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Abstract

The support effect for HZSM-5 and Al,O5-supported chromium (Cr) catalysts on the catalytic decomposition of methyl
mercaptan (CH;SH) is investigated. Characterization results reveal that the distribution, reducibility, oxidation states and
coordination environment of chromium species mightily depend on the nature of support. Al,O; support is covered by surface
hydroxyl groups, thus conducing to the formation of monochromatic Cr(VI) species with tetrahedral coordination, which
remarkably increases the reducibility and dispersion of chromium species. In contrast, plenty of inactive a-Cr,0; particles
are formed on the surface of Cr/HZSM-5 catalyst due to the lack of adequate hydroxyl sites. Furthermore, a positive correla-
tion is established between the content of active Cr(VI) species and the number of surface hydroxyl groups over Cr/Al,O4
catalysts. Reactivity data suggest that the addition of chromium species can observably enhance the conversion of CH;SH
for both two supports. More importantly, 5% Cr/Al,O; catalyst features the superior catalytic performance at 400 °C (100%
conversion). The promoting effect can be attributed to the high-content hydroxyl groups on Al,O5, which are proven to stabi-
lize monochromatic Cr(VI) species. This result also provides evidence for the active sites of CH;SH decomposition reaction.
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1 Introduction

Recently, environmental pollution from VOCs (volatile
organic compounds) has become an important issue, which
has gained sustained attention in the field of environmental
protection [1]. As typical sulfur-containing VOCs, methyl
mercaptan (CH,SH) with subtle olfactory threshold and
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high levels of toxicity generally forms in the processes
of petroleum refining and environmental pollution con-
trol activities [2, 3]. Great trials have been dedicated to
exploiting efficient routes for eliminating CH;SH. Among
these methods, catalytic conversion has been extensively
investigated in the past years because of many advantages
such as high degradation efficiency and less harmful com-
pounds formation [4]. The process of CH;SH catalytic
conversion (M2TH) can be described as the equation:
CH;SH = CH;SCH; + H,S — CH, + H,S. Dimethylsulfide
(CH;SCH,) is usually formed as the intermediate along with
the rupture and formation of H-S and C—S bonds. Conse-
quently, it is necessary to develop suitable and high-perfor-
mance catalysts for the decomposition of CH;SH.
Considering that transition metals (such as V, Cr, Mn,
Fe, Co, Ni and Cu) oxide catalysts have variable valences,
which may have the potential to increase the catalytic activ-
ity under the low temperature. Among these transition metal
oxide, chromium (Cr) species are commonly used as the
active component in several catalytic reaction systems due
to its outstanding reducibility and acidity for the removal of
VOC:s [5, 6]. In these studies, some researchers proposed
that Cr(III) species are the active sites for the decomposi-
tion of VOCs [7, 8]. But it is also reported that the presence
of Cr(VI) is contributed to enhancing catalytic activity for
deeply oxidize VOCs [6, 9]. Actually, our previous papers
have shown that the reversible modifiability of oxidation
states between Ce(VI) and Ce(III) over CeO, catalysts was
in favor of CH;SH catalytic decomposition, which is similar
to that on Cr-based catalysts with redox cycle [10-12]. Fur-
thermore, our recent studies also have reported that Cr-based
catalysts exhibited excellent catalytic behavior in decom-
posing CH,SH [13-16]. Although Cr(VI) species have high
toxicity, these species could be reduced to low-valence chro-
mium species in the form of Cr,0; or Cr,S; solid phase after
converting CH;SH, thus reducing the harm to the environ-
ment. Therefore, primary challenges related to this catalytic
system are to stabilize and increase the amount of active
Cr(VI) sites which will be able to affect the catalytic activity.
In fact, several studies have been dedicated to inquiry
more amount of active chromium species during the syn-
thesis process of catalysts, in particular, through changing
the properties of supports. Some former works have also
testified that the nature of support has a noteworthy influ-
ence in the distribution of chromium species. Kumar et al.
studied the oxidation states and coordination environment
of active chromium species over Cr-SBA-15 and Cr-Al,O,
catalysts, indicating that oligomers with different degrees
of nuclearity were generated on y-Al,O; while SBA-15
contains mainly monomers and a-Cr,O5 particles, which
caused the diversity of active sites on the different support
for dehydrogenation of propane [17]. Su et al. concluded that
higher ratios of surface Cr(VI)/Cr(III) could be obtained on
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the Ct/HZSM-5 catalysts with lower Cr loading, resulting
in the enrichment of reducibility for combustion of dichlo-
romethane [18]. Similarly, Ayari et al. pointed out that more
amount of amorphous Cr oxide was agglomerated over Cr
doped HZSM-5 with different Si/Al ratio, and it further indi-
cated that the formed Cr species depended on the nature of
support in selective catalytic reduction (SCR) of NO with
ammonia [19]. On the basis of the above findings, it can
be assumed that the distribution of chromium species with
varied valence states can be tuned by the nature of support,
which significantly impacts on the catalytic behavior of
obtained catalysts for different reactions.

As commonly applied commercial supports, HZSM-5
and y-Al,O; are usually adopted as support of preferable
selection for the desulfurization processes [20]. However,
catalytic activities of these pure supports may be unsatisfac-
tory for the conversion of CH,SH, thus requiring either heat-
ing or enough active sites. Combined with the our previous
studies, the redox performance of one active species might
be beneficial to reducing the temperature for the complete
conversion of CH;SH. Thus, the introduction of chromium
species on HZSM-5 and y-Al,0O; may make up for these
defects to increase activity at lower reaction temperatures.
To date, nevertheless, almost no study has been focused on
the support effect for decomposing sulfur-containing VOCs.
Regardless of the fact that various Cr-based catalysts are
being developed and evaluated, comprehensive studies
between Cr/HZSM-5 and C1/Al,O; materials also have not
been thoroughly studied thus far, especially for eliminating
CH,SH.

Herein, a series of Cr/HZSM-5 and Cr/Al,0O; samples
by varying chromium contents was employed to understand
the role of support in the abatement of CH,SH and thereby
to develop the catalytic behavior of Cr-based catalysts. The
physicochemical properties of various samples were ana-
lyzed by N, adsorption—desorption, XRD, UV-Vis, XPS,
H,-TPR, FT-IR and TG techniques to investigate the distri-
bution of chromium species on HZSM-5 and Al,O;. Fur-
thermore, the relationship between the number of surface
hydroxyl groups and active Cr(VI) species have been evi-
dently demonstrated.

2 Experimental
2.1 Catalysts Preparation

Zeolite HZSM-5 (Si/Al1=20) was purchased from Fuxu
Zeolite Company of China, and y-Al,0; was obtained
from Sinopharm Chemical Reagent Co. Ltd. The com-
mercial HZSM-5 and y-Al,O5 supports were calcined at
550 °C in the air for 5 h to remove impurities. Chromium
doped HZSM-5 and y-Al,O4 samples were prepared via an
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incipient wetness impregnation method. Firstly, the calcu-
lated number of ammonium chromate was dissolved in the
deionized water. Then, 5 g of support (HZSM-5 or y-Al,05)
was added into the obtained mixture solution with stirring
to ensure that the chromium precursor fully loaded on the
support. After impregnation, the catalysts were dried for
12 h at 105 °C followed by calcination in the air for 5 h at
550 °C with a rate of 5 °C/min. The synthesized catalysts
were denoted as x% Cr/HZSM-5 and x% Cr/Al,O;, where x
represents the loading of chromium (x=1, 5 and 10 wt%).
For dihydroxylation modification, y-Al,O5 supports
were calcined in the air at 450, 550, 650, 750 °C for 5 h
with a ramp rate of 5 °C/min. Then, 5 wt% Cr (ammonium
chromate) was loaded onto the calcined y-Al,O5 with dif-
ferent temperatures by impregnation method similar to the
above steps. The final products were denoted herein as Cr/
Al,O5(y), where y represents the calcined temperature.

2.2 Catalysts Characterization

The specific surface areas and pore volumes of samples
could be determined by N, adsorption—desorption. ZSM-5
and Cr/HZSM-5 samples were carried out on an ASAP
2020 nitrogen adsorption apparatus. Al,O; and Cr/Al,O;
samples were used by NOVA 4200e Surface Area & Pore
Size Analyzer. X-ray diffraction (XRD) patterns of obtained
catalysts were measured by a Rigaku D/max-1200 diffrac-
tometer using Cu Ko radiation (A= 1.5406 A) at 40 kV and
30 mA. UV-vis diffuse reflectance spectra (UV-Vis DRS)
were recorded with a PERSEE TU-1901 and measured in
the region of 250—-800 nm at room temperature. X-ray photo-
electron spectroscopy (XPS) analyses were carried out on a
PHI 5000 Versa Probe II spectrometer. C1 s at 284.6 eV was
employed for adjusting binding energy. All infrared spectra
were acquired using an IR spectrometer of Bruker Tensor
1T with KBr pellets in the region of 400-4000 cm™' at room
temperature. Thermogravimetric (TG) analysis was recorded
on a Mettler-Toledo TGA/DSC (STA449F3) instrument at a
heating rate of 10 °C/min from room temperature to 800 °C
in nitrogen flow.

H,-temperature programmed reduction (H,-TPR) experi-
ments were carried out using a device equipped with a ther-
mal conductivity detector (TCD). Firstly, 0.1 g catalyst was
pretreated in a quartz reactor at 100 °C in a flow of H,/Ar for
1 h. Afterward, H,-TPR was performed from 100 to 700 °C
in H,/Ar flow with the ramp rate of 10 °C/min.

2.3 Activity Tests

All activity tests for CH;SH decomposition were measured
in a fixed-bed quartz reactor under atmospheric pressure in
range 350 °C from 500 °C. An amount of 0.2 g of catalyst
with 60—40 mesh size was filled in the reactor. The reactor

feed to a CH;SH/N, mixture (1% CH;SH in N,) at a rate of
30 mL-min~!. Corresponding reactants were detected via
an on-line gas chromatograph (GC) equipped with a flame
ionization detector (FID).

CH;SH Conversion (Xcy,sy) Was calculated as follows:

C -C
[CH;SH];, [CH;SH],,
2 T % 100%

Xenysu =
’ Cicn,sny,

Cicu,smjin denotes the CH;SH concentration in the inlet
and Ccy,spjou represents the CH;SH concentration in the
outlet.

3 Results
3.1 Catalytic Activity Tests

Figure 1 displays the catalytic activity of HZSM-5, Al,O;,
5%Cr/HZSM-5 and 5%Cr1/Al,O; catalysts for CH;SH con-
version. The catalytic activity of 0, 1, 5 and 10% Cr load-
ing over different supports is also shown in Fig. S4. Inter-
estingly, it is observed that the performance of obtained
catalysts mightily depends on the nature of supports. With
respect to the pure supports, the catalytic activity of Al,O;
for decomposing CH;SH is higher than that of HZSM-5.
Moreover, the activity improves with the addition of Cr spe-
cies in comparison to both pure catalysts. In other words,
it can be concluded that chromium species are the main
active component for converting CH;SH molecule. Addi-
tionally, it is worth noting that there is a great difference in
the activity for both Cr-based catalysts with the same load-
ing amounts of about 5 wt% Cr. From Fig. 1, although all
Cr-based catalysts reached 100% conversion for CH,SH, Cr/
HZSM-5 catalyst is dramatically less active than Cr/Al,Os;.
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Fig. 1 Catalytic activity of HZSM-5, Al,0;, 5%Cr/HZSM-5 and
5%Cr/Al,O; catalysts for CH;SH conversion
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In the case of Cr/Al,O;, a decrease of 100 °C is observed
already on the conversion temperature of CH;SH in com-
parison to the Ct/HZSM-5 sample. The CH;SH conversion
of the four obtained catalysts can be ordered as follows: 5%
Cr/Al,05> 5% Cr/HZSM-5 > Al,0,>HZSM-5, manifest-
ing that the interactions between Cr species and different
supports are diverse even with the same loading of Cr. The
difference in activity between the Cr/HZSM-5 and Cr/Al, 0O,
catalysts can be interpreted in terms of these textural and
structural properties as following characterization results.

3.2 N, Adsorption-Desorption

The textural properties of the HZSM-5, Al,05, 5%Cr/
HZSM-5 and 5%Cr1/Al,0; samples have been measured
by N, adsorption—desorption isotherms, with the profiles
depicted in Fig. 2a, b. According to IUPAC classification,
type I isotherms are found for HZSM-5 and 5%Cr/HZSM-5
in Fig. 2a, which is representative of typical microporous
materials. Nevertheless, in Fig. 2b, nitrogen adsorption
of Al,O5 and 5%Cr/Al,O5 samples exhibited type IV iso-
therms, attributed to adsorption on the ordered mesoporous

materials. The intercept of the t-plots for HZSM-5 and Cr-
doped HZSM-5 samples are 103.17 and 96.78, respectively
(Fig. S1). These phenomena reveal that doping Cr does not
significantly change the structure of HZSM-5 and Al,O4
supports. In addition, the specific surface areas and pore
volumes of the catalysts are listed in Table 1. It is observed
that loaded chromium catalysts exhibit lower specific sur-
face area, pore diameters and pore volumes than their cor-
responding supports, suggesting partial CrO, species may
occupy or block the surface and pore of HZSM-5 and
Al,O5 [21, 22]. Although the specific surface area of Al,O;
is smaller than that of HZSM-5, the former exhibits better
catalytic behavior. It can be inferred that there are other key
factors to influence the performance of the Cr-loaded cata-
lysts besides different texture characteristics.

3.3 Analysis of Phase Compositions

To confirm the phase compositions of Cr species on differ-
ent supports, XRD measurement was conducted for pure
supports, and the corresponding Cr-based catalysts are dis-
played in Fig. 2c, d. The XRD patterns for the HZSM-5 and

Fig.2 N, adsorption—desorp- 140
tion isotherms of a HZSM-5
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Table1 Physicochemical Sample Sper (me™")  Pore H, consump-  Cr(VD) (%) Cr(l) (%) Cr(VI)/Cr(IIl)
properties of the obtained volume tion (pmol/g)
catalysts (em’g™!)

HZSM-5 384.3 0.184 - - - -

5% Cr/HZSM-5 361.0 0.177 72 18.78 81.22 0.23

ALO, 2815 0.521 - - - -

5% Cr/Al,04 243.4 0.491 908.5 39.05 60.95 0.64

Cr/HZSM-5 show well-crystallized MFI zeolitic framework
structure as shown in Fig. 2¢ [23]. Addition of chromium
does not change the structure of the zeolite support, while
the characteristic peaks of a-Cr,05 (20=33.7°, 36.2°, 54.9°,
63.5° and 65.1°) are presented on Cr/HZSM-5 (JCPDS
38-1479) [24]. Meanwhile, it can be seen from Fig. S2(A)
that the intensity of those peaks increases gradually as the Cr
loading is increased up to 10 wt%. Additionally, according to
Fig. S3, the results of the TEM morphology of HZSM-5 and
Cr/HZSM-5 catalysts are in line with the results obtained
via XRD. However, in Fig. 2d, three diffraction character-
istic peaks of y-Al,0; and Cr/Al,O; materials reflects at
20=37.7°, 46.0° and 66.9°, corresponding to (211/103),
(220/004) and (224) peaks, respectively (JCPDS 00-034-
0493) [25]. The introduction of Cr also does not arouse the
change of the crystallinity over Al,O5 support. Nevertheless,
in contrast to Cr/HZSM-5, there is no apparent characteristic
peak of CrO, species for Cr/Al,O5 samples. Such behavior
can be also observed in 1-10 wt% Cr/Al,O5 catalysts from
Fig. S2(B), revealing that chromium species are highly dis-
persed, or the size of CrO, aggregation is too small to detect
in XRD [17, 26]. Amounts of crystalline Cr,0O; particles
with inactive species agglomerated upon the HZSM-5 sup-
port, markedly decreasing the catalytic decomposition activ-
ity based on other studies [15]. According to XRD results,
it can be considered that the various phase compositions of
Cr species could generate on HZSM-5 and Al,O; supports
although their loading contents of chromium are similar.
Therefore, it is reasonable to deduce that the different com-
position of chromium species may eventually influence the
catalytic performance of obtained catalysts.

3.4 Characterization of the Chromium Species

UV-Vis diffuse reflectance measurements are acquired to
identify the coordination environment of Cr species on the
different supports, and the results are illustrated in Fig. 3a,
b. Obviously, the pure HZSM-5 and Al,O; supports have no
absorption bands related to chromium species. Two absorp-
tion peaks around 270 and 360 nm appear over both modi-
fied catalysts, which can be corresponded with O to Cr(VI)
charge transfer transitions of monochromatic in tetrahedral
coordination [27]. Moreover, it is seen from Fig. 3a that two

intense peaks around 460 and 610 nm in the spectrum of Cr/
HZSM-5 derive from the octahedral symmetry transition of
CrO, or Cr,0; clusters [28]. It is particularly mentioned here
that the Cr/Al,O; sample has only two bands corresponding
to Cr(VI) species in Fig. 3b. This phenomenon has strongly
demonstrated that, as for similar Cr loadings, chromium spe-
cies with various forms disperse on the HZSM-5 and Al,0O;
supports, which agrees well with the present XRD results.

To understand the effect of supports on CH;SH abate-
ment, the surface compositions of the Cr-based catalysts
can be measured by XPS analysis, and the Cr 2p spectra
collected for different supports are depicted in Fig. 3c, d,
and the corresponding contents of surface chromium are
quantified in Table 1. The results manifest the co-existence
of trivalent and hexavalent chromium ions in the case of
all analyzed composites. As for both Cr-based catalysts,
the binding energy peaks of Cr(III) and Cr(VI) locate at
about 576 eV and 578 eV, respectively [29]. Although
ammonium chromate is employed as the precursor, parts
of Cr(VI) species can be reduced into low oxidation states
by ammonia during the calcination process. As shown in
Table 1, more than 80% of the total chromium surface ions
exist in the oxidation state Cr(IIl) for Cr/HZSM-5 catalyst.
However, in the case of Cr/Al,O;, the binding energy peak
strength of Cr(VI) species is significantly higher accord-
ing to Fig. 3d. More importantly, it has been previously
reported that Cr(VI) species can be regarded as the active
components in favor of catalytic reaction of CH,SH [13, 14].
Therefore, we can obtain the conclusion that Al,O; support
can stabilize a larger amount of Cr(VI) species compared
with HZSM-35, but existing a handful of Cr(III) species from
Cr,0;. This is also in agreement with the results of XRD
and UV—Vis. In brief, there is a significant difference in the
distribution of Cr(IIT) and Cr(VI) species in the case of a
similar impregnated amount of chromium over HZSM-5 and
Al,O; supports, which causes a distinction in the catalytic
performance.

3.5 Reducibility of the Cr-based Catalysts
Since the reducibility of Cr-based catalysts plays a key role

in catalytic conversion of VOCs, H,-TPR experiments were
performed for both pure supports and their corresponding
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Fig.3 UV-Vis diffuse reflec-
tance spectra of a HZSM-5 and
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Fig.4 H,-TPR profiles of (a) HZSM-5, (b) 5%Crt/HZSM-5, (c) AL,O;
and (d) 5%Cr/Al,04

@ Springer

1 " 1 " L
600 700 800 570 575 580 585 590 595

Binding Energy (eV)

Cr-based samples. As clearly shown in Fig. 4, there are
almost no reduction peaks for pure HZSM-5 and Al,O; in
the temperature range of 200-650 °C, revealing the inert
characteristics of supports [30, 31]. A very small reduction
peak of Cr(VI) is found by magnifying the spectral line of
the Ct/HZSM-5 (inset), suggesting that only a little Cr(VI)
disperses on the surface of HZSM-5 support. In contrast, it
is worth noting that for C1/Al,O; catalyst an intense hydro-
gen uptake peak due to the reduction of Cr(VI) into Cr(III)
appears around 300-400 °C. To obtain more proof, H, con-
sumption amounts of primary reduction peak are quantified
and displayed in Table 1. Obviously, the H, consumption
amount of Cr/Al,O; is up to 908.5 pmol/g, which is far more
than that of Ct/HZSM-5 catalyst. It is pointed out here that
the Cr/Al,0O; catalyst has the largest amount of Cr(VI) spe-
cies, which could result in an improvement of reducibility.
Additionally, the Cr(III) species existing in Cr,0; could
hardly be reduced into lower oxidize state species, so that
the reduction peak of Cr (II) is not observed in the H,-TPR
spectrum from Fig. S4(B). In other words, the hydrogen con-
sumption peak is closely related to the content of Cr (VI)
species.
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In summary, H,-TPR analysis is quite consistent with
UV-Vis and XPS measurements, testifying strongly that
plenty of Cr(VI) disperses on the Al,O5 support in compari-
son with HZSM-5 catalyst. Most importantly, Cr(VI) species
are more conducive to CH;SH decomposition due to its out-
standing reducibility, which is considered to be responsible
for the highest catalytic performance on Cr/Al,O; catalyst.

3.6 FT-IR Measurement and the Oxygen Properties
of the Catalysts

To investigate the surface groups of the obtained catalysts,
the FT-IR spectra in a frequency range of 4000—400 cm™!
are displayed in Fig. 5. As for the fresh HZSM-5 sample in
Fig. 5a, the main vibration frequency peaks at about 450,
560, 800, 1110 and 1230 cm™! can be identified, correspond-
ing to the characteristic of MFI type zeolites [32]. In the
case of Al,O; support, the broad bands of Al-O stretching
within the scope of 1000-500 cm™! indicate the v-AL,O;
phase. The bands around 734 and 581 cm™! are assigned to

the AlO, and AlOg stretching vibrations of Al-O bond in
alumina, respectively. Moreover, the peak at 1450 cm™! can
be ascribed to the stretching vibration of AI-OH bands [33,
34). In addition, an absorption peak at 1650 cm™! observed
in both HZSM-5 and Al,O; spectra originates from the
bending vibration of OH groups within water molecules,
which results from the physically adsorbed water. It should
be noted that a broad peak at around 38003100 cm ™" with a
maximum at 3450 cm™! indicates the stretching vibrations of
free and bridging surface hydroxyl groups (from inset) [35,
36]. Apparently, the intensity of hydroxyl groups on Al,O;
is higher than that on HZSM-5, demonstrating that there are
amounts of hydroxyl groups on Al,O; support.

To understand the influence of chromium species in the
surface groups on HZSM-5 and Al,O; supports, the FT-IR
spectra with a frequency range from 700 to 500 cm™~! are
displayed in Fig. 7b. As for Cr/HZSM-5 catalyst, the peaks
appeared around 550 and 630 cm™! can be designated to
the Cr-O distortion vibrations and the characteristic of
a-Cr,0; phase, respectively [37, 38]. It also confirms that

Fig.5 FT-IR spectra of a
HZSM-5 and A1203; b 5%Cr/ O 1s (C)
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structures of ZSM-5 and Al,O; remain intact after impreg-
nating Cr into support (results not shown). FT-IR analysis
is quite consistent with XRD analysis in which a-Cr,0;
phases are observed in Ct/HZSM-5 sample.

As displayed in Fig. 5c, d, multiple O 1 s peaks appear
for Cr-based samples. For the Cr/Al,O; catalyst, an O 1 s
peak at 530.05 eV attributes to the surface lattice oxygen
(Op), and the peak around 531.0 eV can correspond to the
surface hydroxyl groups (O,). Besides, a smaller peak at
532.35 eV assigns to the adsorbed oxygen species (O,)
[39]. However, for the Cr/HZSM-5 catalyst, both surface
lattice oxygen and adsorbed oxygen species are detected.
This fact further provides the evidence that Al,O support
contains plenty of surface hydroxyl groups, in accord-
ance with the FT-IR results. As stated in the literatures,
the surface hydroxyl groups on the support could react
with the chromium species during the synthesis process.
The alumina support not only contains plenty of hydroxyl
groups but also promotes the formation of more Cr(VI)
dispersed on the surface as evidenced by UV-Vis, XPS
and H,-TPR. Consequently, it is believed that there is a

close correlation between the intensity of hydroxyl groups
and chromium species.

3.7 Relationship Between OH Groups and Cr(VI)

In order to further demonstrate the relationship between the
concentration of surface hydroxyl groups and Cr(VI) spe-
cies of Cr/Al,O; catalysts, relevant experiments and charac-
terizations were designed as follows. The different hydroxyl
concentrations can be obtained through varying calcination
temperatures of Al,O5; support from 450 °C to 750 °C [40],
and then all samples are loaded with 5 wt% Cr by impreg-
nation method. Some former works have also reported that
TG characterization could be considered to quantitatively
analyze the content of hydroxyl groups [41, 42]. As seen in
Fig. 6a, the number of hydroxyl groups of each Cr/Al,O,
sample under various calcination temperatures are calculated
accordingly. It is found that OH amounts have a negative cor-
relation (R?=0.95) with increasing calcination temperature
of aluminum support. Moreover, the qualitative analysis and
calculation of different kinds of surface chromium species

Fig.6 a Surface hydroxyl
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are also carried out by the XPS technique. As presented in
Fig. 6b, the Cr 2p spectra evidently prove the coexistence of
both Cr(VI) and Cr(III) species. In order to investigate the
effect of OH amount on active Cr(VI) species, the surface
Cr(VD)/Cr atomic ratios (represent Cr(VI) as a percentage
of total chromium) are quantified and displayed in the Inset
of Fig. 6b. Notably, the coefficient of determination (R?) for
correlation lines to 0.99, indicating extremely high linearity
between the number of surface hydroxyl groups and Cr(VI)
species. That is to say, the hydroxyl groups covered Cr/
Al,O; samples are beneficial to the stabilization of Cr(VI)
species, thus enhancing the catalytic activity. In addition,
as shown in Table 2, the binding energy of Cr(VI) species
in the Cr 2p,; spectra of Cr/Al,O5 samples displays the BE
shift from 579.45 eV to 579.35 eV with increasing alumina
calcination temperature. This fact shows that the interaction
between metal and support is impacted due to the decrease
in OH concentration.

To obtain more proof, H,-TPR and UV-Vis characteri-
zations were carried out. For all of the catalysts, as given
in Fig. 6¢, the major hydrogen reduction peak is observed
around at the temperature range of 200—400 °C. Meanwhile,
the intensity of H, reduction peak related to Cr(VI) species
at low treatment temperature (450 °C) is higher than that at
high temperature (550-750 °C), demonstrating that the pres-
ence of hydroxyl groups in the support is beneficial to the
formation of active Cr(VI) sites with excellent reducibility.
Moreover, as proved by UV—Vis spectra in Fig. 6d, both
absorption bands corresponding to the tetrahedral coordina-
tion of Cr(VI) are more intense and narrower with increas-
ing the calcination temperatures of supports, which is quite
consistent with the results of XPS and H,-TPR. The above
statement is directly supported by the fact that the number
of surface hydroxyl groups should contribute in a major way
to the CH;SH abatement through anchoring plenty of Cr(VI)
species.

4 Discussion
The results in the present work demonstrate that the support

effect is a crucial factor for superior Cr-based materials on
catalytic decomposition of CH;SH. Various characterization

techniques for Ct/HZSM-5 and Cr/Al,O; prove that the dis-
tribution, reducibility, oxidation states and coordination
environment of chromium species strongly depend on the
property of their supports. The phase compositions and tex-
tural properties of Cr-based samples were identified by XRD
and N, adsorption—desorption, and the surface composition
of the Cr species was measured by UV-Vis and XPS. In the
case of similar Cr content (5 wt%), Al,O5 support mainly
contains monochromatic Cr(VI) species in tetrahedral coor-
dination, while crystalline Cr,0j; is exclusively generated
on the surface of HZSM-5. Moreover, according to H,-TPR
studies, hydrogen consumption is related to the Cr(VI)
species, which provides plenty of active sites. Meanwhile,
FT-IR analysis shows that the concentration of surface
hydroxyl groups in alumina is more than that in HZSM-5
support. Most importantly, these abundant hydroxyl groups
on the support play a considerable role in the distribution of
chromium. As evidenced by TG and XPS characterization
results, it demonstrates that Cr(VI) species can be anchored
through reacting with hydroxyl groups, which prevents the
generation of inactive a-Cr,0O5 phase over Al,O5 support.
In other words, those Cr(III) species as Cr,05 particles are
sufficiently stable and difficult to interact with OH groups.
Hence, as shown in Fig. 7, Cr(IlI) as the dominant species
exist on the HZSM-5 support because of the lack of suf-
ficient hydroxyl sites. The main products of decomposing
CH,;SH are hydrogen sulfide (H,S) and methane (CH,) [13].

The 5% Cr/Al,O; catalyst produces the highest CH;SH
conversion rate because (1) it has a good deal of active
monochromatic Cr(VI) species with excellent reducibility,
decreasing the formation of Cr,0; crystalline; and (2) Al,04
support has enough surface hydroxyl groups, which can be
able to anchor active Cr(VI) species.

5 Conclusions

In summary, a series of Cr-based catalysts supported
HZSM-5 and Al,O; were prepared by the incipient wet-
ness impregnation method and characterized by N, adsorp-
tion—desorption, XRD, XPS, UV-Vis, H,-TPR, FT-IR and
TG techniques to investigate the effect of the supports on

Table 2 Surface composition of

RO Sample Cr(VD) Cr(1II) Cr(VI)/Cr(11I)
Cr/Al,)O; catalysts with different
calcination temperature Content (%) Binding Content (%) Binding
energy (eV) energy (eV)
Cr/Al,054(450) 40.79 579.45 59.21 576.8 0.69
Cr/Al,05(550) 39.05 579.42 60.95 576.75 0.64
Cr/Al,04(650) 35.63 579.36 64.37 576.63 0.55
Cr/Al,04(750) 34.05 579.35 65.95 576.6 0.52
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Fig.7 Diagram for the structure and distribution of Cr species over
HZSM-5 and Al,0O4

eliminating CH;SH. On the basis of the results and discus-
sion, the following conclusions can be drawn:

(1) It reveals that the dispersion of chromium species
depends on the nature of the support, leading to differ-
ences in the catalytic conversion of CH;SH.

(2) In terms of 5 wt% Cr/Al,0;, monochromatic Cr(VI)
species with tetrahedral coordination are the main compo-
nent of the Al,O; support. In contrast, crystalline Cr,0; is
easier to produce on the 5 wt% Cr/HZSM-5.

(3) Plenty of surface hydroxyl groups covering on the
Al,O; support can anchor Cr(VI) species with excellent
reducibility, resulting in higher activity of the catalysts.
The concentration of OH groups is found to be linearly
relative to active Cr(VI) species.

(4) It is deduced that the best performance of Cr-based
catalyst can be tailored by providing a sufficient amount of
surface hydroxyl groups to anchor the maximum amount
of Cr(VI) cations.
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