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The influence of CO2, H2O and SO2 on the NO reduction by CO over Fe/Co activated semi-coke catalyst

was investigated in a simulated rotary reactor. The results showed that, in the simulated rotary reactor, the

influence of CO2 and H2O on the NO adsorption was significant at low temperatures, and the inhibition

became weak when increasing the temperature. However, the NO adsorption efficiency could not be

improved by increasing temperature after catalyst sulfur poisoning. The heavily inhibited NO adsorption

process, which was due to the competitive adsorption and formation of the sulfate, resulted in a low NO

reduction efficiency in the presence of CO2, H2O or SO2. The in situ DRIFT study showed that the

dominant effect of CO2, H2O and SO2 on the NO adsorption was the inhibition of the free nitrate ions

formation. In addition, the introduction of CO2, H2O and SO2 could not change the route of NO

reduction, but just reduced the degree of the NO + CO reduction.
1. Introduction

NOx is one of the polluting gases emitted from industrial
production, especially from power plants, which is responsible
for the formation of acid rain, photochemical smog, ozone
depletion and greenhouse effects. With the increasingly stringent
NOx emission policy, new deNOx technology with lower cost and
higher efficiency has attracted more and more attention. NO
reduction by CO is one of the main technologies of deNOx, which
comes from three-way catalysis. Compared with NH3-SCR, CO
deNOx technology ismuch cheaper and environmentally friendly,
so it has attracted wide attention as a potential deNOx tech-
nology. Numerous studies have been conducted in recent years,
and Fe/Co-impregnated catalyst showed a high efficiency of NOx

reduction by CO above 200 �C.1–4 And in our laboratory,5 the Fe/
Co co-impregnated activated semi-coke catalyst also exhibited
high NOx removal efficiency (>99%) and NOx reduction efficiency
(>90%) in a rotary reactor at 250 �C when CO was fed in excess.
The schematic of the rotary reactor is shown in Fig. 1.

However, the composition of real ue gas is complex,
including CO2, H2O, SO2 and other gases, which will inhibit the
NOx removal process over the catalyst. Previous studies on the
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effects of CO2 on NO removal were mostly focused on the NO
adsorption process. The research of Nova6 found that CO2 could
inhibit the NOx storage on the Pt–Ba/Al2O3 catalyst, particularly
at low temperatures. Similarly, the studies of Yang7 and Kim8

showed that, CO2 exhibited a negative impact on the adsorption
of NO, which might be caused by the competitive adsorption
between CO2 and NO. And according to Cinke's study,9 the
adsorption of CO2 on carbon-based adsorbents was found to be
mainly a physisorption process below 200 �C with decreasing
adsorptive capacities as the temperature was increased.

According to previous studies,7,10–12 water has a signicant
effect on the deNOx process of SCR technology. The competitive
Fig. 1 The schematic of the rotary reactor for NOx reduction by CO.

This journal is © The Royal Society of Chemistry 2018
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adsorption of H2O and NO was one of the main factors on NOx

removal process.11,13 Moreover, H2O could react with the surface
species of the catalyst to destroy the surface structure,14 especially
for the carbon-based catalyst, HNO3 formed by the interaction of
H2O and NO could consume the carbon support heavily. Besides,
H2O will also affect the reduction process on the catalyst
surface.14 And in previous study,15,16 the introduction of H2O
could signicantly inhibit the adsorption of NO on the catalyst
surface and further affect the NOx removal efficiency of the
catalyst. However, the effect of H2O was considered to be
reversible.17 Previous studies of our group14,18 also found that H2O
had obvious inhibitory effect on CO deNOx process over activated
semi coke catalysts, but the mechanism was rarely reported.

Numerous studies found that the inhibition effect of SO2 was
more obvious than that of H2O,17,19,20 and the effect of SO2 on the
catalyst was irreversible.17 The competitive adsorption between
SO2 and NO on the active sites existed, resulting in a serious
inhibition on the NO removal.21,22 On the other hand, SO2 could
be catalytically oxidized to SO3 over a metal phase, such as Cu or
Co phase, in the presence of oxygen, and then reacted with
active sites to produce sulfate attached to the catalyst
surface.23–26 In addition, sulfuric acid could be produced by the
SO2 + O2 + H2O reaction, which could consume active metal on
the catalyst surface.

Therefore, in this study, the inuence of CO2, H2O and SO2

on the NO reduction by CO over lab-synthesized Fe/Co activated
semi-coke catalyst in the simulated rotary reactor was investi-
gated. And the mechanism of the inuence was also explored
based on the in situ DRIFT study.
2. Experimental
2.1 Catalyst preparation

The catalyst support used in this experiment was the commer-
cial semi-coke (Shaanxi Shenmu Coal Mine Co., Ltd., China).
The semi-coke was crushed into uniform-sized particles which
diameter was 1.02–1.27 mm. Second, the semi coke was acti-
vated by HNO3 (30 wt%) at 80 �C for 2 h, then washed with
deionized water in order to adjust the pH to neutral, dried at
90 �C overnight and calcined at 700 �C for 4 h in nitrogen. The
solid particles obtained through the above process were named
as activated semi-coke (ASC).

The metals were loaded onto ASC by the hydrothermal
method.18 Fe(NO)3$9H2O and Co(NO3)2$6H2O was dissolved
into 30 mL deionized water following a mole ratio of 4 : 1. The
solution then immersed 5 g ASC and enclosed in an autoclave,
heated at 160 �C for 24 h in a heating furnace. The solid parti-
cles were ltered from the solution, dried at 90 �C for 12 h and
calcined at 700 �C for 4 h in a nitrogen atmosphere.
2.2 Experimental equipment and methods

The activity of the prepared catalysts was investigated in a xed
bed reactor system, which schematic was shown in Fig. S1 in
ESI.† The tubular reactor in the experiment was a stainless steel
tube with an inner diameter of 0.5 inches, which temperature
was controlled by a heating furnace. A single nitrogen gas path
This journal is © The Royal Society of Chemistry 2018
was used to carry water vapor into the reactor through a gas-
washing bottle which was heated by a thermostatic water
bath. The mixed gas out of the gas-washing bottle was heated at
100 �C to guaranteed that the vapor was unsaturated. The ow
of gas was controlled by mass ow meters, and the gas into the
reactor was controlled by electromagnetic valves and three-way
valves.

The simulated ue gas used in the experiment was prepared
from several gas cylinders: 21% O2 balanced with N2, 2% NO
balanced with N2, 5000 ppm SO2 balanced with N2, pure CO2

and pure N2 gas cylinders. The reducing agent used in the
experiment was carbon monoxide, prepared from 1% CO
balanced with N2 and pure N2 cylinders. The compositions
(NOx, O2, CO, CO2, and SO2) of the reactor outlet gases were
analyzed by a HORIBA PG-350 gas analyzer. In addition, during
the NO adsorption process, various kind of nitric oxides could
be produced in the reactor, e.g. NO2, N2O, N2O4. However,
according to our previous study, NO2 and NO were the two main
nitric oxides in experiments. Therefore, NOx, which concentra-
tion could be collected in real time by HORIBA gas analyzer, was
used to represent NO + NO2 in this study.

The fresh catalyst was loaded into the reactor for adsorption
experiments. At the beginning of the adsorption experiments,
the catalyst was heated to the target temperature in the nitrogen
atmosphere, and then the atmosphere was switched to the
simulated ue gas. Meanwhile, the outlet concentration of
gases were collected by the gas analyzer until the adsorption of
the catalyst was saturated. Similarly, when the reduction effi-
ciency of the catalyst was tested, the tests of each reaction
conditions were completed in greater than 40 min until the
outlet gas concentrations were stable. In addition, the NOx

reduction effiency represents the degree of conversion of NOx to
N2.

The adsorption capacity of NO is dened as eqn (1).

qe ¼ P� C0 � 10�3 � F �MNO

R� ðT þ 273Þ � S

Wcat

(1)

qe is the adsorption capacity of NO, mg g�1. P represents the
reaction pressure, Pa (the pressure is atmospheric pressure in
this experiment). C0 is the initial concentration of NOx, ppm. F
represents the gas-ow rate, m3 s�1 (the gas ow rate in the
experiment is 500 mL min�1). MNO was the molar mass of NO,
30 g mol�1. R was the gas constant, 8.314 J (mol K)�1. T repre-
sents the adsorption temperature, �C. S is the integral area of
adsorption curve. And Wcat was the loading capacity of
catalyst, g. The calculation method of S is as follows.

S ¼
ðt
0

�
1� CNOx ;out

C0

�
dt (2)

CNOx,out represents the NOx concentration at the outlet of the
reactor, ppm. t is the adsorption time, s.
3. Results and discussion
3.1 NOx adsorption performance on FeCo/ASC catalyst

The adsorption performance of activated semi coke catalyst in
the presence of H2O, SO2 and CO2 was investigated in the
RSC Adv., 2018, 8, 36604–36615 | 36605
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temperature range from 100 �C to 250 �C. The experimental
conditions were as follows: GHSV was 12 000 h�1, the compo-
sitions of the simulated ue gas were 800 ppm NO and 5% O2

balanced by N2, the SO2 concentration was set as 100 ppm, H2O
content was 5% and 10%, and the CO2 concentration was 15%.
In addition, all the adsorption curve reported have been
collected on a fresh sample.

The NOx adsorption capacity of the catalyst at different
temperatures was shown in Fig. 2. The composition of gases at
all temperatures was 5% O2 and 800 ppm NO balanced by N2.
Obviously, the adsorption breakthrough time of NOx was longer
when the temperature was 100 �C. The NOx adsorption capacity
of the catalyst at 100 �C could reach 1.56 mg g�1 (shown in
Fig. S2†), which was signicantly higher than that of other
temperatures. When the adsorption temperature was above
150 �C, the NOx adsorption capacity of the catalyst decreased to
below 0.9 mg g�1. There was a signicant decrease of the
adsorption capacity between 100 and 150 �C, which might
caused by the obvious desorption of the physisorbed NOx when
the temperature was increased above 100 �C.

The NOx adsorption curves under different reaction condi-
tions were summarized in Fig. 3, and the adsorption temperature
Fig. 2 Adsorption curves of catalysts at different temperatures.

Fig. 3 Catalyst adsorption curves under different conditions (T¼ 200 �C).

36606 | RSC Adv., 2018, 8, 36604–36615
was set as 200 �C. The gas composition of baseline group was 5%
O2 and 800 ppmNO balanced by N2. Aer adding 15% CO2 to the
ue gas, the NOx adsorption capacity of the catalyst had a slight
decrease, which was reduced from 0.660 mg g�1 to 0.580 mg g�1

(shown in Table S1†). It was supposed that a competitive
adsorption between CO2 and NO exist, and CO2 occupied the
adsorption sites of NO, which could inhibited the adsorption of
NO. When H2O was added into the simulated ue gas, the
adsorption performance of the catalyst decreased obviously, and
the higher the content of H2O, the smaller the adsorption
capacity of the catalyst. There were a large number of hydrophilic
oxygen containing functional groups on the surface of the ASC
catalyst. Besides, the relative concentration of water molecules,
which have strong polarity, was much higher than NO, so the
H2O was more easily to be adsorbed onto the catalyst surface.
Therefore, the NO adsorption ability of the catalyst was greatly
weakened, even the weakly adsorbed NO, which had been
adsorbed onto the surface of the ASC catalyst, would be replaced
by water molecules, resulting in a decrease in the adsorption of
NO on the surface of the catalyst. However, when the ue gas
contained 10%H2O and 15% CO2, the adsorption capacity of the
catalyst was further decreased, which was dropped to 0.290 mg
g�1. However, there was likely no obvious interaction between
H2O and CO2 on the catalyst surface which could cause the
drastic inhibition on NOx adsorption process.
3.2 NOx reduction performance on FeCo/ASC catalyst

The effects of H2O, CO2 and SO2 on the NOx reduction over ASC
catalyst were investigated, as shown in Fig. 4. The reaction
conditions were as follows: GHSV was 12 000 h�1, the gas
components were 800 ppm NO, 1600 ppm CO and N2 as the
balance gas. And the concentrations of the SO2, H2O and CO2

added in the simulated ue gas were 100 ppm, 5–10% and 15%,
respectively.

Fig. 4 was divided into three stages from le to right. The rst
stage was the NOx reduction efficiency test of the fresh ASC catalyst
at 200 �C. At the second stage, H2O, CO2 or SO2 were added into the
simulated ue gas, and the data of NOx concentration was
collected aer 40 min. And at the last stage, these three compo-
nents were removed from the simulated ue gas, and the reduc-
tion efficiency of the catalyst was tested again. As shown in Fig. 4,
the efficiencies of NOx reduction under different H2O and CO2

conditions were as follows: 15% CO2 > 5% H2O > 10% H2O > 10%
H2O + 15% CO2. In addition, for these four experimental group,
the NOx reduction efficiency of the catalyst could be restored to the
original level aer removing H2O and CO2 from the simulated ue
gas. However, for the experimental group with 100 ppm SO2, when
removing SO2 from the ue gas, the NOx reduction efficiency was
still in a low level, indicating that the inuence of H2O and CO2 on
the ASC catalyst was reversible, while the inuence of SO2 on the
catalyst was irreversible.

When the water vapor existed in the simulated ue gas, the
NOx reduction efficiency decreased obviously, and the catalytic
activity of catalyst decreased, indicating that the existence of
water vapor could inhibited the adsorption and reduction
process of NO over the catalyst. It was supposed that the NO and
This journal is © The Royal Society of Chemistry 2018

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c8ra07658h


Fig. 4 The influence of the H2O, CO2 and SO2 on the NOx reduction over ASC catalyst.
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O2 adsorbed on the catalyst could be replaced by water mole-
cules, besides, the free water molecules could also be adsorbed
onto the adsorption sites. Moreover, the NO and O2 adsorption
process on the ASC catalyst surface follows the Langmuir–
Hinshelwood reaction mechanism, so the decrease of the
adsorption sites for NO and O2 adsorption could lead to the
decrease of the NOx reduction efficiency. In addition, H2O could
also react with NO2 generated by catalytic oxidation on the
catalyst surface to produce HNO3, which inhibited the adsorp-
tion and oxidation of NO. On the other hand, when the water
vapor in the ue gas was removed, the NOx reduction efficiency
of the catalyst raised again, indicating that the inuence of H2O
on the deNOx process over ASC catalyst was reversible and
temporary, and the structure of the catalyst was not changed.

As shown in Fig. 4 (stage 2), when 100 ppm SO2 existed in the
simulated ue gas, the NOx reduction efficiency of the catalyst also
decreased from 53% to 36%, indicating that SO2 had an inhibitory
effect on the reduction of NO. As a polar molecule, sulfur dioxide
could compete for the adsorption sites with NO, meanwhile, the
oxygen groups produced by adsorption process were benecial to
the adsorption of sulfur dioxide. On the other hand, the sulfates
produced by the reaction of sulfur dioxide to active metals was
attached to the surface of the catalyst and difficult to decompose,
which could also inhibit the adsorption of NO. Sulphuric acid was
formed and when SO2, H2O and O2 existed simultaneously in the
ue gas, which could consumed the activated semi coke catalyst.
According to the stage 3 in Fig. 4, when removed SO2 from the ue
gas, the NOx reduction efficiency of the catalyst did not recover to
the level before adding sulfur dioxide, which indicated that the
inuence of SO2 on the activated semi-coke catalyst was irrevers-
ible under this reaction condition.

When 15% CO2 existed in the ue gas, the NOx reduction
efficiency of the catalyst was decreased from 53% to 33%. Then
remove CO2 from the ue gas, the NOx reduction efficiency
This journal is © The Royal Society of Chemistry 2018
could recover to 53%, indicating that CO2 also had a inhibitory
effect on NOx reduction and the inhibition was reversible.
According to the equation of CO + NO reaction, carbon dioxide
can be produced by the oxidation of carbon monoxide. There-
fore, when a large amount of CO2 was introduced into the ue
gas, the CO + NO reaction equilibrium moved to the reverse
direction, which could reduced the NOx reduction efficiency.

3.3 Catalyst performance during dynamic NOx adsorption–
reduction

In this experiment, the working condition of the catalyst in
a rotary reactor was simulated in the xed bed. The adsorption
stage and reduction stage were switched continuously every 60
second. It is worth emphasizing that, the ue gas and the
reducing gas passes through the reactor at adsorption stage and
reduction stage, respectively. At the beginning of the experi-
ment, the catalyst was fresh so the adsorption capacity of
catalyst was still large, and NO could be adsorbed on the catalyst
surface easily at the adsorption stage. Then in the next 60 s
reduction stage, NOx on the catalyst couldn't desorbed
completely. Therefore, more and more NOx accumulated grad-
ually on the catalyst with time. With the accumulation of NOx

on the catalyst, the NOx adsorption process of the catalyst will
gradually weaken and eventually will be balanced with the NOx

desorption process. All the data of the dynamic experiment were
collected aer this balance. In addition, oxygen concentration is
the basis for distinguishing between the adsorption stage and
the reduction stage.5

3.3.1 Effect of CO2 on the NOx adsorption and reduction.
The real reducing gas can be provided by the coke making
process of the power plant, so the real reducing gas may contain
high concentration of CO2. Therefore, the simulated ue gas
and reducing gas should contain CO2 in order to explore the
inuence of CO2 on the NOx adsorption and reduction process.
RSC Adv., 2018, 8, 36604–36615 | 36607
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The outlet gas concentration proles at 150 �C were shown in
Fig. 5. From the CO curve in Fig. 5(a), it can be seen that the
reaction of CO + NO has begun at 150 �C, and some CO2 was
produced simultaneously. At the beginning of the reduction
stage, an obvious peak of NO concentration appeared, indicating
that the NO adsorbed on the catalyst surface was heavily des-
orbed by the reducing gas at this moment. And then the outlet
NO concentrationwas decreased to approximately 400 ppm at the
end of the reduction stage, indicating that the regeneration of the
catalyst at this stage was not completely. At the adsorption stage,
most of the NOwas still adsorbed onto the catalyst surface, which
leaded to the low concentration of the NO in the outlet of the
reactor. It's explained that, at 150 �C, the incomplete regenera-
tion of the catalyst at the reduction stage would not obviously
affect the NO adsorption by the catalyst without CO2.

While adding CO2 to simulated atmosphere (Fig. 5(b)), the
CO consumption decreased a lot at the reduction stage, indi-
cating that the reaction CO + NO was inhibited by the high
concentration of CO2 in this dynamic deNOx process. And at the
adsorption stage, the NO concentration in the reactor outlet
increased signicantly, leading to a low NO adsorption effi-
ciency, which was might caused by the heavy competitive
adsorption between CO2 and NO. Moreover, the decreased
amount of the NOx adsorbed on the catalyst surface leaded to
a lower outlet NOx concentration proles at the reduction stage.

The effects of CO2 on the dynamic adsorption–reduction
process of the catalyst at 200 �C and 250 �C were shown in
Fig. S3.† When CO2 was added into the gas atmosphere,
different from the case of low temperature, the proles of
NOx concentrations at the adsorption stage did not change
obviously. Moreover, by calculating the adsorption efficiency
of NO (in Table S2†), it was found that the adsorption effi-
ciency decreased only by less than 5% aer the addition of
15% CO2. Therefore, when the temperature was above 200 �C,
the addition of CO2 in the dynamic deNOx process would not
affect the adsorption of NOx obviously, and the higher the
temperature, the smaller the effect of CO2 on the adsorption
of NOx.
Fig. 5 Dimensionless outlet concentration in the simulated rotary react

36608 | RSC Adv., 2018, 8, 36604–36615
At the reduction stage, the NOx concentration proles
became higher signicantly aer adding 15% CO2 into the
reactor, showing that more adsorbed NOx on the catalyst
surface was removed in the way of direct desorption, instead of
being reduced to N2. Meanwhile, when the reaction tempera-
ture was 200 �C and 250 �C, aer adding 15%CO2, the reduction
efficiency of NO decreased by approximately 18% and 30% (in
Table S2†) respectively, which could also be explained by Le
Chatelier's principle.

3.3.2 Effect of H2O on the NOx adsorption and reduction.
When adding water vapor into the simulated ue gas at 150 �C,
the outlet NOx concentration proles were changed obviously
both at adsorption stage and reduction stage (in Fig. 6(a) and (b)).
At the adsorption stage, compared with the NOx concentration
proles in Fig. 6(a), the outlet NOx concentration proles in
Fig. 6(b) increased immediately since the catalytic activity of the
catalysts was inhibited heavily by the water vapor. Then at the
reduction stage, there was less NOx desorbed from the catalyst
surface, resulting in no desorption peak at the reduction stage in
Fig. 6(b). It could be seen from the Fig. 6(b) that aer adding 5%
H2O, the reducing gas CO almost didn't consume, so the reaction
of CO + NO was also inhibited by H2O completely.

The inuence of water vapor on NOx adsorption–reduction
process at high temperatures (200 �C and 250 �C) was investi-
gated with the outlet NOx concentration plotted in Fig. S4.† It
could be seen that, no matter at 200 �C or 250 �C, the outlet NOx

concentration proles at the adsorption stage became higher
aer adding water vapor into the ue gas, indicating that H2O
and NO still had obvious competitive adsorption on the catalyst
surface at high temperature. In addition, when the temperature
was increased from 150 �C to 250 �C, the effect of water vapor on
the NO adsorption became weaker.

At the beginning of the reduction stage, it could be observed
from Fig. S4† that more NOx was desorbed from the catalyst
surface aer adding water vapor into the reactor. The water
vapor adsorbed on the catalyst surface had not been desorbed at
the beginning of the reduction stage, so the reaction of CO + NO
was still inhibited by the water vapor, resulting in that the NOx
or at 150 �C. ((a) CO2 ¼ 0%, (b) CO2 ¼ 15%).

This journal is © The Royal Society of Chemistry 2018
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Fig. 6 Dimensionless outlet NOx concentration in the simulated rotary reactor, T ¼ 150 �C. ((a) H2O ¼ 0%, (b) H2O ¼ 5%).
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was just desorbed from the catalyst surface instead of reduced
by CO to N2. Aer a short period of reducing gas blowing, the
H2O adsorbed on the catalyst surface was gradually desorbed,
which reduced the inhibition of water vapor on the CO + NO
reaction on the catalyst surface. However, most NO had been
desorbed from the catalyst at the same time, so that the NO
concentration at the end of the reduction stage could be
decreased to a lower level. It could be conrmed from Table S3†
that the NO adsorption efficiency and reduction efficiency of the
catalyst decreased signicantly when the simulated ue gas
contained 5% H2O.

3.3.3 Effect of SO2 on the NOx adsorption and reduction.
The effect of SO2 on NO adsorption and reduction over ASC
catalyst was shown in Fig. 7, and the NO adsorption and
reduction efficiencies of the catalysts at different temperatures
were shown in Table S4.† It could be observed from Fig. 7 that at
all the tested temperatures, the outlet NO concentrations at the
adsorption stage were very high and almost the same as the
inlet NO concentration, indicating that the NO adsorption
ability of the catalyst at the adsorption stage was signicantly
worse aer adding 100 ppm SO2 into the ue gas 45 min. And
from Table S4† we could concluded that the NO adsorption was
decreased from approximately 90% to less than 40% at all the
tested temperatures, while the decrease of NOx reduction effi-
ciency was more obvious at high temperatures. What's more,
when the SO2 in the simulated ue gas was removed, the NO
concentration proles did not change signicantly, indicating
that SO2 had formed a stable sulfate on the catalyst surface,
which could cause the irreversible deactivation of catalyst.
3.4 In situ DRIFT study of the NOx adsorption–reduction
process

In order to further investigate the mechanism of the inuence
of the CO2, SO2 and H2O on the NO adsorption and reduction
process, an in situDRIFT study was performed for co-adsorption
and the NO + CO reaction under different atmospheres.
This journal is © The Royal Society of Chemistry 2018
3.4.1 FTIR study of NOx adsorption. Fig. 8 shows the in situ
DRIFT results of NO, O2 and CO2 co-adsorption on the catalyst
surface as the temperature changed from 50 �C to 350 �C. Several
big peaks could be observed between 600 and 2500 cm�1. Two
dominant bands at 2336 and 2362 cm�1 were assigned to gaseous
CO2,5,27 indicating that most of the carbon dioxide was stored on
the catalyst surface in physical adsorption way. With the increase
of temperature, these two peaks decreased gradually, which
indicated that the physisorbed CO2 on the catalysts was unstable
and easy to be desorbed by increasing temperature. A small peak
at 674 cm�1, which was assigned to a vibration of CO2,28,29 also
decreased when temperature was increased.

Although the concentration of CO2 in the gas streaming was
quite high, obvious peaks of nitrogen oxides at around
1379 cm�1 (ref. 5 and 30) could still be observed from the
spectra, indicating that the adsorption of NOx on the catalysts
was not signicantly inhibited by high concentration of CO2. An
obvious phenomenon could be found that, as the temperature
was increased, the band at 1358 cm�1 was replaced by the band
at 1379 cm�1 gradually.5 It could be concluded that the addition
of CO2 did not change the adsorption form of nitrogen oxides
and the transformation rules of surface nitrogen oxo species.

Moreover, several small bands were observed at 1767, 1539
and 1113 cm�1, which were assigned to C]O stretch,31,32

stretching of C]C bonds32,33 and stretch of C–O single bonds.34

It might caused by the vibration of the carbon support.
Fig. 9 shows the in situ DRIFT spectra of NO adsorption on

the ASC catalysts with the present of O2 and SO2 as the
temperature changed from 50 �C to 350 �C. It could be
observed from the spectra that the peak of free nitrate ions at
1378 cm�1 (ref. 5) had an obvious change with the tempera-
ture. When the temperature was increased from 50 �C to
350 �C, this band tended to be narrower and lower, meanwhile,
the band of cis-N2O2

2� at 833 cm�1 was hardly observed at all
tested temperature. The decrease of the bands of nitrogen oxo
species could be caused by the competitive adsorption of
SO2.35
RSC Adv., 2018, 8, 36604–36615 | 36609
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Fig. 7 Dimensionless outlet NOx concentration in the simulated rotary reactor. ((a) T ¼ 150 �C, (b) T ¼ 200 �C, (c) T ¼ 250 �C).

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 3

0 
O

ct
ob

er
 2

01
8.

 D
ow

nl
oa

de
d 

on
 3

/8
/2

02
6 

6:
17

:1
4 

A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
Besides the bands of nitrogen oxo species, a large number of
bands of sulfate species could be observed from the DRIFT
spectra. As the temperature increased from 50 �C to 350 �C, three
bands at 1111, 1155 and 620 cm�1 appeared and increased
gradually, which were assigned to an –SO3– group,36 an –O–SO3–

group,36,37 S]O and S–O group,38 respectively. When the
temperature was below 150 �C, a broad band at 1280 cm�1 and
three small bands at 1046, 578 and 784 cm�1 appeared, which
had no obviously change below 150 �C. According to the previous
study,39–41 the bands at 1280, 1155, and 1046 cm�1 were assigned
to bidentate sulfate, which were formed by the n3 splitting of the
S–O group. And the band at 578 cm�1 might be attributed to the
characteristic frequencies of the SO4

2� ion.42 The band at
784 cm�1 is rarely observed in the DRIFT spectra, but it might be
assigned to a vibration of sulfate species according to the same
change as the bands of other sulfate species.

From the in situ DRIFT spectra results shown in Fig. 9, the
main forms of SO2 storaged on the surface of ASC catalyst were
SO3

2� and SO4
2�. At temperatures lower than 150 �C, the main

species on the catalyst surface were nitrate species, and sulfate
36610 | RSC Adv., 2018, 8, 36604–36615
species were relatively few. As the temperature was increased,
there would be a slight change in the sulfate species, and the
nitrate species on the surface of catalysts would be gradually
replaced by sulfate species.

The mechanism of the H2O inuence on the NO reduction
process was investigated by a DRIFT study. The catalysts were
loaded in the xed bed reactor to adsorb NO. The catalyst
samples (a) and (b) were taken out aer an exposure to a gas
streaming containing 1000 ppm NO + 5% O2 and 1000 ppm NO
+ 5% O2 + 10% H2O for 30 min, respectively. The DRIFT spectra
were then obtained for the catalyst samples (a) and (b) shown in
Fig. 10.

It could be observed from Fig. 10 that the species on the
catalyst surface were changed signicantly. When 10% H2O
existed in the simulated ue gas, the band of free nitrate ions5 at
1380 cm�1 decreased drastically, indicating that the NO
adsorption capacity of the catalyst was quite low in the presence
of 10% H2O. Moreover, three new bands at 3430, 1629 and
1100 cm�1 appeared. The two broad bands at 3430 and
1100 cm�1 could be assigned to different forms of the O–H
This journal is © The Royal Society of Chemistry 2018
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Fig. 8 In situ DRIFT spectra following an exposure of Fe–Co/ASC catalysts to a gas streaming containing 1000 ppm NO + 5% O2 + 15% CO2

balanced by Ar with changing temperature from 50 to 350 �C.
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stretching vibration attributed to the presence of adsorbed
water molecules on the catalyst surface.43–45 And the small band
at 1629 cm�1 was assigned to dHOH bending vibration of weakly
held water44,46,47 It could be concluded that the adsorption
strength of water molecules was weak, and most of the water
molecules in the ue gas were stored on the catalyst surface by
physisorption. The adsorbed water molecules could prevent
access of NO to the interfacial active sites, resulting in a poor
NO adsorption efficiency of the catalysts.

3.4.2 FTIR study of NOx reduction. In order to further
explore the inuence of CO2 on the NO + CO reaction on the
catalyst surface, the in situ DRIFT study under different reaction
Fig. 9 In situ DRIFT spectra following an exposure of Fe–Co/ASC cata-
lysts to a gas streaming containing 1000 ppmNO+5%O2+ 100 ppmSO2

balanced by Ar with changing temperature from 50 to 350 �C.

This journal is © The Royal Society of Chemistry 2018
atmospheres at 250 �C were explored and the results were
shown in Fig. 11. In Fig. 11(a), a broad band of nitrate species at
around 1391 cm�1 could be observed, and the NO + CO reaction
was vigorous, which was matched with the previous study.5

However, aer adding 15% CO2 into the gas streaming (in
Fig. 11(b)), the band of nitrate species at around 1391 cm�1

increased, and two dominant bands of gaseous CO2 at 2336 and
2362 cm�1 appeared, indicating that the degree of the NO + CO
reaction decreased. More NO was still stored on the catalyst
surface, resulting in the decrease of the deNOx efficiency of the
catalysts. Aer removing 15% CO2 from the gas streaming (in
Fig. 10 DRIFT spectra of NO adsorption over Fe–Co/ASC catalysts in
the presence of the water at 250 �C. Catalyst samples were taken out
after (a) adding 1000 ppm NO + 5% O2 30 min, and (b) adding
1000 ppm NO + 5% O2 + 10% H2O 30 min, respectively.

RSC Adv., 2018, 8, 36604–36615 | 36611
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Fig. 11 In situ DRIFT spectra of the CO2 influence on the NO + CO
reaction over Fe–Co/ASC catalysts at 250 �C. NO¼ 1000 ppm, CO ¼
2000 ppm, balance by Ar, (a) before adding 15% CO2 into the gas
streaming, (b) after adding 15% CO2 into the gas streaming, (c) after
removing 15% CO2 from the gas streaming.
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Fig. 11(c)), the band of nitrate species decreased, indicating that
the inuence of the CO2 on the NOx reduction was temporary
and reversible, which was matched with the Fig. 4. In addition,
no new nitrate species band was observed among the DRIFT
spectra, indicating that the introduction of CO2 would not
change the way of NO + CO reaction.

Fig. 12 shows the in situ DRIFT results of the inuence of SO2

on the NO + CO reaction on the catalyst surface. Compared with
the spectra in Fig. 12(a) and (b), aer adding 100 ppm SO2 into the
gas streaming, the bands of sulfate species at 620, 1114 and
1154 cm�1 appeared and the band of free nitrate ions at 1380 cm�1

increased markedly, indicating that the NO + CO reaction was
drastically inhibited by the sulfate species adsorbed on the catalyst
Fig. 12 In situ DRIFT spectra of the SO2 influence on the NO + CO
reaction over Fe–Co/ASC catalysts at 250 �C. NO ¼ 1000 ppm, CO ¼
2000 ppm, balance by Ar, (a) before adding 100 ppm SO2 into the gas
streaming, (b) after adding 100 ppm SO2 into the gas streaming, (c)
after removing 100 ppm SO2 from the gas streaming.

36612 | RSC Adv., 2018, 8, 36604–36615
surface. When the SO2 was removed from the gas streaming (in
Fig. 12(c)), the three bands of sulfate species had no changes,
indicating that these species were adsorbed on the catalyst surface
stably, and had an irreversible effect on the catalysts. This result
was in agreement with the previous experiment in Fig. 4. And the
band at 1268 cm�1 could be observed from Fig. 12(b) and (c),
which was assigned to sulte species.28,48 This band was also stable
and could not be removed by reducing gas.

The inuence of H2O on the NO reduction process was further
investigated by a DRIFT study. The catalysts were loaded in the
xed bed reactor and expose to a gas streaming containing
1000 ppm NO and 2000 ppm CO. The catalyst sample (a) and (b)
were taken out before adding 10%H2O and aer adding 10%H2O
30 min, respectively. Aer that, the catalyst sample (c) was taken
out aer removing 10% H2O from the gas streaming 30 min. The
DRIFT spectra of these three samples are shown in Fig. 13.

As compared to the spectra of sample (a) and (b), three bands of
water molecules at 3430, 1629 and 1100 cm�1 appeared aer
adding 10% H2O, and the band of free nitrate ions at 1380 cm�1

increased a lot. The bands at 1545 and 1515 cm�1, which were
assigned to bidentate carbonates,49–51 decreased slightly. According
to the previous study, the bidentate carbonates were the main
adsorption product of CO on the catalyst surface,52 so it could be
concluded that the adsorption of carbon monoxide was inhibited
by water vapor. And according to the path of NO + CO reaction over
Fe–Co/ASC catalyst,52 the less adsorbed CO caused the less
consumption of the nitrate species on the catalyst surface.
Therefore, the NO + CO reaction was inhibited by water vapor,
which caused a low NO reduction of the catalyst. In addition, no
new bands of nitrate or carbonate species were observed aer
adding water vapor, indicating that the water vapor had no inu-
ence on the path of the NO + CO reaction. Aer removing water
vapor from the gas streaming (curve (c) in Fig. 13), the bands at
3430, 1629 and 1100 cm�1 disappeared, at the same time, the
bands at 1380, 1545 and 1515 cm�1 were back to the initial state
Fig. 13 DRIFT spectra of the H2O influence on the NO + CO reaction
over Fe–Co/ASC catalysts at 250 �C. Reaction conditions in the
reactor: 1000 ppm NO + 2000 ppm CO, balanced by N2. Catalyst
samples were taken out (a) before adding 10% H2O, (b) after adding
10% H2O 30min, and (c) after removing 10% H2O 30min, respectively.

This journal is © The Royal Society of Chemistry 2018
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Fig. 14 The (a) adsorption model of NO + O2 and (b) reduction model of NO + CO influenced by CO2, H2O and SO2. (MO: metallic oxide).
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(the same as curve (a)). It was indicated that aer removing water
vapor, the water molecules weakly adsorbed on the catalyst surface
were quickly desorbed by the gas streaming, and the NO and CO
could be adsorbed on the catalyst surface again, resulting in
a recovery of the NO reduction efficiency of the catalyst. The
inhibition of H2O on the catalyst was reversible.
3.5 Mechanism of the effect of CO2, H2O and SO2 on the
adsorption and reduction process

In summary, competitive adsorption between NO and CO2, H2O
and SO2 was the dominant factor of the inhibition on NO
adsorption process. As the results showed above, CO2 was just
physisorbed on the catalyst surface. Especially, HNO3 could be
formed during the co-adsorption of H2O, NO and O2. Sulphuric
acid could also produced by the interaction of SO2, H2O and O2,
and attached to the catalyst, which could consume the metal
sites. On this account, when catalyst adsorbed NO in the pres-
ence of CO2, H2O or SO2, the molecule of CO2, H2O and SO2

could occupied the active sites on the catalyst surface more
easily than NO, and then some nitric acid and sulphuric acid
could be formed on the catalyst surface. Therefore, the amount
of adsorbed NO was drastically decreased. For the NO reduction
process by carbon monoxide, it could be concluded that the
physisorbed H2O and CO2 was easy to be desorbed by the
owing of the reducing gas, while SO2 and the acid species was
too stable to be removed from the active sites on the catalyst
surface by the reducing gas ow. These species could be stored
on the catalyst surface so that the next NO adsorption process
This journal is © The Royal Society of Chemistry 2018
was inhibited more serious in the rotary reactor. The adsorption
model of NO + O2 and reduction model of NO + CO inuenced
by CO2, H2O and SO2 are shown in Fig. 14.
4. Conclusion

The inuence of CO2, H2O and SO2 on the NO adsorption and
reduction performance of the Fe/Co ASC catalyst was investi-
gated in the simulated rotary reactor. The results showed that
the inhibition effect of CO2 on the NO adsorption and reduction
by CO over Fe/Co activated semi-coke catalyst in the xed bed
reactor was more slight than that of H2O and SO2. When H2O
and SO2 were both present in the ue gas, the NO reduction
efficiency of Fe/Co activated semi-coke catalyst was much lower
compared with other conditions.

In the NO adsorption–reduction dynamic process, the results
were shown as follows:

(1) At 150 �C, the NO adsorption process was signicantly
inhibited by the CO2 and H2O respectively, which indicated by
over 40% decrease of the NO adsorption efficiency, while the
inhibition on the NO adsorption almost disappeared when the
temperature increased to 250 �C. What's more, at all the tested
temperatures, the NO reduction efficiency was always low in the
present of 15% CO2. While the effect of H2O on the NO reduc-
tion (down to approximately 30% of original level) was slighter
than that of CO2 when the temperature was 250 �C.

(2) When 100 ppm SO2 was introduced into the ue gas, the
serious inhibition NO adsorption process at the adsorption
RSC Adv., 2018, 8, 36604–36615 | 36613
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stage was observed, and the NO adsorption and reduction effi-
ciencies of the Fe/Co ASC catalyst were always at a low level
under a SO2-containing ue gas. Moreover, the efficiencies of
NO adsorption and reduction of the Fe/Co ASC catalyst could
not recovered aer removing SO2 from the ue gas, and the
sulfur poisoning of the catalyst would not disappear by
increasing temperature.

The in situ DRIFT results showed that when the CO2, H2O and
SO2 was introduced into the ue gas respectively, the formation
of free nitrate ions was always inhibited signicantly, which was
themain reason for the lowNO adsorption efficiency of the Fe/Co
ASC catalyst. Meanwhile, no new nitrate species or other inter-
mediates generated aer adding CO2, H2O or SO2 into the ue
gas, so the pathway of NO + CO reaction was not changed.
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