catalyst, the pore size distribution curve was deter-
mined by combining the N2 adsorption–desorption isotherm and
the Hg-intrusion measurement on fragments of the monoliths.

2.2. Pilot scale tests on a power-plant stream line

Measurements of NOX and Hg0 conversions were obtained from
a stream line at the Enel coal fired power plant in La Spezia (Italy).
La Spezia Unit #3 is a 600 MW front coal-fired dry-bottom boiler.
The boiler is equipped with an over firing air system (2 levels)
and low-NOX burners. The power unit burns a blend of bituminous
coals. The first flue gas cleaning device is a high dust DeNOX-SCR
reactor. The SCR reactor consists of three catalyst layers of an over-
all volume of 535 m3. A more detailed description of the plant lay-
out is given in the Appendix. A side-stream reactor is installed in
correspondence with on the first catalyst layer of the full-scale
SCR-DeNOX unit. A slip stream (30–200 m3/h STP) is taken from
the flue gas duct downstream from the NH3 injection and mixing
system and is re-injected in the reactor below the first catalyst
layer. A scheme of the side stream reactor is also provided in the
Appendix, Fig. A1. The catalyst chamber is located in a thermostatic
cell to maintain real flue gas temperature while the pipes and the
fan are insulated and electrically heated. Two segments of com-
mercial honeycomb monoliths (0.15 � 0.15 � 0.25 m each) are
tested in the cell, arranged in series. The flow rate through the cell
is regulated by the mass flow controller acting on a valve located
on the reactor bypass: this allows changing the SV between 3400
and 27,000 1/h [45]. No ammonia flow rate control is operated



Table 2
Reactor model equations for the DeNOX process.

Gas-phase mass balances: with initial conditions:
dCNO

dz�
¼ �4ShNO Cb

NO � Cw
NO

� � (2) CNOjz�¼0 ¼ 1 (3)

dCNH3

dz�
¼ �4ShNH3

DNH3

DNO
Cb

NH3
� Cw

NH3

� � (4) CNH3

��
z�¼0 ¼ a (5)

with z� ¼ z
z=dh

ReSc

Gas–solid continuity equations:

ShNO Cb
NO � Cw

NO

� �
¼ DNH3

DNO
ShNH3 Cb

NH3
� Cw

NH3

� � (6)

ShNO Cb
NO � Cw

NO

� �
¼ DaDeNOX g

K�NH3
Cw

NOCw
NH3

1þ K�NH3
Cw

NH3

(7)

with effectiveness factor g, developed by Tronconi et al. [42] for Ealey Rideal
kinetics in a slab:

g ¼
ffiffiffi
R
p

U
1

K�NH3
Cw

NOCw
NH3

1þK�NH3
Cw

NH3

with U ¼ s

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
kDeNOX

Deff ;NO

s
(8)

R ¼ Cw2

NO � C2
NO;0 þ 2ðS1 � S2Þ Cw

NO � CNO;0 � S2 ln
Cw

NO þ S2

CNO;0 þ S2

� �
(9)

S1 ¼
Deff ;NH3

Deff ;NO
Cw

NH3
� Cw

NO
(10)

S2 ¼ S1 þ
Deff ;NH3

Deff ;NO
� 1
K�NH3

(11)

CNO;0 ¼ �S1 or CNO;0 ¼ 0 if S1 > 0 (12)
and the (NH3/NOX) feed ratio in the pilot reactor is the same as in
the full scale DeNOX unit.

Sampling ports are located upstream and downstream (an addi-
tional sampling point is located between the two segments) that
allow analysis of the inlet and outlet concentration of NO and O2

as well as the speciation of mercury (Hg0, Hg2+). NO and O2 are
measured, respectively, by a non-dispersive infrared (NDIR)
method and a paramagnetic one. NH3 is measured only down-
stream the catalyst at least twice for each experimental condition
by an UV spectrometer, using a calorimetric analysis with Nessler
reagent. The inlet ammonia is monitored by NH3/NO feeding ratio
of full-scale reactor (recorded data by plant information system).
Mercury speciation is measured by an on-line monitoring system
developed by ENEL Research based on a modified Ontario Hydro
method [46,47]; a detailed description is provided in the SI.

Catalyst A–D were tested in the stream-line pilot reactor, col-
lecting simultaneously data of NO conversion and Hg0 conversion.
The catalysts were conditioned in the side-stream reactor for a
time period of 70–100 h under working conditions, before conver-
sion measurements were made.

The gas stream typically contained 300–500 ppm NOX, 500–
1000 ppm SO2, 20–40 ppm HCl, about 10% H2O, 9% CO2 and 4% O2.

2.3. Hg0–Hg2+ tests on monoliths in lab-scale reactor

The laboratory apparatus consists of three main sections (1) flue
gas generation system; (2) catalytic cell; (3) measuring section.
The synthetic flue gas mixture is chosen to simulate the gas com-
position typical of coal combustion without ash. The flue gas is
obtained by mixing different components coming from high pres-
sure cylinders (NO, SO2, O2, CO2, NH3, N2). Hg0 is fed in the vapor
phase from a saturator maintained at 50 �C under N2 flow. HCl is
added, directly in the oven at 150 �C, to the reacting mixture
upstream from the reactor by a peristaltic pump which fed a con-
stant flow of 0.8 ml/min of aqueous solutions with varying HCl
concentrations. All components are mixed together in the same
oven at 150 �C. The Pyrex glass micro reactor is designed to hold
one monolith catalyst sample (20 � 20 � 400 mm3) and it is placed
in an oven that can be heated up to 400 �C. A bypass system allows
to measure on-line the flue gas composition (NO, SO2, O2, CO2, NH3,
N2, Hg0, Hg2+) alternatively upstream and downstream the catalyst.
In particular, inlet and outlet mercury concentration is measured
by a continuous mercury analyzer derived from a Perkin–Elmer
Flow Injection Mercury System (FIMS). Finally, NOX and SO2 con-
centrations are analyzed by means of a NDIR spectrometer and
O2 content is evaluated thanks to a paramagnetic analyzer.

Small portions of Catalyst E, consisting of 3 � 3 channels ele-
ments with a total length of 20 cm, were cut from the commercial
monolith module. The single catalyst element was placed in a cylin-
drical quartz reactor after tight wrapping in alumina cloth to avoid
any by-pass; the reactor was then inserted in a heated chamber.

Reactivity tests were performed without any conditioning treat-
ment of the catalyst: experimental data were collected when sta-
tionary Hg0 conversion performances were reached.

2.4. DeNOX kinetic tests over powders

The intrinsic kinetics of the DeNOX reaction was measured for
each catalyst in a micro flow reactor over powdered samples. The
commercial monoliths were crushed into fine powders (<200
mesh), which, mixed with inert quartz particles (140–200 mesh),
were packed in a quartz microreactor (9 mm of internal diameter).
In the experiments, 30 mg of catalytic powders were diluted with
quartz until reaching 5 mm of bed height. The reactor was placed
in a furnace and the temperature was controlled by a thermocou-
ple directly inserted in the catalytic bed. The simulated flue gas
consisted of N2, air, NO/He, NH3/He, SO2/He and CO2, all supplied
by high pressure cylinders and controlled by mass flow controllers
(Brooks 5850); the supply of water was controlled by a liquid mass
flow controller (Flomega 5881). N2, air, CO2 and water were mixed
upstream from the oven, while NO, NH3 and SO2 were added
directly inside the reactor and mixed with the feed steam through-
out a bed packed with inert granular quartz, in order to ensure a
uniform flow distribution. The quantitative detection of reactants
and products was done by the use of an on-line FTIR analyzer (Mul-
tigas 2030, MKS). Catalytic samples were first pretreated at 450 �C
in O2 (2% in He with a total flow rate of 650 Ncm3/min) for 2 h. The
SCR activity tests were carried out with a total flow rate of
650 Ncm3/min and a composition of 30 ppm of NO, 10 ppm of
SO2, 3.5% of O2, 1% of CO2 and 7% of H2O in nitrogen. NH3 was
fed at two concentrations, 33 and 150 ppm to study the kinetic
dependence of the DeNOX reaction from NH3 adsorption.
Temperature was randomly varied in between 250 and 400 �C,
thus including typical industrial conditions.

3. Development of a 1D + 1D model of the reactor with solution
of the intraporous field

Since the focus of the present study is the analysis of the effect
of NH3 on Hg0 oxidation within the catalyst wall, we herein
neglected SO2 oxidation. This process also occurs within the mono-
lith wall, and is inhibited by NH3 adsorption, as illustrated in pre-
vious studies from our group [42]. The incorporation of the mass
balances of SO2 and SO3 in the model is important for a complete
description of the reactor performance but is not strictly necessary
at this stage of the analysis since it does not interfere with the
mass balances of NH3 and Hg0. The kinetics for Hg oxidation,
presented in the following, are representative of a SO2 content of
500–1000 ppm, as typical in coal fired power plants.

3.1. DeNOX process

In previous studies, Tronconi and Forzatti [48] and Tronconi
et al. [43,44] have assessed the adequacy of a one-dimensional het-
erogeneous mathematical model for the description of the DeNOX

process in SCR honeycomb reactors. The model incorporated an



estimate of the local Sherwood number based on the analogy of the
gas–solid mass transfer with the Greatz problem of heat transfer in
square channels with constant temperature; it described the reac-
tion at the wall with an Eley Rideal rate expression and accounted
for the impact of intraporous mass transfer limitations through an
analytical solution of the effectiveness factor (valid for the Eley
Rideal kinetics) for slab geometry. The same lumped model was
herein adopted and is reported in Table 2, Eqs. (2–12), for the sake
of clarity. This system of equations provides a complete character-
ization of the process in terms of axial evolution of the concentra-
tion of reactants in the bulk phase and at the bulk-solid interface,
provided that the geometrical properties, the pore size distribution
and the kinetic parameters for the DeNOX reaction are known.

In addition to it, in order to make available the detailed descrip-
tion of NO and NH3 intraporous concentration profiles, we
addressed the treatment of the intraporous field; first we solved
numerically the reaction and diffusion problem within the mono-
lith wall (which has not been reported for the sake of brevity)
and then we developed approximate analytical solutions of the
intraporous concentration profiles. These are shown in Table 3,
Eqs. (13–16), and represent a complement of the lumped DeNOX

model in Table 2.
Such analytical solutions assume the well known form for

pseudo-first order kinetics:

CiðxÞ ¼ Ci;w
coshðUixÞ
coshðUiÞ

where i = NO or NH3 is the limiting reactant within the wall and the
modified Thiele modulus Ui is defined as:

Ui ¼ h

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
rDeNOX=Ci;w

Deff ;i

s

In other words, it is assumed that the Eley–Rideal reaction rate:
Table 3
Reactor model equations for the DeNOX process: approximate description of the
intraporous field.

If
Deff ;NOCw

NO

Deff ;NH3
Cw

NH3

6 1
then

CNO ¼ Cw
NO

coshðUNOw x�Þ
coshðUNOw Þ CNH3 ¼ Cw

NH3
þ

Deff ;NO

Deff ;NH3

CNO � Cw
NO

� 	 (13–14)

If
Deff ;NOCw

NO

Deff ;NH3
Cw

NH3

> 1
then

CNH3 ¼ Cw
NH3

coshðUNHw
3

x�Þ
coshðUNHw

3
Þ

CNO ¼ Cw
NO þ

Deff ;NH3

Deff ;NO
CNH3 � Cw

NH3

� � (15–16)

with UNOw ¼ h
2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
kDeNOX

hNH3

Deff ;NO

s
; UNHw

3
¼ h

2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
kDeNOX

hNH3 Cw
NO

Cw
NH3

Deff ;NO

s
; hNH3 ¼

K�NH3
Cw

NH3

1þK�NH3
Cw

NH3

;

x� ¼ x
s

Table 4
Reactor model equation for the Hg0 oxidation process.

Gas-phase mass balance:
dCHg

dz�
¼ �4ShHgðCb

Hg � Cw
HgÞ

Solid-phase mass balance:

d2CHg

dx�
2 ¼ U2

Hg
CHgðxÞ

1þ K�NH3 HgCNH3 ðxÞ

with CHg ¼
CHg

C0
Hg

; UHg ¼ s

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
kHg

Deff ;Hg

s
; Bii ¼ Shi

Di

Deff ;i

s
dh

,

with effectiveness factor:

gHg ¼

R 1
0 UHg

CHgðxÞ
1þK�NH3 HgCNH3

ðxÞ dx�

UHg
Cw

Hg

1þK�NH3 HgCw
NH3
rDeNOX ¼ kDeNOX CNO
KNH3 CNH3

1þ KNH3 CNH3

can be reduced either to a first order dependence on NO concentra-
tion (rDeNOX / CNO) when NO is the limiting reactant within the wall,
or to a first order dependence on NH3 concentration (rDeNOX / CNH3 )
when NH3 is the limiting reactant within the monolith wall.

To evaluate which simplifying assumption (either pseudo-first
order in NO or pseudo-first order in NH3) applies at a generic axial
coordinate z, the model compares the ‘‘potential’’ to intraporous
diffusion of the two reactants by evaluating the ratio:

Deff ;NOCNO;w

Deff ;NH3 CNH3 ;w

where Deff,i and Ci,w are the effective diffusion coefficient and the
concentration at the gas–solid interface of the i-th reactant.

If
DNO;eff CNO;w

DNH3 ;eff CNH3 ;w
> 1

then it is assumed that NH3 is the limiting reactant; otherwise, NO
is treated as the limiting reactant.

The adequacy of such approximate treatment was verified by
comparison with the solution of the rigorous problem of diffusion
and reaction for NH3 and NO inside the monolith wall, at varying
NH3/NO ratio and AV. For the sake of brevity we omit examples
of such a comparison; the match was highly satisfactory.

3.2. Hg0 oxidation

The model equations, necessary to describe the oxidation of Hg0

in the monolith channel, are reported in Table 4.
In analogy with the DeNOX process and in line with Niksa and

Fujiwara [26] and Niksa and Sibley [41], a lumped approach was
adopted to describe the mass balance of Hg0 in the gas phase,
Eqs. (17–18). Concerning the intraporous field, the second order
differential mass balance (Eq. 19) was solved in combination with
the boundary conditions at the gas–solid interface (continuity of
the flow, Eq. 20) and at half thickness of the wall (symmetry of
the concentration profile, Eq. 21). Orthogonal collocations were
used to solve the profiles along the intraporous coordinate. Typi-
cally 14 collocation points were necessary to obtain numerical
convergence.

Concerning the reaction kinetics, we adopted a rate expression
of the form:

rHgox ¼
kHgCHg

1þ KNH3HgCNH3

where rHgox is the intrinsic rate per unit catalyst volume, kHg the
intrinsic rate constant, and KNH3Hg the inhibition parameter of
ammonia. A first order dependence on Hg0 concentration was
with initial condition:
(17) CHg

��
z�¼0 ¼ 1 (18)

with boundary conditions:
(19) CHg

dx�

����
x�¼1
¼ BiHg CHg � Cw

Hg

� � (20)

CHg

dx�

����
x�¼0
¼ 0

(21)

(22)



Table 5
Mass transfer correlations.

Gas–solid mass transport correlation [50]:

Shiðz�Þ ¼ 2:977þ expð�57:2 � z�Þ � 6:874 � ð1000 � z�Þ�0:488 (23)

Molecular diffusion of Hg0 [51]:

DHg-N2 ¼ 0:1211 � T
273

� �1:81

(cm2/s), 0–350 �C

(24)

Intraporous diffusion – Random Pore Model [52]:

Deff ¼ e2
MDM þ ð1� eMÞ2Dm þ 2ð1� eMÞeM

2
1

DM
þ 1

Dm

DM ¼ 1
1
Di
þ 1

DK;M

Dm ¼
e2

m=ð1� eMÞ2
1
Di
þ 1

DK;m
assumed, in line with previous works in the literature; the propor-
tionality of the reaction rate on Hg0 concentration was experimen-
tally verified as reported below. An inhibition term by NH3 was also
included in the denominator; such a term has a phenomenological
character rather than a mechanistic one. It is noted, however, that
this same form has been proposed and successfully applied by
several authors to quantify the inhibiting effect of ammonia, based
on the assumption of competitive adsorption on active sites accord-
ing to either Eley–Rideal or Langmuir–Hinshelwood kinetics
[17,27,41]. Notably, a very similar simplified form has been adopted
also to render the inhibiting effect of ammonia on the oxidation of
SO2 to SO3 [48].

At this stage of the work, we did not explicitly express a kinetic
dependence of the reaction rate on the concentration of HCl.

Considering the compositions of the coals treated in the power
plant during the experimental campaign, the parameters of the Hg0

oxidation reaction estimated by fitting the pilot reactor data refer
to an average HCl concentration within the range 20–40 ppm,
where the reaction rate is expected to become less sensitive to
HCl [24]; the qualitative dependence of the reaction rate on HCl
content was experimentally verified in the lab-scale facility, as
illustrated below.

The thermodymanics of Hg0 speciation was analyzed to verify
the possible approach to chemical equilibrium of the oxi-chlorina-
tion process under the operating conditions of the pilot reactor. It
was verified that at temperatures of 300–310 �C the forward reac-
tion is highly favored so that the ratio between the reaction quo-
tient and the equilibrium constant:

Pp
vi
i

.
Keq is << 1

where in pi is the partial pressure of the ith-species and vi its stoichi-
ometric coefficient.

This allows to treat the reaction as a simple forward reaction,
thus neglecting the reversibility of the oxi-chlorination, which
becomes important at higher temperatures. Fig. 1 shows the calcu-
lated mercury conversion at thermodynamic equilibrium, under
typical flue gas conditions of the full scale plant and compares it
with the measurements of Hg0 conversion that were obtained over
the different catalysts at low AV values. Equilibrium compositions
were calculated by minimizing the Gibbs free energy of the react-
ing system and using thermochemical data from the NIST database
[49].
Fig. 1. Solid line: calculated conversion of elemental mercury in reaction R1 at the
thermodynamic equilibrium. Simulated feed composition: Hg0 = 10 lg/Nm3;
HCl = 21 mg/Nm3; NO = 300 ppm; NH3 = 300 ppm; SO2 = 500 ppm; H2O = 10%;
O2 = 5%; CO2 = 9%; N2 at balance. Symbols represent the measured conversions
over the commercial catalysts A–D in the pilot scale tests at AV = 7 Nm/h.
3.3. Transport correlations

Transport properties were described with the correlations
reported in Table 5.

As mentioned above, inter-phase mass transport was described
by the correlation for the local Sherwood number with developing
velocity and concentration profiles (Eq. (23)), whose adequacy has
been widely discussed in the literature [26,50].

The binary molecular diffusion coefficients for NO and NH3 in
N2 were calculated by the formula of Fuller et al. [51]. The molec-
ular diffusion coefficient of elemental mercury was described by
adopting the correlation proposed by Massman [52] Eq. (24), valid
in the temperature range 0–350 �C.

Concerning the intraporous diffusion, for all the reacting species
we adopted the Random Pore Model developed by Wakao and
Smith [53] which describes the catalyst wall as an aggregate of
microporous particles with interstices, representing the macropos-
ity, and the diffusion flow within the catalyst wall as a combination
of molecular and Knudsen diffusion though micropores, through
macropores and through macro and micro pores in series. We
herein neglected the contribution of very large pores, with diame-
ter >2000 Å.
4. Morphological characterization

Fig. 2 reports the cumulative pore volume curves of the four
commercial catalysts; they were obtained by combining the Hg-
adsorption curve and the N2-desorption curve for each sample.
The observed pore distributions are clearly the combination of var-
ious contributions.

Cat A and Cat B have a distinct bi-modal distribution with an
important volume of mesopores (with average diameter of about
150 Å) and a contribution of macropores (with average diameter
of 1000 Å). For Cat C and Cat D the decoupling of the contributions
is difficult, being them very close in the range of mesopores: in
these cases, the pore distributions have been treated as mono-
modal distributions. In all the samples a small volume was mea-
sured in correspondence with very large pores (around 10,000 Å)
which are likely associated to small fractures or roughness on
the monoliths geometric surface, visible by SEM inspection. Table 6
reports the discretization of the pores size distributions that have
been used in the model for evaluating the effective diffusion coef-
ficients (as illustrated below) as well as the surface areas of the cat-
alysts. The calculated surface area values (assuming cylindrical
pores) are in each case very close to the measured BET surface
areas that are also reported in Table 6.

Using the correlations reported in Table 5 and the morphological
data reported in Table 6, the diffusion coefficients of the reacting
species were calculated at 573 K (Table 7). Notably, NH3 molecular
diffusivity in N2 is comparable to NO molecular diffusivity; instead,
the NH3 effective diffusivity is about 30% higher than NO effective



Fig. 2. Pore size distributions, obtained by the combination of Hg adsorption curves and N2 desorption curves.

Table 6
Discretization of the pore size distribution.

Cat. A Cat. B Cat. C Cat. D Cat. E

dm [Å] 160 160 210 240 190
dM [Å] 1000 900 1100
em [-] 0.28 0.31 0.43 0.49 0.4
eM [-] 0.16 0.15 0.14
eTOT(d < 105 Å) [-] 0.44 0.49 0.46 0.52 0.55
q [g/cm3] 1.38 1.53 1.37 1.34 1.51
Asup,BET [m2/g] 54.5 53.1 60.1 60.9 63.26
diffusivity, due to the prevailing role of Knudsen diffusivity. Both in
the gas phase and in the porous wall, Hg0 diffusion is much slower
(3–4 times) than the diffusion of the DeNOX reactants.
5. Parameter estimate by analysis of either kinetic tests on
powders or tests on monoliths

5.1. DeNOX process

The kinetic constants of the NH3-SCR reaction were indepen-
dently estimated from experiments on powders. Fig. 3 shows as
an example the results of the activity tests on catalyst B; these
were performed at NO concentration of 30 ppm and NH3 concen-
tration of 33 and 150 ppm, at varying reaction temperature. The
data were thus informative on the intrinsic kinetic constant and
the activation energy of the SCR reaction, but also on the ammonia
adsorption capacity and the heat of adsorption. An effect of ammo-
Table 7
Binary diffusion coefficients and effective diffusion coefficients at 300 �C.

Cat. A Cat. B

DNO [cm2/s]
DNH3 [cm2/s]
DHg [cm2/s]
Deff ;NO [cm2/s] 1.17 � 10�2 1.17 � 10�2

Deff ;NH3
[cm2/s] 1.48 � 10�2 1.48 � 10�2

Deff ;Hg [cm2/s] 4.72 � 10�3 4.72 � 10�3
nia concentration was in fact found, even under NH3/NO ratios >1,
because of the extremely low concentration of reactants.

Parameters were estimated by fitting a 1D pseudo-homoge-
neous reactor model (not reported for brevity); the model con-
sisted of the mass balances for NO and NH3 and incorporated the
Eley Rideal kinetics. Model fit is also reported as solid lines in Fig. 3.

Kinetic and adsorption parameters are reported in Table 8.
Notably, the estimates of KNH3 and the estimates of the adsorption
enthalpy were the same for the various catalysts, regardless of the
different V-content. The parameters have been compared with
those estimated in the past on analogous commercial catalysts
from various providers, and a very good match was found [54].

Notably, as shown in Fig. 4, the estimates of kDeNOX at 300 �C
form a systematic and approximately linear growing trend with
increasing V load, as expected form the literature [54,55].

Based on the independent estimates of the kinetic parameters,
the morphological properties of the catalysts and the geometrical
data of the monoliths, the model of the reactor was applied to pre-
dict the pilot scale tests. Model predictions at varying AV are com-
pared with the measurements of NOX conversion in the stream line
facility in Fig. 5. The validation was fully satisfactory for each com-
mercial catalyst.
5.2. Hg0–Hg2+ process

Estimates of the intrinsic kinetic constant for Hg0 oxi-chlorina-
tion on catalysts A–D were obtained directly from the data col-
Cat. C Cat. D Cat. E

7.60 � 10�1

7.18 � 10�1

4.63 � 10�1

1.17 � 10�2 1.17 � 10�2 1.17 � 10�2

1.48 � 10�2 1.48 � 10�2 1.48 � 10�2

4.72 � 10�3 4.72 � 10�3 4.72 � 10�3



Fig. 3. NH3-SCR lab-scale tests on powders, Cat B. Symbols: measured NO and NH3

conversion at two values of NH3/NO ratio. Feed composition: NO = 30 ppm;
NH3 = 33–150 ppm; SO2 = 10 ppm; H2O = 7%; O2 = 3.5%; CO2 = 1%; N2 at balance.
Solid lines: fit of the experimental data.

Fig. 4. Estimates of the intrinsic DeNOX contant kDeNOX (calculated @ 300 �C) vs V2O5

load.
lected at the stream line facility; the complete reactor model
(equations in Table 4) was adapted to the measured conversions
of Hg0, taking into account the simultaneous occurrence of the
DeNOX process. Data and quality of the model fit are reported in
Fig. 6.

Since all the available tests refer to NH3/NO inlet ratios equal to
or lower than 0.8 (the operating condition of the full scale SCR
reactor in the power plant), no specific piece of information was
available to estimate the kinetic dependence of Hg0 oxidation on
NH3 concentration. We set the dimensionless parameter K�NH3

in
Eq. (8,15) to the reference value of 50,000, which is the same
parameter value that was introduced to account for the inhibiting
effect of ammonia on SO2–SO3 oxidation in previous works [48].

Given the complexity and relatively high uncertainty of the
mercury analysis the match in Fig. 6 is satisfactory. Table 8 reports
the estimates of the intrinsic rate constants at 300 �C for the vari-
ous catalysts under study; they are also plotted in Fig. 7 and show a
systematic increasing trend at increasing V content of the catalysts.
Table 8
Estimates of the kinetic parameters.

Cat. A Cat. B

kDeNOX (300 �C) [1/s] 4.09�102 5.36�102

EAtt DeNOX
[kcal/mol] 20 19

kHg (300 �C) [1/s] 2.46�102 4.01�102

EAtt Hg [kcal/mol] 21 21
KNH3 (300 �C) [cm3/mol] 3.76�109 3.76�109

DHNH3 [kcal/mol] -20 -17
KNH3Hg (300 �C) [cm3/mol] 2.35�109 2.35�109
A further support to the kinetic analysis was provided by the
activity tests on catalyst E, performed on 3 � 3 channels monoliths
in the testing unit at the Enel labs. Experiments were performed at
the AV value of 14 Nm/h at varying temperature, HCl concentration
and Hg0 concentration. Fig. 8a reports the measured effect of vary-
ing HCl concentration from 5 to 80 mg/Nm3. It was found that the
promoting effect of HCl is almost linear at low HCl concentration,
but becomes moderate at higher concentrations, close to those typ-
ical of the the full scale and pilot scale reactor (that is HCl concen-
tration higher than 10 mg/Nm3); here the residual promoting
effect of HCl appears comparable with the experimental uncer-
tainty of the pilot scale facility. The experiments at varying Hg0

concentration (Fig. 8b) showed nearly constant values of conver-
sion, which supports the assumption in Eq. (17) of first order
dependence of the reaction rate on mercury concentration, in line
with several previous studies [17,26,41].

The data on the effect of temperature (Fig. 9) were exploited to
obtain an independent estimate of the activation energy. This
amounted to 21 kcal/mol; such an estimate could be obtained
because of the capability of the model to decouple the effect of
interphase mass transfer in the monolith channels and chemical
reaction at the wall. This activation energy well compares with
the value of 18 kcal/mol estimated by Eswaran and Stenger [22]
over honeycomb monoliths at temperatures below 375 �C.

The same activation energy was assumed for Catalysts A–D.
Though smaller, the estimated intrinsic reactivity of catalyst E

at 10 mg/Nm3 HCl can be reasonably compared with the reactivity
of the catalysts B and C (measured under real feed conditions in the
stream line reactor). Fig. 9 shows in dotted line the prediction of
Hg0 conversion under the temperature and AV conditions of the
lab-scale facility, but assuming the intrinsic reactivity of catalyst
B. The predicted conversions are about 7–10% higher than those
measured on catalyst E; however, based on the measured effect
of HCl concentration (Fig. 8a), such a gap is fully coherent with
Cat. C Cat. D Cat. E

6.72�102 1.03�103 3.13�102

20 18 23
5.71�102 3.80�103 1.25�101

21 21 21
3.76�109 3.76�109 3.76�109

-17 -17 -10
2.35�109 2.35�109 2.35�109



Fig. 5. Experimental campaign on monoliths, stream line reactor. T = 310 �C, NO concentration = 350 ppm. Symbols: measured NO conversion at varying AV. Dotted lines:
values of the inlet NH3/NO ratio measured in the stream line. Solid lines: model predictions.

Fig. 6. Experimental campaign on monoliths, stream line reactor. Symbols: measured Hg0 conversion at varying AV. Solid lines: model simulations.
the difference of HCl concentration (10 mg/Nm3 vs. likely >20 mg/
Nm3) between the tests in the lab-scale facility and the tests in
stream line facility.
6. Analysis of the reactor performance under reference
conditions

It is now interesting to examine more closely the performance
of the whole reactor and specifically to take a close look at the con-
centration profiles of all the reactants along the channels and
inside the monolith wall. Fig. 10 plots the predicted axial conver-
sion profiles of NO, NH3 and Hg0 for the four catalysts tested in
the pilot scale reactor, at AV = 7 Nm/h and alpha = 0.8, that is under
typical operating conditions of the full scale reactor.

The evolution of the conversion profiles show that the DeNOX

process starts at an higher rate than Hg0 oxidation, over all cata-
lysts; this is due to the different intrinsic rates of the chemical pro-
cesses, and partly to the inhibiting effect of NH3 on Hg0 oxidation
that is especially important at the reactor inlet, where NH3 concen-



Fig. 7. Estimates of the intrinsic Hg0 oxidation constant kHg (calculated @ 300 �C) vs
V2O5 load.

Fig. 8. (a): Measured effect of HCl feed content on Hg0 conversion for Catalyst E at
310 �C, AV = 14 Nm/h. Feed composition: Hg0 = 10 lg/Nm3; NO = 300 ppm;
SO2 = 500 ppm; H2O = 10%; O2 = 5%; CO2 = 9%; N2 at balance. (b): Measured effect
of Hg0 feed content on Hg0 conversion for Catalyst E at 310 �C, AV = 14 Nm/h. Feed
composition: HCl = 10 (circles) – 80 (squares) mg/Nm3; NO = 300 ppm; SO2 = 500 -
ppm; H2O = 10%; O2 = 5%; CO2 = 9%; N2 at balance.

Fig. 9. Symbols: measured effect of temperature on Hg0 conversion for Catalyst E.
Feed composition: Hg0 = 10 lg/Nm3; HCl = 10 mg/Nm3; NO = 300 ppm; SO2 = 500 -
ppm; H2O = 10%; O2 = 5%; CO2 = 9%; N2 at balance. Solid line: model fit and
estimation of activation energy (kHg = 1.7 � 102 1/s; EATT Hg = 21 kcal/mol). Dotted
line: expected performance of catalyst B under the same test conditions of catalyst
E (kHg = 4.01 � 102 1/s; EATT Hg = 21 kcal/mol).
tration is high. Considering the whole reactor length, however, it is
noted that while most of the DeNOX process occurs within the first
half of the reactor, as long as NH3 is available, Hg0 consumption
proceeds along the whole reactor length because of the absence
of any stoichiometric constraint. For the same reason, while at
AV = 7 Nm/h there is no integral effect of the V-loading on the
DeNOX efficiently (fully controlled by the stoichiometry), the axial
Hg conversion profiles significantly grow at increasing V-content
from catalyst A, to catalysts B and C, to catalyst D.

Concerning the impact of external mass transfer limitations,
Fig. 11 shows, for the case of Catalyst B, the calculated axial profiles
of concentration in the bulk and at the gas–solid interface (indi-
cated with the subscript ‘‘wall’’ in the figure) for the various reac-
tants. The kinetic role of gas–solid diffusion, as well known in the
literature, is very important in the case of the DeNOX process which
proceeds under a mixed diffusion-chemical regime; in fact, in
Fig. 11 the calculated concentration of NH3 (the limiting reactant)
at the wall is much lower than the corresponding concentration in
the bulk phase and drops very rapidly after the entry region of the
reactor. For the case of Catalyst B, we calculate a Damköhler num-
ber of the DeNOX reaction of about 20 at 300 �C. Important, but less
dramatic was found the impact of the external diffusion on the Hg0

oxidation process, whose asymptotic Damköhler number (evalu-
ated conservatively at the outlet of the reactor, where the inhibit-
ing effect of NH3 is negligible) is about 12; the calculated
concentration of Hg0 at the wall in Fig. 11 is in fact lower than
the bulk phase concentration, but always significantly higher than
zero.

Fig. 12 analyzes the impact of intraporous diffusion limitations;
here the radial concentration profiles of NO, NH3 and Hg0 are cal-
culated at different axial coordinates, assuming an AV value of 21
Nm/h; this corresponds to the flow conditions of the first layer in
a full scale reactor, which typically operates at AV = 7 Nm/h. At
the same axial coordinates, the right hand panels of Fig. 12 also
show the calculated radial profiles of the Hg0 oxidation rate. It is
found that both NH3 concentration and Hg0 concentration drop
to zero within a thin superficial catalyst layer. Since the intensity
of the inhibition decreases with the decreasing concentration of
ammonia, the rate of Hg0 oxidation presents a maximum at some
distance from the gas–solid interface. Such a maximum tends to
increase and shift towards the gas–solid interface with increasing
z/L values, along with the progressive consumption of NH3.

The impact of intraporous resistances combined with that of
NH3 inhibition is also visible from the values of the effectiveness



Fig. 10. NO, NH3 and Hg0 calculated conversion over the normalized reactor axial coordinate for Catalysts A, B, C and D. Operating conditions: AV = 7 Nm/h; T = 300 �C;
a = 0.8; C0

NO = 300 ppm; C0
Hg = 20 lg/Nm3.

Fig. 11. Calculated NO, NH3 and Hg0 concentration profiles in the bulk (solid lines)
and at the wall (dotted lines) concentration along the normalized axial coordinate
for Catalysts B. Operating conditions: AV = 7 Nm/h; T = 300 �C; a = 0.8;
C0

NO = 300 ppm; C0
Hg = 20 lg/Nm3.
factors of the two processes, which are also calculated in Fig. 12. At
the reactor entrance (z/L = 0.025) the effectiveness factor of Hg0

oxidation is twice as that of the DeNOX reaction; here NH3 inhibi-
tion is mostly important and elemental mercury can penetrate
deeper than NH3 inside the catalyst wall. At increasing z/L, while
NH3 inhibition becomes less and less pronounced, the effectiveness
factor of Hg0 oxidation tends to become closer to the effectiveness
factor of the DeNOX process.

Fig. 13 shows the calculated internal profiles of Hg0 oxidation
rate along the reactor for AV = 7 Nm/h (operation of the full scale
reactor with three catalyst layers); it is shown that the rate of
Hg0 oxidation grows along the first half of the reactor due to the
progressive consumption of NH3, while it decreases again along
the rest of the bed because of the decreasing concentration of Hg0.
In summary, an overall analysis of the reactor performance
under reference operating conditions and reference catalyst reac-
tivity, as herein examined, suggests that:

(a) external mass transfer has a very important limiting effect
on the kinetics of the DeNOX reaction, so that NH3 concen-
tration at the gas–solid interface is much lower than the
gas-phase concentration; additionally, intraporous resis-
tances are such that the DeNOX reaction occurs within a very
thin superficial layer. As a consequence, under substoichio-
metric NH3/NO values the amount of NH3 within the mono-
lith wall is small and reduces rapidly along the axial
coordinate of the reactor with the progress of NOX

conversion.
(b) in spite of the relatively slow molecular diffusion of Hg0,

external mass transfer limitations have a less dramatic
impact on Hg0 conversion than on NH3 and NOX conversion.
The oxidation of mercury is in fact a slower catalytic pro-
cess; this is affected by intraporous limitations, so that also
this process proceeds on a superficial layer of catalyst,
wherein NH3 also penetrates. From the simulations of the
pilot scale reactor at AV = 21 and 7 Nm/h, we observe that
in the first layer of a three-layers SCR full scale reactor, the
rate of Hg0 oxidation is slowed down because of NH3 inhibi-
tion. The inhibiting effect becomes instead negligible in the
ending portion of the full scale reactor, because of the sub-
stantial depletion of NH3 within the wall.

7. A parametric analysis of the reactor performance at varying
operating conditions and catalyst reactivity

The analysis of the processes and in particular the impact of
NH3 inhibition on Hg0 oxidation were examined in a wider field,
considering in particular the effects of NH3/NO feed ratio and of
the catalyst intrinsic reactivity.

In the previous paragraph we have seen that under a substoi-
chiometric feed ratio, NH3 concentration is extremely small within



Fig. 12. Calculated NO (black empty circles), NH3 (red empty squares) and Hg0 (blue empty triangles) concentration profiles and (in right had panels) Hg0 oxidation
dimensionless rate along the normalized intraporous coordinate for different axial coordinate, Catalyst B. Full symbols: calculated bulk concentration. Operating conditions:

AV = 21 Nm/h; T = 300 �C; a = 0.8; C0
NO = 300 ppm; C0

Hg = 20 lg/Nm3. Hg0 oxidation dimensionless rate =
s � h
DHg

kHgC
wall
Hg

1þ KNH3 HgC
wall
NH3

 !
. (For interpretation of the references to colour

in this figure legend, the reader is referred to the web version of this article.)

Fig. 13. Calculated Hg0 oxidation dimensionless rate along the normalized intra-
porous coordinate for different axial coordinates, Catalyst B. Operating conditions:
AV = 7 Nm/h; T = 300 �C; a = 0.8; C0

NO = 300 ppm; C0
Hg = 20 lg/Nm3.
the wall, except for the inlet reactor zone, and this limits the inte-
gral effect of NH3 inhibition on Hg0 oxidation at sufficiently low AV
values. However, at NH3/NO feed ratios equal to one or higher, NH3

diffuses within the entire catalyst wall; in this case, the inhibition
on Hg0 oxidation is present throughout the entire reactor volume.

Fig. 14 provides the overall view of the impact of a on the cal-
culated Hg0 conversion at various values of AV. It is shown that
at the lowest AV values (7 and 10 Nm/h), the integral effect of
NH3 inhibition is little for NH3/NO < 1 (Hg0 conversion is in fact
almost constant), and a net decrease of Hg0 conversion occurs only
at a P 1.

At high values of the area velocity (21 and 30 Nm/h), the sensi-
tivity of mercury oxidation on NH3 concentration is more impor-
tant. A moderate slope of Hg0 conversion is present also at a < 1;
this is the result of the inhibiting effect that NH3 ammonia exerts
on Hg0 oxidation in the entry portion of the reactor. Besides, at
a P 1, the drop of Hg0 conversion becomes even more pronounced.

We have verified the sensitivity of the integral effect of NH3/NO
versus representative kinetic parameters. Fig. 15 examines the
sensitivity of the reactor performance on changes of the ammonia



Fig. 14. Parametric analysis: calculated effect of AV on Hg0 conversion at varying a
for Catalyst B. Operating conditions: T = 300 �C; C0

NO = 300 ppm; C0
Hg = 20 lg/Nm3.

Fig. 15. Parametric analysis: calculated effect of KNH3 Hg on Hg0 conversion at
varying a, Catalyst B. Operating conditions: AV = 7 Nm/h; T = 300 �C; C0

NO =
300 ppm; C0

Hg = 20 lg/Nm3.

Fig. 16. Parametric analysis: calculated effect of kDeNOX on calculated Hg0 conver-
sion at varying a for Catalyst B. Operating conditions: AV = 7 Nm/h; T = 300 �C; 
a = 0.8; C0

NO = 300 ppm; C0
Hg = 20 lg/Nm3.
inhibition parameter KNH3-Hg at fixed intrinsic rate constant, kHg.
This parameter is crucial in determining the entity of NH3 inhibi-
tion and the extent of the Hg0 conversion drop at increasing alfa
values. It has a tremendous effect both at low and at high AV val-
ues. This suggests that the tailoring of the catalyst (e.g. the acidity
of the active element and of the support) may represent a key to
weaken NH3 adsorption and its inhibiting effect on Hg0 oxidation.
Also, this consideration opens the opportunity of designing activity
profiles in the SCR reactor, exploiting for instance the intrinsic
modularity (the layers of catalysts) of the reactor.

Fig. 16 shows then the calculated effect of kDeNOX at constant kHg.
A decrease of the intrinsic DeNOX reactivity (which could result for
instance from the catalyst ageing) has an impact on the sensitivity
of Hg0 conversions versus a. While for a catalyst with reference
DeNOX activity as in the case of catalyst B, the Hg0 conversion
curve is affected by NH3 inhibition at a = 1, a tenfold reduction of
the DeNOX reactivity produces a progressive decrease of Hg0 con-
version at increasing alfa. This is due to the fact at lower DeNOX

reactivity, more NH3 is present in the reactor not only because of
the reduced rate of consumption, but also because of the reduced
impact of external and intraporous mass transfer limitations. In
fact, higher concentrations of NH3 are calculated at the wall and
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within the catalyst wall, so that the effective volume of catalyst 
wherein Hg0 oxidation is inhibited by NH3 tends to increase. Con-
versely, a tenfold increase of the DeNOX intrinsic reactivity 
decreases the sensitivity of Hg0 oxidation on a since NH3 concen-
tration at the gas–solid interface and inside the wall decrease 
significantly.

As a final comment, the present analysis shows that the extent 
of NH3 inhibition on Hg0 conversion depends in general terms on 
the specific reactivity properties of the catalysts, however the 
operation at a < 1 and at sufficiently low AV represent conservative 
conditions that minimize the integral effect of ammonia inhibition 
on Hg0 conversion. The tailoring of the catalyst properties becomes 
more stringent for operations of the SCR reactor at NH3/NO values 
close to 1, a condition which increases the amount of ammonia 
inside the reactor.

This work differs from previous modeling studies and provides 
a complete kinetic characterization of the commercial catalysts 
with estimates of all the relevant parameters; it represents a rigor-
ous chemical engineering tool useful for the tailoring of the cata-
lyst (e.g. geometry of the monolith, morphology of the catalysts, 
activity profiles) and of the reactor configuration (e.g. design of dif-
ferentiated catalyst layers).

Future developments of this work will try to improve the 
description of the chemistry of the several species involved, includ-
ing the nature of the active sites and the role of HCl.

Appendix A. Supplementary data

• Supplementary data associated with this article can be found, 
in the online version.
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