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ABSTRACT: The effect of vanadium oxide on an iron-based catalyst supported on activated carbon (AC) in the selective
catalytic reduction of NOx by NH; (NH;-SCR) was investigated in this work. A series of vanadium-modified Fe,05/AC catalysts
were prepared by a coimpregnation method. The addition of a small amount of vanadium oxide contributed to the higher
dispersion of iron species on the surface of the catalyst. Among various vanadium-modified iron catalysts supported on AC, 3%
Fe—0.5% V achieved the best SCR activity and SO, tolerance. In the presence of H,0O, SO, had a severe deactivation effect on
both vanadium- and non-vanadium-modified catalysts, yet the inhibition effect of H,O and SO, was reversible on 3% Fe—0.5% V
at relatively low space velocity. It was found that the vanadium additive promoted the formation of sulfate species. The formed
sulfate species increased the surface acidity and thus enhanced the tolerance toward SO,.

1. INTRODUCTION

Nitrogen oxides (NO,) from stationary sources contribute
greatly to air pollution. Selective catalytic reduction (SCR) with
NH; is an effective way to abate NO, emissions and has been
used throughout the world. Among numerous catalysts for
NH;-SCR, the V,04/TiO, catalyst is found to be promising for
practical application because of its high activity and good
resistance to SO, poisoning in the desired temperature
range.'~® However, the catalysts need to be operated above
350 °C to avoid deactivation by SO,.” For power station
boilers, a low-temperature process is desirable because it can
avoid the need to reheat the flue gas and allows retrofitting of
the SCR devices into existing systems.

Carbon materials as supports have received great attention in
the NH;-SCR field because of their high surface area and ease
of modification. Vanadium oxide supported on activated carbon
(AC) has been reported to show excellent NH;-SCR activity in
the presence of SO, above 180 °C when the V,0Oj loading was
less than 5%.'”'" The catalyst was not deactivated but
promoted instead by SO, significantly. It was proposed that
vanadium oxide provided the adsorption and oxidation sites for
SO,, and the increased acidity due to surface sulfates enhanced
the adsorption of NHj, thus promoting the increase of SCR
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activity.'>"? In addition, the formed ammonium sulfate salts
were more easily reduced by NO on AC possibly because of the
better reducing ability of carbon, and hence their accumulation
on the catalyst surface was avoided.'”'*~'® However, the V,05/
AC catalyst is not recommended for application in practice
because of its limited activity at low temperatures.

Iron- and copper-based catalysts, especially iron and copper
zeolite catalysts, have been studied widely because of their good
SCR activity and high hydrothermal stability within a broad
temperature window.'” ™" By comparison, copper zeolite
shows higher NO, conversion but lower N, selectivity, while
iron zeolite has higher N, selectivity but modest NO,
conversion under standard SCR reaction conditions.”” A lot
of effort has been made to integrate the benefits of different
catalysts (zeolite- and oxide-related catalysts) to achieve higher
NO, conversion over a wider temperature range.(”ml_23 It was
reported that a Fe*"-exchanged TiO,—pillared clay catalyst
showed higher SCR activity and N, selectivity than a
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commercial V,0,—WO;/TiO, catalyst.”>** Liu et al***
reported a novel and environmentally friendly iron titanate
catalyst, prepared by a facile coprecipitation method, exhibiting
excellent SCR activity and N, selectivity in the medium
temperature range. Other iron oxide catalysts, such as y-
Fe203,26’27 Mn—Fe spinel,28 Fe—Mn,”’ Fe—Mn/Ti,***' Fe—Ti
spinel,”” Fe,(SO,);/TiO,,*® and Fe—W/Zr,** have also been
deeply investigated. However, the presence of SO, interfered
severely with NO, conversion over iron-related oxide catalysts
below 300 °C.**** Given the modest SCR activity of iron-based
catalysts and superior SO, durability of vanadium-based
catalysts, a catalyst combining the advantages of vanadium
and iron species is a preferable alternative. Yang et al.*
improved the SCR activity and SO, tolerance effectively by
incorporating vanadium into Fe—Ti spinel. Liu et al’*°
developed a highly dispersed iron vanadate catalyst that
demonstrated good SO, durability and high activity as well as
N, selectivity in the medium temperature range.

A few bimetallic catalysts supported on carbon for NH;-SCR
have been reported.”’ > Garcia-Bordejé et al. found an
improvement of the SCR activity by the addition of a second
metal (iron, copper, manganese, and chromium) to vanadium
supported on carbon-coated monolith catalysts.”® Zhu et al.
reported a series of V-M/AC (M = W, Mo, Zr, Sn) catalysts
whose activities were promoted by SO, in the short term
(except V—Mo/AC).”> However, few studies involved iron-
based catalysts supported on AC for NH;-SCR.**" In this
work, we developed an Fe/AC catalyst modified by a small
amount of V,0s, which achieved good activity as well as SO,
durability at low temperatures. The influence of V,0;4 on the
SCR activity under SO,-containing and SO,-free conditions
was elucidated in detail using relevant physical and chemical
methods. It was found that modification by vanadium oxide
increased the SO, durability of the catalyst because of its high
acidity.

2. EXPERIMENTAL SECTION

2.1. Catalyst Preparation. The activated carbon (AC)
support, before use, was ground to 40—60 mesh, followed by
preoxidation with aqueous HNOj at 90 °C for 1.5 h. Then the
samples were rinsed with distilled water to neutral pH and
dried at 110 °C overnight.

Vanadium-modified iron catalysts supported on carbon were
prepared by a coimpregnation method. Briefly, the pretreated
carbon was impregnated with the required amount of iron
nitrate and ammonium metavanadate in an oxalic acid solution.
The mixture was evaporated using a rotary evaporator at 60 °C
until excessive water was removed, and then the mixture was
dried at 110 °C overnight and calcined at 500 °C for 5 h under
a N, atmosphere. The catalysts are denoted as 3% Fe—x% V/
AC, where x represents the mass ratio of V/AC.

2.2, Activity Measurement. A fixed-bed quartz-tube
reactor was used to measure the steady-state SCR activity of
the catalysts under the following conditions: 500 ppm of NO,
500 ppm of NH;, 5% O,, 100 ppm of SO, (when used), 2.5%
H,0 (when used), N, balance, and a 250 mL min™" total flow
rate. The catalyst loads were ca. 0.25 and 0.38 g, corresponding
to gas hourly space velocities (GHSV) of 30000 and 20000 h™",
respectively. Water vapor was generated by passing N, through
a heated water bath (50 °C) containing deionized water. The
relative concentrations of the effluent gas, including NO, NH;,
NO,, and N,O, were continuously measured by a Fourier
transform infrared (FTIR) gas analyzer (NEXUS 670-FTIR)
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equipped with a gas cell with 0.2 dm® volume. The NO,
conversion and N, selectivity were calculated as follows:

. [No]out + [N02:|out
NO, conversion = |1 — X 100%
[No]in + [NOZJin
(1)
N, selectivity
_ [No]m + [NHS]in - [Nol]out - Z[NZO]out
[NO]J,, + [NH,],,
X 100% 2)

2.3. Characterization. The surface areas and pore
structures of the catalysts were analyzed by N, adsorption at
77 K in a Quantachrome Quadrasorb SI-MP system. Prior to
tests, the samples were outgassed at 300 °C for 6 h. The
specific surface areas were calculated using the Brunauer—
Emmett—Teller (BET) method. Barrett—Joyner—Halenda
(BJH) and t-plot methods were used to obtain the mesopore
and micropore volumes, respectively. The results are shown in
Table 2.

X-ray diffraction (XRD) with a Cu Ka (4 = 0.15406 nm)
radiation source was applied to characterize the crystalline
phases over the carbon-supported catalysts on a computerized
PANalytical X'Pert Pro diffractometer system. The data of 26
from 10 to 90° were collected at 4° min~" with a step size of
0.02°.

Temperature-programmed desorption (TPD) experiments
were carried out from 30 to 800 °C in a fixed-bed quartz
reactor using 50 mg of the catalysts. A quadrupole mass
spectrometer (Cirrus, MKS) was used to record the signals of
NH,; (m/z 17 for NH;, m/z 16 for NH,, and m/z 15 for NH)
and SO, (m/z 64) online. Before analysis, the catalysts were
pretreated at 200 °C for 1 h in a flow of argon (50 mL min™")
and then cooled to 30 °C.

X-ray photoelectron spectroscopy (XPS) with Al Ka
radiation (1486.7 eV) was used to analyze the atomic state of
iron, vanadium, and sulfur species adsorbed on the surface of
the catalysts (Axis Ultra, Kratos Analytical Ltd.). The C 1s peak
at 284.6 eV was used as an internal standard for peak position
measurement.

The surface morphology and elemental composition of the
samples were studied by field-emission scanning electron
microscopy (SEM; SU-8020) combined with an energy-
dispersive X-ray attachment. Transmission electron microscopy
(TEM) was performed on a JEM-2010 microscope operating at
200 kV with a supplied CCD camera (FastScan-F114).

Inductively coupled plasma (ICP) with a radial view of the
plasma (OPTMIA 2000DV) was used to analyze the
component contents of the catalysts. Before testing, all of the
samples were calcined at 500 °C in a muflle furnace, then
dissolved using nitric acid solution, and diluted with water to
100 mL. The blank has been revised during this process.

3. RESULTS AND DISCUSSION

3.1. NH;-SCR Activity of the Catalysts. Figure 1 shows
NO, conversion over 3% Fe/AC modified with different
amounts of V,Os as a function of the temperature between 100
and 250 °C. It can be seen that the pristine Fe/AC catalyst
without modification by V,Oy already possessed good activity,
achieving 50% NO, reduction at as low as 100 °C. After the
addition of V,05 at 0.3 and 0.5 wt %, the activity of the catalysts
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Figure 1. NH;-SCR activity of a series of Fe—V/AC catalysts as a
function of the temperature. Reaction conditions: S00 ppm of NO,
500 ppm of NH;, 5% O,, N, balance, and GHSV 30000 h™".

decreased by 5% at low temperatures but maintained the same
activity as 3% Fe/AC above 200 °C; ie., a small amount of
vanadium additive did not influence the activity of the catalyst
to a great extent. However, when the content of V,0 was
further increased to 0.7 wt %, the activity of the catalyst
decreased remarkably. The results indicated that iron species
may serve as dominant active sites. The decrease in the activity
over vanadium-modified catalysts was possibly due to the
covering of iron oxide by vanadium species.

In order to compare the SCR activity of the catalyst prepared
in this study with the high-activity catalysts reported in the
literature, the rate constants were calculated by eq 3, assuming a
first-order reaction with respect to NO and diffusion-limitation-
free:

k

fo 1. _x

[NOJ, W ®3)

where Fyg is the molar NO feed rate, [NO],, is the molar NO
concentration at the inlet (at the reaction temperature), W is
the catalyst mass (g), and X is the NO, conversion.

A comparison summary of the rate constants for the catalysts
prepared in this study and those reported in the literature was
made, as shown in Table 1. This comparison may not be
persuasive because the reaction conditions tested for the
catalysts were somehow different. Moreover, the support form

and the active component content vary over catalysts. For
instance, for the high-activity manganese-based catalysts, the
metal content was much higher than that of the catalyst
prepared here.”** However, the catalyst presented in this work
shows higher activity than most other catalysts operating at low
temperature, such as vanadium or iron catalysts supported on
carbon-coated monoliths*”** and iron-based zeolite and oxide
catalysts."***** Given the low cost of AC, our catalyst in this
study might be promising to be applied at low temperatures
downstream of the desulfurizer and/or the particulate control
device, although a better low-temperature activity needs to be
developed further. Noting a high k value of Fe—V/AC at 250
°C, carbon gasification would take place at those high
temperatures (above 250 °C), particularly with the doping of
metals. One possible improvement can be alternation of the
carbon support into monolithic form to reduce the power
gasification, e.g,, by coating carbon on cordierite monolith.*®
3.2. Effect of the V,0; Additive on the SO, and H,0
Tolerance of Catalysts. H,O and SO, are important factors
influencing the SCR activity over the catalysts. Figure 2 shows
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Figure 2. Effect of SO, on the SCR activity of Fe—V/AC serial
catalysts as a function of time. Reaction conditions: 500 ppm of NO,
500 ppm of NHj, 5% O,, 100 ppm of SO, (when used), balance N,,
GHSV 30000 h™!, and 200 °C.

Table 1. Performance of Various Catalysts for the SCR of NO with NH; at Low Temperature

feed composition

catalyst NO (ppm) NH, (ppm)
3% V/AC/C” 700 800
8% Fe/PFC” 640 640
5% V,05/AC 500 560
Fe-ZSM-5° 500 500
(Fez.sMno.s)x—é O, 500 500
MnO,—CeO, 1000 1000
5% V,04/Ti0," 1000 1000
7.5% Fe,0; + 2.5% Cr,0,/TiO,—PILC 1000 1000
7-Fe,0, 500 500
3% Fe—0.5% V/AC 500 500

0,(%) T(CC) X (%) GHSV(h") k(m®g's™h ref

3 150 72.1 17000 11.5 42

1 200 76.2 10000 11.39 40

33 250 79.7 90000 69.96 10

5 150 6.7 320000 16.41 18

2 150 90 150000 109 28

2 150 87 210000 120.66 38

2 300 99.3 15000 13.17 1

2 200 426 60000 24.48 22

2 150 22.5 12000 12.8 32

5 150 73.7 30000 31.59 this work

250 98.5 122.8

“AC/C represents cordierite monoliths coated with mesoporous carbon derived from a polymer blend of poly(ethylene glycol) and furan resin.
Porous carbon prepared by phenol—formaldehyde resins from gasification, designated as PFC. “Fresh catalyst. “The feed contains 1000 ppm of SO,
and 8% H,0. °NO, conversion and some data were read from the figures in the corresponding literature.
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the effect of SO, on NO,, conversion of vanadium-modified Fe/
AC catalysts at 200 °C. All of these catalysts exhibited similar
activity without SO, but decreased immediately upon the
introduction of SO,. The addition of different amounts of
vanadium oxides improved the SO, durability of catalysts to
different extents. When vanadium oxide loading increased from
0 to 0.5 wt %, the SCR activity of the catalysts rose accordingly
in the presence of SO,. However, the capability of SO,
tolerance was no more enhanced when vanadium oxide was
increased to 0.7 wt %.

As shown in Figure 1, the SCR reaction over these catalysts
mainly occurred at iron sites. During the SCR reaction in the
presence of SO,, iron species may be converted into iron sulfate
salts, leading to deactivation of the catalysts. It was reported
that the oxidation of SO, to SO; was favored in the presence of
vanadia.*** H,SO, formed through a combination of SO, and
H,0 (produced by the SCR reaction) would migrate to the
micropores of AC." In this work, the addition of vanadia may
increase the acidity of the catalysts because of the formation of
more sulfuric acid on the surface of the catalysts and hence
increase the activity of the catalysts. However, when the
addition of V,0O4 was increased to 0.7 wt %, excessive sulfuric
acid would form and transfer to iron oxide, thus sulfurizing the
active components, and the activity of the catalyst would not
increase in this case. Clearly, among the various vanadium-
modified catalysts, the 3% Fe—0.5% V catalyst exhibited the
best variable-temperature SCR activity and SO, durability.
Further investigation of this catalyst was conducted under
relatively low space velocity.

To investigate the effect of H,O on the SCR activity over 3%
Fe and 3% Fe—0.5% V, NO, conversion as a function of time at
200 °C was investigated, as shown in Figure 3. When H,O was
introduced individually into the feed, NO, conversion over
both 3% Fe and 3% Fe—0.5% V decreased to 85%, even though
the vanadium-modified catalyst deactivated more slowly than
the non-vanadium-modified catalyst. Upon removal of H,O,
NO, conversion was reversed, indicating that the inhibition
effect is due to the competitive adsorption of H,O and NHj; on
acid sites.*

In the case of SO,, 3% Fe showed severe deactivation,
NO, conversion decreased to a steady-state value of 50%.
3% Fe—0.5% V, NO, conversion first decreased to 80% and
then increased slowly to about 93%, suggesting that the
vanadium additive enhanced the SO, tolerance of the catalyst.
Figure S1 compares the SCR activities of 3% Fe and 3% Fe—
0.5% V before and after sulfation as a function of the
temperature. It was found that 0.5% V-modified 3% Fe catalyst
shows a higher activity compared to 3% Fe, although both of
these catalysts were severely SO,-poisoned, especially at low
temperatures.

When SO, and H,O were present simultaneously, both 3%
Fe and 3% Fe—0.5% V deactivated remarkably, indicating that
H,O accelerated deactivation of the catalysts. The NO,
reduction over 3% Fe dropped to 30% and then restored to
45% when SO, and H,0O were removed. In contrast, NO,
conversion over 3% Fe—0.5% V first decreased to 45%, then
recovered slowly, and regained the initial value immediately
when SO, and H,O were cut off, which indicated that the
inhibition effect of H,O and SO, on vanadium-modified
catalysts was reversible. This reversible effect of H,O and SO,
was also reported by Garcia-Bordejé et al,*® who found that
NO conversion over sulfated vanadia on carbon-coated
monoliths regained the initial value when H,O was shut off,

and
For
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Figure 3. NH;-SCR reactions over (A) 3% Fe and (B) 3% Fe—0.5%
V/AC catalysts in the presence of 100 ppm of SO,, 2.5 vol % H,0, and
100 ppm of SO, + 2.5 vol % H,0.

even though SO, was still in the gas flow at 200 °C. These
results implied that addition of vanadia promoted the SO, and
H,O durability of catalysts. Detailed information regarding the
mechanism will be discussed later.

3.3. BET. The surface area and pore structure distribution of
raw AC, HNO;-oxidized AC and Fe—V/AC catalysts are listed
in Table 2. It can be seen that HNO; oxidation caused a great
decrease in the BET area and micropore volume, possibly due
to the blockage of the entrances to the micropores by oxygen
functional groups as well as collapse of the pore structures.”"**

Table 2. Physical Properties of the Supports and Catalysts

micropore micropore mesopore
BET surface  volume (cm® area (m? volume (cm®

catalyst area (m2 g_l) g_l) g_l) g_1

AC (raw) 839 0.370 762 0.103

AC 665 0.283 600 0.083
(HNO;)

3% Fe 871 0.396 780 0.280

3% Fe— 862 0.377 752 0.290
0.3% V

3% Fe— 1004 0.453 942 0.247
0.5% V

3% Fe— 1177 0.510 1073 0.302
0.7% V

3% Fe— 953 0.418 809 0.349
0.5% V*

3% Fe— 674 0.303 601 0.219
0.5% V°

“After reaction at 200 °C in the presence of SO, alone. “After reaction
at 200 °C in the presence of SO, and H,0, as shown in Figure 3.
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After loading of the active components, the BET areas and
micropore volumes increased, particularly for those catalysts
modified by V,0O;.

It was reported that micropores and mesopores are
responsible for high NO conversion: micropores favor
dispersion of the active component and mesopores guarantee
accessibility of the reactants to the interior of AC.">"” In the
present study, V,O; addition led to new micropores and
mesopores, thus contributing to the dispersion of Fe,O; on the
surface of AC. Even though the textural properties were
improved by V,Os, the activity was not promoted, suggesting
that the surface area was not the determining factor.

The physical properties of 3% Fe—0.5% V after SCR reaction
in the presence of SO, and SO, + H,O are also listed in Table
2. Clearly, sulfation resulted in a dramatic decrease in the
surface areas and micropore volumes, especially after treatment
with SO, and H,O. The results suggested that ammonium
sulfate salts may have formed during the SCR reaction in the
presence of SO,/SO, + H,O0 and H,O sped up the
accumulation of ammonium sulfate salts on the surface of the
catalysts and hence led to pore plugging.

3.4. XRD. XRD patterns of different catalysts are shown in
Figure 4. All of the samples demonstrated two broad bands

+ | Fe,0,(88-0866) I

3%Fe-0.7%V

—~~

-]

(U' 3%Fe-0.5%V
-

2 3%Fe-0.3%V
= :

C

o)

et

=

AC(HNO,)
T T T T T T T
10 20 30 40 60 70 80 90

50
20
Figure 4. XRD profiles of the catalysts.

around 24° and 43°, corresponding to the amorphous carbon
structure.”” Compared to HNO;-oxidized AC, weak diffraction
peaks corresponding to the Fe;O, phase were observed for the
3% Fe/AC catalyst. Because carbon materials can act as a
reducing agent, the presence of Fe;O, was possibly due to the
reduction of some Fe,0; by AC.”® When a small amount of
V,0; was added to Fe/AC catalysts, the diffraction peaks of
Fe;0, disappeared, indicating that the V,0; additive promoted
the dispersion of iron oxide on the surface of AC.

Liu et al. found that Fe**—O—V** linkages formed on the
surface of FeVO,/TiO, catalysts and confirmed that an
electronic inductive effect existed between Fe** and V>* species
by using XANES and XPS.*® It was reported that the addition
of V,0; to a monolithic cordierite-based CuO/Al,O; catalyst
could significantly prevent CuO from aggregating and keep it
active during the removal and regeneration processes.” In the
present study, a small amount of vanadium might come in
contact with iron to prevent iron oxide from aggregating, in
accordance with the textural property results, as shown in Table
2.
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3.5. TPD. To determine why vanadium additive increased
the SO, and/or H,O durability of the catalyst, TPD of SO, was
performed over sulfated 3% Fe and 3% Fe—0.5% V catalysts
(shown in Figure S). The SO, desorption curves were fitted in
the Gaussian program to differentiate sulfate species on the
catalysts, with correlation coefficients (1) above 0.99. All of
those desorption peaks could be deconvoluted into three
groups of sub-bands centered at around 300, 330, and 400 °C.
The peaks at around 300 and 330 °C were from decomposition
of ammonium bisulfate, while the peak at around 400 °C was
from decomposition of Fe,(SO,);.”” It has been reported that
decomposition of NH,HSO, proceeds in two steps: the
formation of NH; and H,SO, starting at 170 °C and reduction
of H,SO, to SO, starting at 223 °C.>® In this study, the
decomposition temperatures of NH,HSO, were higher than
those reported, possibly because of the strong oxidation of SO,
to H,SO, by iron and vanadium oxides.***’

In the presence of SO, and H,0, more NH,HSO, formed,
suggesting that H,O accelerated the deposition of NH,HSO,
regardless of the addition of vanadium oxide. As shown in
Figure SC,D, the addition of a small amount of vanadia resulted
in the formation of a larger amount of sulfate species compared
to the non-vanadium-doped catalyst (Figure SA,B) and hence
introduced extra Bronsted and Lewis acid sites (shown in
Figure S2). The improved surface acidity was favorable for the
adsorption of NH; and promoted the recovery of the SCR
activity over 3% Fe—0.5% V when SO, and H,O were cut off at
lower space velocity, as shown in Figure 3.

3.6. XPS. To analyze the surface composition of 3% Fe and
3% Fe—0.5% V after SCR reaction in the presence of SO, and
SO, + H,0, as shown in Figure 3, XPS spectra were recorded
(shown in Figure 6). The binding energies and surface atomic
ratios are listed in Table 3. The binding energies of Fe 2p were
around 710.0 eV in fresh and sulfated catalysts, indicating that
iron had an oxidation state of Fe’* (Figure 6A).”°"*°
Compared to fresh catalysts (Figure 6B), a S 2p peak with a
binding energy of 168.5 eV assigned to S in the form of SO,*
appeared for 3% Fe and 3% Fe—0.5% V,>>*° suggesting that
sulfate species accumulated on the surface of the catalysts after
treatment with SO, and SO, + H,0. It was found that the
vanadium additive promoted the accumulation of sulfate
species on the surface of 3% Fe—0.5% V relative to 3% Fe,
especially in the presence of SO, + H,O, indicating that the
presence of H,O accelerated deposition of the sulfate species
over vanadium-modified catalysts.

Table 3 shows that the Fe/C ratio decreased and the S/Fe
ratio increased upon sulfation, which suggested that iron
species were covered by sulfate species. The situation was more
serious for the catalyst modified with vanadia because poor
exposure of iron species was observed. These results confirmed
that vanadia promoted the deposition of sulfate species. The Fe
2p and V 2p bands shifted slightly to higher binding energies in
sulfated catalysts compared to those in fresh ones, which were
due to the electron-withdrawing inductive effect by S=O
covalent double bonds in sulfate in the vicinity of active sites.
The obvious shift of Fe 2p to a higher binding energy after
sulfation in the presence of H,O over 3% Fe—0.5% V implied
that more sulfate species attach around the iron species.

After sulfation in the presence of SO, + H,O, the N/C ratio
decreased; on the contrary, the S/N and S/Fe ratios increased,
especially for 3% Fe—0.5% V. These results suggested that $°
not only existed as NH,HSO, and Fe,(SO,); but also existed in
another form. It was reported that H,O could accelerate the
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Figure S. TPD of SO, from sulfate species formed on 3% Fe and 3% Fe—0.5% V at 200 °C for 12 h in the presence of SO, (A and C) and in the

presence of SO, + H,0 (B and D).
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Figure 6. XPS spectra of 3% Fe and 3% Fe—0.5% V after SCR reactions in the presence of SO, and SO, + H,O: (A) Fe 2p; (B) S 2p.

formation of H,SO,, which tended to migrate into micro-
pores.*” Thus, sulfate species may exist in three forms after
sulfation in the presence of SO, + H,0, i.e,, H,SO,, NH,HSO,,
and Fe,(SO,);. The improvement in the surface acidity by
those sulfate species may lead to enhanced SCR activity and the
recovery of activity after treatment with SO,/SO, + H,O.
3.7. SEM and EDS Analysis. Figure 7 shows the SEM
images and EDS analysis of 3% Fe-0.5% V after SCR reactions
under different conditions. The active components, i.e., iron
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oxide, distributed uniformly on the surface of AC. This fact was
further confirmed by TEM, and the particle size of iron oxide
was around 15—20 nm (Figure S3). Table 4 shows that the S
and O content increased while the C content decreased after
SCR reaction in the presence of SO, and SO,+H,0. The
results further proved that sulfation led to accumulation of
sulfate species on the surface of catalysts.

According to the TPD, XPS, and SEM results, reversible
inhibition for SO, over the 3% Fe—0.5% V/AC catalyst was
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Table 3. Binding Energies (eV) and Surface Atomic Ratios of 3% Fe and 3% Fe—0.5% V after SCR Reaction in the Presence of

SO, or SO, + NH;

catalyst Fe 2p V 2p S 2p
Fe (fresh) 710.70
Fe (SO,) 711.00 168.50
Fe (SO, + H,0) 711.10 168.50
Fe—V (fresh) 711.10 51670
Fe—V (S0,) 71120 517.10 168.50
Fe—V (SO, + H,0) 711.70 517.10 168.50

Fe/C atom N/C atom S/Fe atom S/N atom
0.0077 0.006
0.0057 0.023 0.54 0.14
0.0053 0.019 0.57 0.16
0.0065 0.005
0.0041 0.028 0.92 0.14
0.0042 0.025 1.16 0.20

Figure 7. SEM images of 3% Fe—0.5% V: (A) fresh; (B) after sulfation
in the presence of SO,; (C) in the presence of SO, + H,0. (D) EDS
map for iron on fresh 3% Fe—0.5%V.

Table 4. EDS Analysis of 3% Fe—0.5% V under Employed
Conditions

elements (atomic concentration %)

section C (@) S A% Fe
a 91.12 8.23 0.026 0.13 0.48
b 89.49 9.16 0.77 0.12 0.45
[¢ 84.72 11.88 1.27 0.17 0.54

attributed to the introduction of trace vanadium oxide.
Although the catalyst was poisoned by SO, to some extent
because of the formation of a certain amount of iron sulfate, the
promotion effect by vanadium was more pronounced by
promoting the formation of ammonium bisulfate and sulfuric
acid. The formed ammonium bisulfate and sulfuric acid can
increase the surface acidity and then the adsorption of NHj,
which is a key step for enhancing the SCR activity.'"*® Thus,
the initial NO, conversion was regained when SO, (and H,0)
was (were) removed.

4. CONCLUSIONS

A series of trace vanadium oxide modified Fe/AC catalysts were
prepared by a coimpregnation method. The addition of
vanadium oxide contributed to the dispersion of iron on the
carbon surface and increased the durability of the catalyst
toward SO,. However, no increase in tolerance toward SO, was
observed when more vanadium oxide was added. 3% Fe—0.5%
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V performed best, integrating the SCR activity and SO,
tolerance, among various vanadium-modified iron catalysts
supported on AC. The inhibition effect of H,O and SO, on 3%
Fe—0.5% V was reversible at relatively low space velocity based
on the enhanced surface acidity, which was attributed to the
deposition of large amounts of sulfate species by the
introduction of a small amount of vanadium oxide. A
combination of iron and vanadium species supported on AC
may be a promising catalyst for NO, removal at low
temperatures for stationary sources although carbon gasification
needs to be considered further.
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