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Activated semi-coke loaded with Fe and Co species by a hydrothermal method exhibited excellent
CO-deNO, performance. In this study, the reaction mechanism and the evolution of surface-adsorbed
species were investigated by CO-TPR, NO-TPO, and in situ DRIFTS. The results demonstrated that in the
temperature range of 100-350 °C, the adsorbed CO coordinated to Fe species, inducing an electron
migration that influenced the valence state of Fe. Furthermore, the Fe®* species were found to be the
active sites for the transformation of adsorbed CO, whereas the Co>* species provided the sites for NO
evolution. In the catalytic reaction, the Fe—Co interaction could also promote the transformation of

) 46t N ber 2016 adsorbed NO and CO. The DRIFTS spectra revealed that at relatively low temperatures, the
eceived 6th November ) . . . . - - .
Accepted 17th January 2017 transformation of NO species occurred in the following order: NO — NO,” — NO-NOs  — NO; at
higher temperatures, the NO species evolved in the order: NO — NO,” — bidentate NOs~ — chelate
DOI: 10.1039/c6ra26395] NOsz~ + N,. However, the CO transformation process was the same at both low and high temperatures:

www.rsc.org/advances CO — COO™ — COz2~ — CO,. NO,~ proved to be an important intermediate in the NO + CO reaction.
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1 Introduction

Nitrogen oxides (NO,) emitted from power plants and auto-
mobiles, are considered to be the primary pollutants of the
atmosphere. The evolution of NO, in the environment can
generate photochemical smog, acid rain, and ground level
ozone." Since environmental laws and regulations are becoming
more rigorous and stringent, the abatement of NO, achieves
significant attention from researchers.

Among the deNO, processes, the use of carbon-based
materials as supports or catalysts is an important approach,
especially at low temperatures (<300 °C). As reported, the
carbon-based materials used in deNO, technologies can be
generally classified into three categories: (1) sorbents for NO,
adsorption from flue gases;> (2) catalysts promoting the reac-
tion between NO, and a reductant,*® e.g., NH;, or direct NO,
reduction to produce N,, N,O, and CO,;>** and (3) supports
to metal catalysts that promote the reaction of NO, with
a reductant,”* decomposition,”>* or the reaction with the
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carbonaceous species of the support.”*** NH; has been
shown** to be a very efficient reductant for carbon-based
deNO, processes; however, its use is limited by disadvantages
such as NH; leakage and difficult production. Thus, the devel-
opment of alternative reducing agents is highly desirable.
Because CO is inexpensive, can be easily produced, and cannot
generate solid carbon deposits®*>*® upon reaction with NO, the
application and investigation of CO as a substitute of NH; have
received considerable attention.

It has been demonstrated that transition metals supported
on carbonaceous materials can efficiently promote the NO + CO
reaction in the absence of O,. Mehandjiev et al.** reported that
cobalt oxide supported on activated carbon (Co/AC) catalyzed
the reduction of NO by CO in the absence of O, at 100-550 °C. In
the NO + CO reaction over Co/AC, NO was decomposed by CO to
form mainly N,O at low temperatures (<300 °C), whereas at high
temperatures N, was the main product. Moreover, Stegenga®
proposed that, when copper and chromium oxides were co-
impregnated on carbon supports, the resultant catalyst was
active for both NO reduction by CO and CO oxidation by O,. In
addition, complete inhibition of NO reduction was observed in
the presence of oxygen. A similar conclusion was reached by
MarquezAlvarez et al.,* i.e., O, competed with NO and reacted
with CO. Recently, carbon-based materials have been investi-
gated as catalysts or supports for the NO + CO reaction.*»*
It was established that carbonaceous species could activate
NO reacting with CO, additionally, Cr introduction would
enhanced the reaction greatly. Besides Cr addition, metal or
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acid modification can also enhance the reaction of NO + CO
over carbon-based materials. It has been proposed that alkali
metals,*® such as potassium, and nitric acid** possesses an
enhancing effect for the reaction, which was attributed to an
increasing number of reaction sites via the catalyst dispersion.

The mechanism of the NO + CO reaction over metal oxide
catalysts, especially in terms of the redox performance,®”
amount of surface oxygen vacancies,*® and dispersion of metal
oxides,* has been widely studied. And with the help of in situ
diffuse reflectance infrared Fourier transform spectroscopy
(DRIFTS), the evolution of NO and CO over metal-oxides-type
catalysts has been investigated very thoroughly,®***"3* ie.,
adsorbed NO is transformed into coordinated species such as
bidentate nitrates, which then react with the CO species to
afford N,O/N, and CO,. However, there are very few reports on
the study of the evolution of adsorbed NO and CO over carbon-
based catalysts using in situ DRIFTS measurements.

In our previous studies,**** cost-effective commercial semi-
coke was modified with nitric acid, and transition metals
such as Fe and Co were doped on its surface. The highest deNO,
activity was achieved with a Fe : Co molar ratio of 0.8 : 0.2, in
the temperature range of 100-350 °C. The results demonstrated
that the formation of a special synergetic oxygen vacancy (Fe**-
[J-Co’") in the binary metal oxide was responsible for the high
deNO, performance. In this paper, the transformation of the
adsorbed species was investigated. The interaction between the
original surface species and the adsorbed species has been
further studied. CO temperature-programmed reduction (CO-
TPR) and NO temperature-programmed oxidation (NO-TPO)

Table 1 Parameters of catalysts
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were used to evaluate the effect of the temperature on the
reaction of surface-adsorbed species. In order to gain further
insight into the changes of the surface-adsorbed species and the
NO + CO reaction mechanism over carbon-based catalysts, in
situ DRIFTS analysis, including steady-state and transient
response experiments, was also performed under simulated
reaction conditions to identify a feasible reaction pathway for
future applications.

2 Experiments
2.1 Catalysts preparation

Commercial semi-coke (Shaanxi Shenmu Coal Mine Co., Ltd.,
China) was ground and sieved into granules with diameters of
1.02-1.27 mm, and was denoted as SC. The SC particles were
then activated using nitric acid (30 wt%) at 80 °C for 2 h. Next,
the particles were washed with deionized water and then dried
at 120 °C for 6 h, followed by calcination in Ar at 700 °C for 4 h.
These particles are referred to as ASC.

ASC was loaded with transition metals by a hydrothermal
method. Ferric nitrate and cobalt nitrate (analytical reagent
grade, Sinopharm Chemical Reagent Co., Ltd.) were first
dissolved in deionized water to form the precursor solution.
Table 1 summarizes the loading amount and textural properties
of the prepared catalysts. ASC (5 g) was then immersed in 30 mL
precursor solution and transferred into a stainless steel auto-
clave, which was maintained at 160 °C for 24 h. Next, the acti-
vated coke particles were washed using deionized water and

Concentration of

precursor liquid Fe loading Co loading Average pore Pore volume Surface area
Catalysts (mol L) wt% (ICP) wt% (ICP) width (nm) (em® g™ (m*>g™)
Feg 5C00.,/ASC Fe(NO3);: 1.653 5.58 1.49 2.14 0.59 272.096
Co(NO;);: 0.413
Fe, s/ASC Fe(NO;);: 1.653 2.04 1.76 0.59 333.021
C0,.,/ASC Co(NO3);: 0.413 0.39 1.74 0.59 359.996
ASC 1.83 0.567 463.986
50
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Fig. 1 CO-TPR profiles of prepared catalysts: (a) fresh catalysts; (b) NO-pretreated catalysts.
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then dried at 120 °C for 6 h, followed by calcination in Ar at
700 °C for 4 h.

2.2 TPR and TPO experiments

CO-TPR and NO-TPO were performed using a Chemisorb
instrument (Chembet Pulsar TPR/TPD 2139), in a quartz U-type
reactor connected to a thermal conductivity detector. The
module reductant gas was composed of 10 vol% CO balanced by
He at a flow rate of 40 mL min~'. The oxidation gas was
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composed of 5 vol% NO balanced by He. The sample (100 mg)
was pretreated in a N, stream at 300 °C for 1 h, and TPR and
TPO were then started from room temperature to 900 °C at

a rate of 10 °C min .

2.3 In situ DRIFTS study of the prepared catalysts

In situ DRIFTS spectra were recorded from 650 cm ™' to 4000
em™ " at a spectral resolution of 4 cm ™" (number of scans, 100)
on a Nicolet 6700 FTIR spectrophotometer equipped with
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Fig. 2 NO-TPO profiles of prepared catalysts: (a) fresh catalysts; (b) CO-pretreated catalysts.
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a high-sensitive MCT detector cooled by liquid N,. The DRIFTS
cell (Pike) was fitted with a ZnSe window and heating cartridge,
which permits the heating of the sample to 500 °C. Before the
performance, all the samples were grounded into fine powder
(<2 um) and diluted with KBr. The diluted multiple was
approximate 150. Then the powders (approximately 25 mg) were
placed on a sample holder and were carefully flattened to IR
reflection. The sample was pretreated with a high-purity Ar
stream at 400 °C for 1 h for eliminating the physically absorbed
water and other impurities. At each target temperature, the
sample background was collected during cooling. For steady
state response, at each desired temperature, the sample was
exposed to a controlled stream of 2000 ppm CO or/and
1000 ppm NO balanced by Ar at a flow rate of 100 mL min~"
for 0.5 h for saturation. And for transient response, the spectra
were continuously collected synchronized with the reaction
time at each desire condition. The spectra were recorded at
various target temperatures by subtracting the corresponding
background reference.

3 Results and discussion
3.1 CO-TPR analysis of the prepared catalysts

CO-TPR was performed to investigate the reducibility of the
catalysts. The detection was carried out on differently pretreated
catalysts. The fresh catalysts received no pretreatment, whereas

(@)

Adsorbance (a.u.)

View Article Online

Paper

NO-pretreated catalysts were purged with 1000 ppm NO
(GHSV = 6000 h™") at 300 °C for 30 min. The TPR profiles are
shown in Fig. 1. For Fe,gCo,/ASC, two main peaks were
observed at 468 °C and 724 °C, and the latter was accompanied
by a broad shoulder peak at 674 °C (Fig. 1(a)). The spectrum of
the Fe, g/ASC catalyst showed one strong peak at 772 °C, and
two weak shoulder peaks at 468 °C and 674 °C. As for the Cog ,/
ASC and ASC catalysts, no obvious peak was observed, and two
weak broad peaks were detected at 632 °C and 772 °C. All
spectra showed peaks at 150-300 °C, which were attributed to
adsorbed oxygen species. As we previously proposed** and
according to the curves in Fig. S4,1 the peak at 468 °C for
Fe,.sC0y.»/ASC and Fe, 3/ASC should be ascribed to the reduc-
tion of Fe’" to Fe**,** whereas the peak at 674 °C should be
assigned to the characteristic peak of Fe**.***> The peaks at
temperatures higher than 700 °C should be assigned to oxides
mixed with metals in the solid carbon. In Fig. S4,f it could be
observed there were three main peaks in the detecting results of
Co0,0;. These three main peaks were speculated to Co** — Co>*
(330 °C), Co;0, — CoO (492 °C) and CoO — Co® (612 °C). Xie
and co-workers*® also reported that Co species were very active
for CO oxidation at low temperature. However, the spectra of
Co¢,/ASC and ASC showed similar characteristic peaks, we
speculated that on the surface of Co, ,/ASC, the loading amount
of Co species is very low (0.39% in Table 1). Their characteristic
peaks were covered by the reduction peaks of carbon species on
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ASC. Hence, these two peaks detected were ascribed to the
reduction of ASC surface species.*”*® Furthermore, in the
detecting of Fe,O; (Fig. S47), it was also observed that a very
obvious inverse peaks appeared at approximate 370 °C, along
with the main inverse peak, a broad weak concave peak was
found in the temperature range of 130-250 °C. This phenom-
enon demonstrated that in the range of 130-250 °C, there were
some physical adsorbed CO released from the sample. And at
370 °C, it was assumed some coordinated carbonates were
decomposed. Nevertheless, we found there were no concave
peaks for Co,05. That implied CO was very easy to be oxidized on
the surface of Co species, which resulted in coordinated
carbonates were difficult to be generated.

Fig. 1(b) displays the CO-TPR profiles of NO-pretreated
catalysts. For Co,,/ASC and ASC, a profile similar to that of
the fresh samples was observed, and no obvious peak was
found. On the other hand, the spectra of Fe,gCo4,/ASC and
Fe,3/ASC showed very obvious peaks. Peaks at 346 °C
(Feo.C0y.»/ASC) and at 381 °C (Fe, g/ASC) should be assigned to
the adsorption of NO on Fe*".* The reducing of the peak
temperature is speculated to the Fe-Co interaction. For
Fe, sC0,.,/ASC, the broad peak at 528 °C was attributed to the
reduction of Fe**. While for Fe, s/ASC, the peak 649 °C should
be ascribed to the reduction of Fe>".

In Fig. 1, it could be found that the profile of samples con-
taining of cobalt did not show characteristic peaks for cobalt

(a)
1264
:i\ i
K
@
e - 1760
= .
2 : 836
E A
e AT
e A
A
_/.\\_..—\__J 135
1 1 1 Y [ — |
3500 3000 2500 2000 _; 150 1000
Wavenumber /(cm )
© o
E e A
&
> BNV - Il 1265
3 i
= 2400 2173 2 M A 833,
E 350°C ; 1" S \_
§ [300°C : i AN
< (o N——
< 00°C
150°C
[ 100°C e
30°C
1 n 1 n 1 n 1 " 1
3500 3000 2500 2000 1000

-1.1500
Wavenumber /(cm )

View Article Online

RSC Advances

oxides. According the XRD patterns (Fig. S1t), SEM images
(Fig. S37), it was deduced that on the surface, a small amount of
cobalt oxides were surrounded by a large amount of iron oxides.
These two kinds of metal oxides would interact with each other to
generate core-shell structures (sphere blocks in Fig. S3(a)t). Co
species have no chances to be reduced by CO, for that Fe species
can easily adsorb CO. As we assumed, Fe species were the major
CO adsorbents in the synergetic oxygen vacancy (Fe-[1-Co).* In
the range of 100-350 °C, there was no obvious CO consumption
peak, suggesting that CO might coordinate to the active metal
cation leading to the electron excursion from the synergetic
oxygen vacancy, and not electron transfer as proposed in our
previous study.*

3.2 NO-TPO analysis of the prepared catalysts

To further explore the NO evolution during the NO + CO reac-
tion over Fe-Co bimetal catalysts supported by ASC, NO-TPO
was performed on the fresh and CO-pretreated catalysts. The
CO pretreatment consisted of purging the fresh catalysts with
2000 ppm CO (GHSV = 6000 h™") at 3000 °C for 30 min. In order
to confirm the active composition, NO-TPO of the pure metal
oxides were performed. Fig. 2 and S5 shows the TPO profiles of
the prepared catalysts. As shown in Fig. S5, it was observed that
for pure FeO, there was an overlap peak. With the help of Gauss
Function in Origin software, we decomposed this peak into two
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peaks. The peak at 431 °C should be assigned to FeO — Fe30y,,
while that at 524 °C to Fe;0, — Fe,0;. In the profile of CoO,
a broad main peak was observed. That was fitted into two peaks
at 335 °C (CoO — Co030,) and 412 °C (Co30, — C0,03). For
Fe, 3C0,.,/ASC, two main peaks were observed at 710 °C and
830 °C, along with a shoulder peak at 497 °C (Fig. 2(a)). The
spectrum of Fe,g/ASC showed a broad peak at 429 °C and
a weak peak at 710 °C. Hence, we speculated that the peaks at
429 °C and 497 °C resulted from the oxidation of Fe**. The
difference in oxidation temperature was due to the different
crystal texture of Fe species. In the spectrum of Co, ,/ASC, peaks
at 648 °C, 790 °C, and 850 °C were observed. The peak at 648 °C
could presumably be ascribed to the hysteresis of bulk Co
species oxidation, and that at ~790 °C to some difficult-to-
oxidize Co species complexed with carbon. Moreover, for ASC,
only one peak at 710 °C was detected, which can be assigned to
the oxidation of surface species. Both spectra of Fe, gC0, ,/ASC
and Co, ,/ASC showed a peak in the range of 800-900 °C, which
may be attributed to the decomposition of NO because Co
species exhibited excellent NO decomposition ability* (a
similar curve shown in Fig. S57).

Fig. 2(b) displays the TPO profiles of CO-pretreated catalysts.
Fe,.3C00,/ASC and Fe, s/ASC gave a distinct peak at 147 °C,
which was not observed in the spectra of the corresponding
fresh catalysts (Fig. 2(a)). The consumption peak was attributed
to the decomposition of adsorbed CO. Because only catalysts
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loaded with Fe species produced this peak, the Fe species on the
catalyst surface were confirmed to be the active site for CO
adsorption, as proposed in Section 3.1. For these two samples,
the Fe®" oxidation peak was found at a temperature (456 °C)
different from that of the corresponding peak in the spectra of
the fresh catalysts, suggesting that adsorbed CO could modify
the cation electron structure.*® For all samples, a peak appeared
at 674 °C, which was assigned to the oxidation of carrier species
reduced by CO. In the case of Fe, gCo, ,/ASC and Co, ,/ASC, this
peak was more intense and could be attributed to the over-
lapping Co species and carrier species peaks.

In conclusion, strong reduction peaks were observed for
catalysts doped with Fe (Fig. 1), whereas strong oxidation peaks
appeared in the spectra of Co-containing samples (Fig. 2).
Moreover, CoO shows excellent activity for NO reduction. It is
reasonable to assume that, in the NO + CO reaction catalyzed by
Fe-Co-based catalysts, the Fe species provided the active sites
for CO adsorption, whereas Co cations played a major role in
NO evolution.

3.3 In situ DRIFTS analysis of representative differently
pretreated catalysts

In situ DRIFTS study of the surface-adsorbed species is a valu-
able method to investigate the catalytic mechanism. In this
work, a DRIFTS study was performed to explore the adsorbed
NO and CO species in the NO + CO reaction with the aim to
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further clarify the surface species evolution and the electron-
transfer process.

3.3.1 CO and/or NO adsorption at different temperatures.
The DRIFTS spectra of CO adsorbed on the catalyst surface at
increasing temperatures from 30 to 350 °C are shown in Fig. 3.
For all samples, there were two adsorption bands at 2173 cm ™"
and 2120 cm™ ' in the tested temperature range, which were
attributed to the P and R branches of gaseous CO.*” When the
temperature was above 100 °C, bands appeared at 2300-2400
cm ™, due to the formation of physically adsorbed or gaseous
CO,.* Furthermore, the intensity of these bands decreased with
increasing reaction temperature, presumably because of the
desorption of physically adsorbed CO,. Besides these peaks, the
spectrum of Fe, gCo,/ASC in Fig. 3(a) showed bands at 1740
em™, 1679 cm™ %, 1587 ecm ™ em ™, 1430 em ™, and 1526 cm ™Y,
assigned to »(C=0), 1,5(CO5>") in bidentate coordination, the v
of CO;>~ species adsorbed on Fe*" in bidentate (1590 cm ™ ')
and monodentate coordination (1435 cm™"),***” and v,,(COO ™),
respectively. Moreover, the intensity of these peaks decreased
continuously with increasing temperature. When the tempera-
ture is higher than 300 °C, some CO;>~ species disappeared.
The spectra in Fig. 3(b)-(d) showed similar phenomenon to that
in Fig. 3(a). Some peaks also appeared in the range of 1350-1800
cm . The bands at 1742 cm ™%, 1677 cm ™%, 1515 cm™ %, and 1378
cm ' were assigned to »(C=0), v,4(CO;>") in bidentate coor-
dination, »,4(COO™), and »;(COO™), respectively. Other bands
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were observed at 1537 cm ™! and 1795 cm ™}, attributed to the
red shift of »(CO;>") and coupling »(C=0).3*3"%3-5 However, the
evolution of the intensity along with the temperature was very
different from that in Fig. 3(a). In Fig. 3(b) and (d), at lower
temperatures, the peaks at 1378 cm™* and 1515 cm ™ * were
unobvious, and their intensity increased with increasing
temperature. These results indicated that, on the surface of ASC
and Fe, g/ASC, the adsorbed CO reacted with O, (chemisorb
oxygen), affording carbonate species while simultaneously
transferring electrons to cation species. Ligand bonding
between carbonates and reduction species was strong and not
easily cleaved, even at high temperatures. Notably, the change
in peak intensity with the temperature was different for ASC and
Fe, g/ASC. For Fe, g/ASC, at high temperatures, the intensity of
the peak at 1515 cm™ " was stronger than that of the peak at 1378
ecm'; the opposite was observed for the ASC support. In the
spectrum of Co,,/ASC (Fig. 3(c)), the intensity of the peak at
1378 cm ™" increased at low temperatures and then gradually
decreased at high temperatures, suggesting that carboxylate
species were formed at intermediate temperatures and
decomposed at higher temperatures. For ASC and Fe, s/ASC, the
adsorption peaks at 1677 cm™ ' and 1742 cm ' significantly
increased with the temperature, indicating that Fe species were
sensitive to adsorbed CO, and the interaction of Fe-ASC could
promote CO, transformation. However, in the spectrum of
Coy.,/ASC (Fig. 3(c)), the same peaks first increased and then

(b) \ 1375
2179) | :
- 1732 1588j
30 min 2321 i A
e~
~ |25 min
-]
& |20 min
T F——
2 |15min
s ———
Z |5min
F————
1 min
—
Purged by Ar ! is10
1 1 1
3000 2500 2000 -1.1500 1000
Wavenumber /(cm )
@ 274 [t 2116 1594
w2 A 1647
30 min Pl i1
~ |25 min i
3 lom i 1
g [15min Wi !
£ i
2 |10 min
St
2 |5 min
<
< |1 min
‘1378
Purged by Ar
1 " 1 " 1
3000 2500 2000 1. 1500 1000

Wavenumber /(cm )
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for different times.
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decreased, which was like the evolution in Fig. 3(a). This
intensity change could be explained by the fact that, at lower
temperatures, CO is adsorbed to generate carbonate species,
whereas at higher temperatures, some carbonate species
perhaps desorbed from the surface or decomposed, resulting in
a lower peak. Comparing the results shown in Fig. 3(a-d), it
could be deduced that samples containing of Co species would
promote the carbonates decomposition. The ASC support had
an excellent performance for CO adsorption, while Fe species
would promote the CO species transforming.

In order to gain further insight into the NO species adsorbed
on the catalysts at different temperatures, NO adsorption
DRIFTS spectra were recorded (Fig. 4). For Fe,gCoy,/ASC
(Fig. 4(a)), when the reaction temperature was below 150 °C,
peaks appeared at 1750 em %, 1630 cm ', and 1385 cm ?,
assigned to NO weakly adsorbed on Co™", v,4(NO;~) in bridge
bidentate coordination, and v,4(NO,~),***5%¢ respectively. As
the temperature increased, the peak shifted from 1385 cm ™" to
1379 cm™ %, because of the formation of free nitrate ions.””
Moreover, in the spectra of Fe,g/ASC, Co,,/ASC, and ASC
(Fig. 4(b)—(d)), a peak appeared at 1379 cm ™, indicating that the
ASC carrier itself was an important contributor to the adsorp-
tion of NO. In Fig. 4(b)-(d), characteristic peaks of CO,
(approximately 2400 cm™ ') were observed, suggesting that the
adsorbed nitrogen oxides reacted with the carbonaceous
species on the ASC surface, forming CO,. Moreover, peaks
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1 1

appeared at 1365 cm = and 1395 cm™
formation of nitrite and nitrate,*”*"%

, attributed to the

respectively. With
increasing temperature, these two bands shifted to 1379 cm™*
and 1260-1270 cm ™, respectively. The latter band was assigned
to the vibration mode of chelating bidentate nitrite species.’”*®
In the ASC and Fe, g/ASC spectra, peaks were observed at 1904
cm™! and 1846 cm ™!, which were attributed to the character-
istic vibration of the adsorbed NO species in linear and bent
coordination modes, respectively.?”*"**>¢ In Fig. 4(b) and (c),
peaks were detected at 1120 cm™*, 2173 cm ™, and 2094 cm ™,
assigned to the vibration of nitrosyl species, -NCO, and N,O,
respectively, which were intermediates in the NO + CO
reaction.>*

The co-adsorption of NO and CO was investigated to further
elucidate the effect of the temperature on the NO + CO reaction
(Fig. 5). For all four samples, several peaks appear in the range of
1200-1400 cm ™', which were assigned to v, of free NO; ™ and did
not decrease with the increasing temperature. This indicated that
free nitrates acted as inert species, which were too stable to be
reduced by CO in the temperature range used. Peaks (at 1597
em ™', 1515 em ', and 1546 cm ') assigned to bidentate
carbonates®®*"*® were also observed in Fig. 5(b) and (d); however,
these peaks are not present in Fig. 5(a) and (c), indicating that Fe
species could promote the adsorption of carbonates.

Thus, in Fe-Co-based catalysts, Fe species were found to
predominantly contribute to the adsorption of CO and assisted
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times.
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Co species in the transformation of adsorbed NO (as speculated
in Section 3.2). By comparing the four spectra, it was speculated
that the cobalt species in the catalysts played a key role in
weakening the N-O bond, as revealed by the shift of the
adsorbate (weakly adsorbed NO) wavenumber from 1907 cm™*
or 1835 cm™ ' to 1767 cm ™. Moreover, a band were observed at
1767 cm ', assigned to vibrational modes of Co(NO),, indi-
cating that Co ions acted as the active site for the trans-
formation of nitrate oxides, which could promote the key step of
the NO + CO reaction, i.e., the dissociation of NO.> A compar-
ison of Fig. 4(a) and 5(a) shows that the peaks at 1630 cm™*
disappeared, indicating that bidentate nitrates were interme-
diates of the reaction. In Fig. 3(a) and 5(a), the peaks assigned to
the CO vibration and those at 1587 cm™* were not detected,
whereas the band at 1434 cm ' disappeared above 150 °C,
demonstrating that the carbonate species could not be easily
generated in the presence of NO. This result may also imply that
the adsorbed CO species could react with NO species fast in the
co-existing of NO + CO. The high N,O selectivity at low
temperatures can be attributed to the decomposition of nitro
species.

3.3.2 Effect of time on the CO and/or NO adsorption at 200
°C. To investigate the evolution of surface-adsorbed species at
target simulated temperatures, 200 °C and 300 °C were selected
as the simulated low and high temperatures, respectively. The
transient DRIFTS study of surface species at 200 °C was
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performed by collecting spectra at different reaction times. This
analysis provided information on the low-temperature evolu-
tion of CO or NO adsorbed on the prepared catalysts. Fig. 6
shows the CO adsorption spectra of fresh catalysts. All spectra
exhibited the characteristic bands of CO, (~2340 cm™") and P
(~2175 em™ ') and R (~2110 cm™ ') branches of CO, which were
ascribed to gaseous CO and to the transformation of the
adsorbed species. In the spectra of the loaded catalysts, the
intensity of the CO peak did not vary, whereas for CO,, the
intensity firstly increased and then decreased. On the other
hand, for ASC supports, the CO, peak intensity remained
unchanged. This suggests that the adsorbed CO readily evolved
on the loaded catalysts. As shown in Fig. 6(a), bands assigned to
v(bidentate CO;>7) (1594 cm™ ") and v,4(COO ™) (1527 cm ™ ') were
also detected. In the first 10 min of the reaction, the intensity of
the band at 1527 cm ™" increased with time and then decreased
until it disappeared. On the other hand, the intensity of the
band at 1594 cm ™' did not obviously change in the first 10 min,
and after 10 min of reaction, the intensity increased with time.
This indicated that COO™~ was transformed into bidentate
CO;3>". For Fe, ¢/ASC (Fig. 6(b)), bands assigned to v(bidentate
CO5*7) (1591 ecm™Y), v,5(COO7) (1531 em™ %), and »,(COO")
(1374 cm™') were observed. The intensity of the band of
bidentate CO;>~ was almost unchanged, whereas the intensity
of the bands related to COO™ increased with reaction time. In
the spectrum of Co,,/ASC (Fig. 6(c)), characteristic bands
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assigned to v,4(bidentate CO;>") (1683 cm ™', 1637 cm ™ 1), v (-
COO07) (1521 em™ '), and »,5(monodentate CO;>") (1409 cm™ ")
appeared, whose intensity increased with the adsorption time.
The spectrum of ASC (Fig. 6(d)) showed peaks at 1736 cm "
(»(C=0)), 1673 cm " (v,s(bidentate CO5>7)), and 1520 cm "
(va5(COO™)), whose intensity increased in the first 10 min. After
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Fig. 10 DRIFTS spectra of fresh Feg gCog 2/ASC in a flow of 1000 ppm
NO + 2000 ppm CO at 200 °C for different times.
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this time, the bands at 1736 cm ™' and 1673 cm™
unchanged, whereas the intensity of the band at 1520 cm™
reached the maximum at 10 min and then slightly decreased to
a steady-state value. On the basis of these results, it was spec-
ulated that ASC adsorbed CO and preliminarily catalyzed its
transformation. Co addition promoted the formation of
bidentate carbonates, whereas Fe was beneficial for the gener-
ation of carboxylate species. The Fe-Co interaction promoted
the transformation of COO™ to CO;>".

Because the presence of NO in flue gas could influence CO
adsorption, a transient DRIFTS study of CO adsorption over NO-
pretreated catalysts was also performed. As shown in Fig. 7, for
all NO-pretreated samples, bands at ~1590 cm™ ' and 1375 cm ™
were detected, which were assigned to »(NO;™ ). During CO
adsorption, the band at 1375 cm™' remained unchanged,
demonstrating that free NO; ™~ species were inert to reaction. For
Fe,.5C00.,/ASC (Fig. 7(a)), the intensity of the band at 1594 cm ™"
was found to increase with reaction time. This could be
explained by the interaction between the adsorbed NO;™ and
CO;> species. For Fe, g/ASC (Fig. 7(b)), the band at 1510 cm™*
decreased, indicating that part of adsorbed NO interacted with
CO, whereas the band at 1739 cm™* first decreased and then
increased, suggesting that, with time, the adsorbed NO gradu-
ally evolved and some CO was adsorbed. On the other hand, the
band at 1588 cm™ " remained unaltered. In the spectrum of
Co,.,/ASC (Fig. 7(c)), the change in intensity of the band at 1742
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cm ' showed a trend similar to that of the band at 1739 cm™ ' in
Fig. 7(b). This should be attributed to the low activity of the
single metal-loaded catalysts. In the spectrum of ASC, the band
at 1647 cm ' (v,4(bridge bidentate NO;7)) continuously
decreased in intensity with time until it disappeared, indicating
that bridge bidentate NO;~ was highly reactive.

The NO species adsorbed on the prepared catalysts were
identified by DRIFTS, and the results are shown in Fig. 8. For all
samples, bands assigned to »(NO) (~1906 cm ' and ~1840
cm™ ') were observed. For Fe, gCo,,/ASC (Fig. 8(a)), after 1 min
of reaction, bands at 1641 cm ™' (v,,(bridge bidentate NO; ")),
1589 em ' (v(chelate NO; 7)), 1374 cm ' (v(free NO; 7)), and
1259 cm ™! (v5(chelate bidentate NO, ~)) were detected. The band
at 1641 cm™ " gradually decreased in intensity with time and
disappeared after 15 min, while the intensity of the band at
1589 cm ! increased. This indicated that some adsorbed NO
species adopted a chelate coordination mode. The intensity of
the bands at 1374 ecm™ " and 1259 cm™ ' increased with the
adsorption time. For Fe,g/ASC (Fig. 8(b)), bands assigned to
weakly adsorbed NO (1739 cm %), v, (bridge bidentate NO;")
(1640 cm™"), v(chelate NO;~) (1589 ¢cm™ '), v,s(monodentate
NO;7) (1527 em™ "), and »(free NO;) (1378 cm ') were
observed. The intensity of the band at 1640 cm™* decreased in
the first 5 min and then remained constant, whereas that of the
band at 1527 em ™' increased with time. Thus, we speculated
that, during the adsorption reaction, nitrates adopted a chelate
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coordination mode and Fe species promoted the formation of
monodentate NO;™. As shown in Fig. 8(c), the intensity of the
band at 1635 cm ™~ * decreased, whereas that of the band at 1539
cm ' increased. This can be ascribed to the decomposition of
bidentate NO; ™ and to the low activity of monodentate NO; . A
similar trend was observed for ASC (Fig. 8(d)), i.e., the amount
of bidentate NO;~ (1626 cm™ ') decreased and that of chelate
NO; ™ (1594 cm™ ) increased with time. It was speculated that
ASC could promote the transformation of bidentate NO;™ to
chelate NO; ™. Moreover, the amount of free NO; ™~ species (1367
em ') increased, presumably because of the low catalytic
activity of the ASC support.

The effect of CO pretreatment on the evolution of the
adsorbed NO species was investigated. As shown in Fig. 9(a), the
intensity of the band at 1372 cm™ " gradually increased with
reaction time, indicating that adsorbed CO reacted with
adsorbed NO at 200 °C, and in the presence of adsorbed CO, no
free NO;~ was generated on the surface of Fe, gCoy ,/ASC. This
trend was also observed for Fe,g/ASC and ASC. Thus, we
assumed that, to some extent, adsorbed CO inhibited the
formation of free NO; ™. In Fig. 9(b), the band at 1257 cm ™"
became more intense with time, demonstrating that CO
pretreatment enhanced the activity of iron-based catalysts, i.e.,
low-valent NO, species were formed on CO-pretreated Fe, g/ASC.
In the spectrum of Co, ,/ASC (Fig. 9(c)), a band at 1386 cm ™" was
observed in the first 10 min, and then its intensity decreased.
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Fig. 12 DRIFTS spectra of NO-pretreated catalysts: (a) Feg gCog 2/ASC, (b) Feg g/ASC, (c) Cog »/ASC, (d) ASC in a flow of 2000 ppm CO at 300 °C

for different times.
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This suggested that adsorbed CO promoted the activity of Co
species in the transformation of NO to NO, ™.

A transient DRIFTS study of the co-adsorption of NO and CO
on Fe, 3C0o, ,/ASC was performed to obtain information on the
evolution of co-adsorbed CO and NO species. The results are

shown in Fig. 10. Besides the bands at ~2340 cm ", ~2179
1 1

em !, and ~2111 cm ', a band at 1597 cm ', assigned to
bidentate CO5>~, was detected. This demonstrated that biden-
tate CO,>~ was the active intermediate in the reaction. More-

over, the evolution profile of adsorbed NO species was similar to
that observed on the CO-pretreated catalysts. The band of
bidentate NO;~ (1636 cm™ ') disappeared after 10 min of reac-
tion, and chelated NO;~ (1597 cm™ ') was not observed. Thus, it
was concluded that coordinated NO;~ was the major reactive
species. In addition, the intensity of the band at 1258 cm ™",
assigned to v¢(chelate bidentate NO, ), increased. We therefore
speculated that, at 200 °C, highly reactive adsorbed CO and NO
species were generated, but the catalysts had relatively low
activity. These findings led to the conclusion that highly reactive
bidentate CO,;>~ or chelated NO,~ did not undergo decompo-
sition, and -NO,, species played the role as the intermediate of
the transformation of NO to NO; ™. However, because of the low
catalytic activity at low temperatures, -NO, would desorb from
the surface affording N,O.

3.3.3 Effect of time on the CO and/or NO adsorption at 300
°C. Fig. 11 shows the spectra of CO adsorption on the fresh
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catalysts at 300 °C. As shown in Fig. 11(a), in the first 10 min,
bands at 1609 cm ™' (vS(C=0)) and 1572 cm™ ' (v(bidentate
CO,%>7)) were observed. The band at 1609 cm ' gradually
decreased in intensity with time and disappeared after 10 min,
whereas the intensity of the band at 1572 em™" continuously
increased to a steady value. These observations indicated that
CO was adsorbed on the surface and easily transformed to
bidentate CO;>~. Moreover, for Fe,4/ASC (Fig. 11(b)), bands
assigned to »(bidentate CO;*>7) (1589 cm™ ') and »,(COO ) (1378
cm ) were detected, and their intensity increased with time. As
compared to the spectrum of Fe,g/ASC, additional bands,
namely, at 1736 cm ' (v,(C=0)), 1663 cm ' (v,s(bidentate
C05%7)), 1545 cm ™' (v,5(CO0 7)), and 1378 cm™* (v5(COO ")) were
observed in the spectrum of Co,,/ASC (Fig. 11(c)). It was spec-
ulated that, at high temperatures, the interaction between ASC
and Co oxides promoted the preliminary transformation of
adsorbed CO. Moreover, for ASC (Fig. 11(d)), bands at 1573
ecm™ "' (v(bidentate CO;>7)), 1436 cm ™" (v(monodentate CO;>)),
and 1383 cm ™" (v5(COO™)) were observed.
Fig. 12 shows the results of the influence of NO pretreatment
at 300 °C. For all samples, bands in the ranges of 1730-1740
! 1550-1580 cm ™', and 1370-1380 cm ™' were observed,
which were assigned to v,5(NO), v(chelated NO; ™ ),**** and v(free
NOj; "), respectively. The intensity of these bands decreased and
then rapidly increased with time. It was speculated that the high
temperature promoted the transformation of NO;~ to CO;*~
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different times.
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for different times.

Because free NO; ™~ species were inert, the band at ~1375 cm ™"
was assigned to v(free NO; ™). The spectrum of Fe, gCoy »/ASC
(Fig. 12(a)) showed a new band at 1535 cm™ " after 15 min of
reaction, suggesting the formation of COO~. Moreover, for
catalysts containing Fe species, a band appeared at ~1250
em !, and its intensity increased with time. We assumed that
NO,~ was the important intermediate for the transformation
from NO to active NO; .

The spectra of NO-adsorbed catalysts are shown in Fig. 13.
For all samples, the spectra were very similar to those collected
at 200 °C. An important difference was the higher intensity of
the band at ~1590 cm™', which indicated that the high
temperature allowed the NO + CO reaction to occur between the
adsorbed chelate NO;~ and CO species. As revealed by Fig. 14,
CO pretreatment promoted the formation of carbonate species
on the surface of the catalysts, namely, bidentate CO;>~ (~1590
em™ ') in Fig. 14(a), bidentate CO;>~ (1589 cm™') and COO~
(1517 em ™' and 1377 em™ ') in Fig. 14(b), C=0 (1753 cm ') and
COO~ (1531 cm™ ") in Fig. 14(c), and CO;>~ (1578 cm ') and
COO~ (1372 ecm™ ") in Fig. 14(d). When NO adsorption (in
Fig. 14) was performed at 300 °C, the evolution profile was
similar to that observed in Fig. 13. For Fe, 3C0, »/ASC and Fe, g/
ASC, the formation of chelate NO;~ from bidentate NO;~ was
the main transformation process. In the spectrum of Co, ,/ASC,
the band at ~1590 cm ™' was not detected, indicating that CO5>~
species partly decomposed at this temperature.
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(b) Feg.g/ASC, (c) Cog »/ASC, (d) ASC in a flow of 1000 ppm NO at 300 °C

Fig. 15 illustrates the results of the co-adsorption of NO and
CO at 300 °C. The bands assigned to bidentate CO;>~ (1584
ecm '), free NO;~ (1373 cm™ '), NO,~ (1259 cm™ '), and NO~
(1120 cm™") were observed, and their intensity increased
with time. However, the bands related to bidentate or chelate
NO;~ were not detected. This demonstrates that coordinated
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Fig. 15 DRIFTS spectra of fresh Feg gCog »/ASC in a flow of 1000 ppm
NO + 2000 ppm CO at 300 °C for different times.
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Fig. 16 A possible evolution model for NO + CO over Feg gCogq 2/ASC.

NO;~ was a very reactive species in the NO + CO reaction at this
temperature.

3.4 Possible evolution of surface-adsorbed species over Fe-
Co bimetal catalysts

From the above analysis, it could be deduced that CO and NO
were first adsorbed on the surface of the ASC support owing to its
excellent adsorption properties. Then, the CO species were
transferred mainly to the active Fe*' sites; the Fe species
promoted the coordination of CO with the O between Fe** and
Co’*,* with formation of COO~ (1378 cm™ ). The COO~ species
were activated by the adjacent Co and ASC, captured the O in the
Fe**-0-Co*" system, and coordinated with the adjacent O to
form CO;*" (1677 cm ). Next, the formed oxygen vacancies
(Fe**~[0-Co™") promoted the decomposition of CO;>~ to produce
CO,. At high temperatures (300 °C), the evolution of adsorbed CO
was similar to that at low temperatures (200 °C), whereas
different profiles were observed for adsorbed NO species. At
200 °C, NO coordinated to Co** (<1910 cm™ ") and then formed

7708 | RSC Adv., 2017, 7, 7695-7710

bonds with the adjacent O atoms. This mixed structure would
renewedly transform and coordinate to Co®*, producing NO,~
(1260 cm ™). This process involved the migration or transfer of
electrons. Moreover, newly introduced NO would coordinate to
Co species and interact with NO, ™, thereby transferring an O to
the vacancy with formation of N,O. At high reaction tempera-
tures, adsorbed NO evolved to NO, and then to bidentate NO;™
(1647 cm™"). When new NO was injected, bidentate NO;~
transformed into chelate NO;~ with formation of N,.

Hence, the evolution of NO and CO can be summarized as
follows: CO — adsorbed CO — bidentate CO;*>"; NO —
adsorbed NO — NO,” — NO-NO,  — N,O (low temperature);
NO — adsorbed NO — NO,  — bidentate NO;~ — N, +
chelate NO;~ (high temperature). A possible scheme for NO
reduction by CO over Fe, gCo, ,/ASC is displayed in Fig. 16.

4 Conclusion

This study clarifies the mechanism of the NO + CO reaction on
Fe-Co bimetal catalysts over ASC supports using CO-TPR, NO-

This journal is © The Royal Society of Chemistry 2017
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TPO, and in situ DRIFTS measurements. Our results can be
summarized as follows:

(1) In the temperature range of 100-350 °C, for CO-deNO,
process, CO could not reduce the valence state of Fe** and Co*".
Adsorbed CO coordinated to metal species and induced the
migration of electrons to influence the cation valence.

(2) NO,™ was an important intermediate in the NO + CO
reaction. When the reaction temperature was relatively low,
NO, " could not evolve and therefore produced N,O, whereas if
the catalytic activity was high, NO,~ could transform into NO;~
with no N,O formation.

(3) In Fe-Co binary metals catalysts, Fe*" and Co®" proved to
be the active sites for CO and NO evolution, respectively: Co
species promoted the transformation of COO~ to CO;>7,
whereas Fe species promoted the generation of chelate NO; ™.
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