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Abstract

Preparation of noble metal (NM) (Rh, Pd, Ru, Pt) phosphide species and their
catalytic activities for hydrodesulfurization (HDS) of thiophene were investigated.
Noble metal phosphides (NMxPy) catalysts were prepared by reduction of P-added
NM (NM-P) supported on silica (SiO;) with hydrogen. Hydrogen consumption
peaks at around 350—700 °C, which were attributed to the formation of NMxPy,
were observed in temperature-programmed reduction (TPR) spectra of all
NM-P/SiO;,. Furthermore, X-ray diffraction (XRD) patterns of NM-P/SiO; indicate
that NMxPy (Rh2P, Pd4ssP, Ru,P, PtP,) were formed by hydrogen reduction at high
temperature. The reduction temperature strongly affected HDS activities of
NM-P/SiO;, catalysts. The NM-P/SiO, catalysts, other than Pt, showed higher HDS
activities than NM/SiO, catalysts. The HDS activity of the Rh-P/SiO, catalyst was
the highest among those of NM-P/SiO;, catalysts. This activity was higher than that of
the Ni-P catalyst and was the same as that of pre-sulfided CoMoP/Al,O; catalyst.
Furthermore, the Rh-P/SiO, catalyst showed stable activity even after reaction for
30 h. The XRD, transmission electron microscopy (TEM), and energy dispersive
X-ray spectroscopy (EDS) results revealed that the formation of small Rh,P
particles and suitable P addition to form Rh,P caused the high HDS activity of the

Rh-P catalyst.
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1. Introduction

Recently, the technologies to solve environmental problems, such as acid rain
and global warming, have attracted a lot of attention on a global scale. The
combustion of organic sulfur compounds in fuels used for boilers and engines
results in the formation of sulfur oxides (SOx), which cause the acid rain.
Hydrodesulfurization (HDS) is one of the important processes in the petroleum
industry to produce clean fuels [1,2]. CoMo/Al,03; catalysts have been widely used
in the HDS process. Recently, the petroleum industry claimed that the development
of highly active HDS catalysts, which exhibit higher activity than commercial
CoMo/Al,03 HDS catalysts, will prevent the acid rain and the deactivation of
automotive exhaust catalysts [3-6].

Previously, phosphides [7-14], carbides [15-17], and nitrides [15, 18-20] have
received much attention as new HDS catalysts. In particular, transition metal
phosphides, such as Ni,P [7-12] and MoP [13, 14], were examined to develop highly
active new HDS catalysts. Many preparation methods for metal phosphide catalysts,
such as the reduction of oxidized or chlorinated precursors with phosphine (PH3)
and hydrogen, have been reported [20, 21]. Especially, phosphate salts were widely
used as phosphorous source. Bussel et al. [10] and Lee and Oyama et al. [11]
reported that Ni,P catalysts supported on silica (SiO;) showed higher HDS activity
than NiMo/Al,O3 catalysts. Thus, SiO, is a superior support for preparation of
highly active phosphide catalysts. On the other hand, we have reported that noble
metal (NM), especially platinum (Pt), supported on zeolites [22-24] and related
materials, such as mesoporous silicates [25-27] and clays [24, 28], showed high and
stable activity in HDS of thiophene. Thus, it is expected that noble metal

phosphides (NMxPy) show high catalytic activities for HDS reaction, but HDS



activities of NMxPy have not been reported. In the present study, we examined the
effect of reduction temperature on the preparation of NM phosphides (NMPy)
supported on SiO;, and their catalytic performance for HDS of thiophene to develop

highly active HDS catalysts.

2. Experimental
2.1. Preparation of catalysts

Silica (SiO,, BET surface area 295 m?/g) was supplied from Nippon Aerosil Co.
NM/SiO, catalysts were prepared by an impregnation method using aqueous
solutions of NM chlorides such as rhodium (I111) chloride trihydrate (RhCl3-3H,0),
palladium (I1) chloride (PdCl;), ruthenium (I11) chloride trihydrate (RuCls;-3H,0),
and hydrogen hexachloroplatinate (1V) hexahydrate (H,PtCls:6H,0). However,
PdCl, was dissolved in 1.0 mol/l HCI aqueous solution because PdCl, did not
dissolve completely in water. The amount of NM loading was 5 wt.%. Impregnated
catalysts were dried at 110 °C for 24 h followed by heat treatment in a nitrogen
stream at 450 °C for 1 h to decompose the NM salts. After decomposition of NM
salts, catalysts were pressed into disks and crushed to obtain 30-42 mesh size
granules. The sieved catalysts were calcined in air at 500 °C for 4 h. The ramp rate
of heat treatment and calcination was 10 °C/min. Furthermore, P-added
NM(NM-P)/SiO, was prepared by the same procedure, using NM chlorides and
ammonium dihydrogen phosphate (NH4;H,PO,4) aqueous solution. The amount of P
addition was 1.5 wt.%.
2.2. Characterization of catalysts

NM and NM-P supported on SiO; were characterized by

temperature-programmed reduction (TPR), X-ray diffraction (XRD), and



transmittance electron microscopy (TEM) techniques. TPR spectra were measured
using a Shimadzu GC-8A gas chromatograph. Supported NM or NM-P catalysts (0.1
g) were heated in a helium stream (30 ml/min) from room temperature to 500 °C at
10 °C/min, followed by treatment in helium at 500 °C for 1 h. After helium
treatment, the calcined catalysts were cooled to 30°C in a helium stream, and the
helium was switched into 5 vol% hydrogen-nitrogen (H2-N;) mixture gas at 30 °C
for 30 min before measurement. Water was removed by a molecular sieve trap. The
TPR spectrum was recorded through the temperature range of 30 to 800 °C at
10 °C/min, using a thermal conductivity detector (TCD) to monitor hydrogen
consumption. XRD patterns of calcined and reduced catalysts were measured by
Rigaku MiniFlex with Cu Ka radiation at 30 kV and 15 mA. Particle (crystallite)
size of NM and NMxPy were calculated by Scherrer’s equation. TEM observation
was carried out using JEOL JEM-2000FX. The conditions of TEM operation were as
follows: acceleration voltage = 200 kV and magnification = 200,000. Particle size
distribution and average particle size were measured from TEM micrographs.
Elemental compositions of NM-P catalysts were determined by semiquantitative
analysis using energy dispersive X-ray spectroscopy (EDS, JEOL JED-2300) with
Si (Li) semiconductor detector.
2.3. Hydrodesulfurization of thiophene

HDS of thiophene was performed at 350 °C under 0.1 MPa using a conventional
fixed bed flow reactor. The 0.1 g amount of catalyst was charged into the quartz
reactor and was heated (10 °C/min) in a helium stream (30 ml/min) at 500 °C for 1h.
After helium treatment, the catalysts were reduced by hydrogen (30 ml/min) at 350
700 °C for 1 h. The hydrogen-thiophene gas mixture (H,/Thiophene = 30), obtained

by passing a hydrogen stream through a thiophene trap cooled at 0 °C, was



introduced into the reactor. Reaction condition (W/F) was 37.9 g-h/mol. The
reaction products were analyzed by gas chromatograph (flame ionization detector,
FID) equipped with silicone DC-550 (2 m, 110 °C) and VZ-7 (4 m, 0 °C) columns.
Commercial CoMoP/Al,O;3 (Co: 2.5 wt%, Mo: 10.0 wt%, and P: 2.1 wt%) and
Ni-P/SiO; (prepared using Ni(NO3)3-6H20, Ni: 15.0 wt%; P: 7.9%) catalysts were
used to compare with supported NM-P catalysts. The pre-sulfided CoMoP/Al,03
catalyst was prepared using 5% H,S-H, at 400 °C after hydrogen reduction at

450 °C.

3. Results and discussion
3. 1. TPR spectra of NM-P/SiO;, catalysts

It is well-known that transition metal phosphides, such as Ni,P, are prepared by
reduction of oxidized precursors at high temperature [8, 10-12]. Therefore, we
evaluated the TPR spectra and XRD patterns of NM-P/SiO, catalysts to get the
information for NMxPy formation by hydrogen reduction. Figure 1 shows the TPR
spectra of calcined NM/SiO, catalysts. The hydrogen consumption peaks appeared
at 100-200 °C in the spectra of supported Rh and Ru catalysts. These peaks were
attributed to reduction of NM oxides. However, there was a remarkable negative
peak at 74 °C in the Pd catalyst spectrum. This peak resulted from the
decomposition of palladium B hydride [29]. Furthermore, a hydrogen consumption
peak did not appear in the low temperature region of the supported Pt catalyst.
These results indicate that palladium and platinum oxides are easily reduced into
metallic species. No hydrogen consumption peaks appeared in the high temperature
region in any TPR spectra of NM/SiO, catalysts.

Fig. 2 shows the TPR spectra of NM-P/SiO, catalysts. At low temperature



(around 50-200 °C), the peaks were the same as those of NM/SiO; catalysts. On the
other hand, hydrogen consumption peaks were observed between 200 and 750 °C
with all catalysts. In Ru and Pt catalysts, the hydrogen consumption peaks appeared
at above 600 °C. Bussel et al. [10] and Lee and Oyama et al. [11, 12] reported that
the TPR spectra of supported Ni-P catalysts showed a peak at around 600 °C. These
results indicate that the peaks around 600 to 750 °C result from the formation of
NMyPy. On the other hand, Brock et al. and co-workers [30] reported that reduction
of the precursor in a 5% H,-Ar stream with heating from 50 to 375 °C resulted in
the formation of unsupported Rh,P. We also observed peaks at around 350 °C in the
Rh-P and Pd-P catalyst (Fig. 2 (b)). These results indicate that Rh and Pd were
phosphided at lower temperature than Ru and Pt. The formation of NMyP, was
identified by XRD patterns of NM-P/SiO, catalysts after TPR measurement. Fig. 3
demonstrates the XRD patterns of NM-P/SiO, catalysts after calcination and TPR
measurement. The XRD patterns of calcined catalysts revealed that all of the NM
catalysts (except Pt) were oxides (Rh,03, PdO, and RuQO;); however, the Pt catalyst
was metallic. In contrast, the XRD patterns of Rh-P and Ru-P catalysts after TPR
measurement showed clear peaks for NMxP, (RhzP and Ru;P). On the other hand,
there were small, broad peaks of Pd4 gP in the XRD pattern of Pd-P catalyst. In the
Pt-P catalyst, we observed platinum phosphide (PtP,: 20 = 27.06°, 31.38°, 44.94°,
53.26°, and 72.30°) and unknown peaks. However, the peaks of metallic Pt (20 =
39.74°, 46.24°, 67.46°, 81.24°, and 85.70°) were also observed. This result
indicates that even if Pt-P was reduced at 800 °C, formation of PtP, is insufficient.
That is to say, Pt forms phosphide species less easily than other NM. We found that
reduction of all NM-P/SiO, catalysts with hydrogen resulted in the formation of

NM,Py species.



3. 2. HDS activities of NM-P/SiO; catalysts

Fig. 4 shows the thiophene HDS over NM-P/SiO, catalysts reduced at 550 °C.
The order of the HDS activities of NM-P/SiO, catalysts was Rh-P > Pd-P > Ru-P >
Pt-P. Furthermore, we evaluated the reduction temperature on the HDS activities of
NM/SiO; and NM-P/SiO, catalysts. The reduction temperature affected the HDS
activities of NM/SiO, catalysts minimally, as shown in Fig. 5 (a). On the other
hand, the reduction temperature strongly affected the HDS activities of NM-P/SiO;
catalysts and the type of NM determined the optimal reduction temperature of the
NM-P catalysts, as shown in Fig. 5 (b). Fig. 6 shows the HDS activities of
NM-P/SiO, and NM/SiO, catalysts reduced at optimal temperature. The HDS
activities of NM-P/SiO;, catalysts, except Pt-P catalyst, were higher than those of
NM/SiO, catalysts. However, the Pt-P/SiO, catalyst showed lower activity than the
Pt/SiO, catalyst. Especially, P addition remarkably enhanced the HDS activity of
the Rh/SiO, catalyst. Furthermore, this activity was higher than that of the Ni-P
catalyst and was the same as the pre-sulfided CoMoP/Al,O3 catalyst. The stability
of catalytic activity was evaluated by relative activity (A/Ao), which was calculated
by the activity at any reaction time (A) divided by the initial activity (Ao, at 10
min). We did not evaluate the A/A, of Ru-P and Pt-P catalysts because these
catalysts showed remarkably lower activities than other NM-P and CoMoP catalysts.
The A/A, values of Rh-P/SiO,, Pd-P/SiO, and CoMoP/Al,O3 catalysts are listed in
Table 1. In CoMoP/Al,03 catalyst, the A/Ao remarkably decreased within the initial
1 h. Then the A/A, was stable from 3 h until 30 h. On the other hand, the A/Aq of
Rh-P catalyst slightly decreased with time on stream. Furthermore, this A/A, was

higher than that of pre-sulfided CoMoP/Al,O3; catalyst at any reaction time.



However, the HDS activity of Pd-P/SiO, catalyst was remarkably decreased with
time on stream. Thus, the Rh-P/SiO, catalyst has higher stability and potential for
HDS reaction than other NM-P/SiO, catalysts. Table 2 shows the product
distribution over NM/SiO, and NM-P/SiO, catalysts in the HDS of thiophene at
350 °C. The selectivity of n-butane definitely increased with increasing thiophene
conversion by P addition. This selectivity for Rh-P catalyst was the same as that for
CoMoP/Al,O3 catalyst. In contrast, P addition enhanced the thiophene conversion
for Pd catalyst, but decreased n-butane selectivity. Furthermore, selectivity of
tetrahydrothiophene (THT) for the Pd-P catalyst was remarkably lower than that for
other NM-P catalysts. These results mean that the direct desulfurization route
preferentially occurred over Pd-P catalyst. We examined the XRD patterns of

NM-P/SiO;, catalysts to clarify activity enhancement by phosphidation of NM.

3. 3. XRD patterns of reduced NM/SiO, and NM-P/SiO, catalysts

Fig. 7 shows the XRD patterns of NM-P/SiO, catalysts with different reduction
temperatures. After reduction at 500 °C, we observed a remarkably high intensity of
NMxPy (RhyP and Pd4gP) in the XRD patterns of Rh and Pd catalysts with high
HDS activities. In the XRD patterns of the Ru-P/SiO, catalyst reduced at 500 and
550 °C, both Ru and Ru,P were observed. On the other hand, peaks of platinum
phosphides were not observed in the XRD pattern of Pt-P/SiO, reduced at 500 and
550 °C. In the TPR spectra of the Ru-P and Pt-P catalysts, hydrogen consumption
was observed above 600 °C, as shown in Fig. 2. Thus, large peaks of metallic NM
species appeared in the XRD patterns of Ru-P and Pt-P catalysts.

The peaks of NMxPy (Rh,P, PdssP, Ru,P, and PtP;) species increased with

increasing reduction temperature. However, the Pd,sP peaks decreased and



broadened with increasing reduction temperature. It was reported that PdssP
decomposes eutectoidally into Pd¢P and PdsP between 660 °C and 700 °C [31]. This
indicates that decomposition of Pd4 P into other palladium phosphides may lead to
decrease of Pd4 gP intensity. Therefore, decomposition of Pd4 sP explains the low

activities of Pd-P/SiO; catalysts reduced at high temperature (above 600 °C, Fig. 5

(b)).

3. 4. Particle sizes of NMxPy and NM in reduced NM-P/SiO; catalysts

Fig. 8 shows the TEM images of NM-P/SiO, catalysts reduced at 500 °C. We
observed small NMxPy and NM particles in all catalysts. The particle size
distributions of NMxPy and NM measured from TEM images of NM-P/SiO,
catalysts reduced at 500 and 650 °C are shown in Fig. 9. Furthermore, Table 3
shows the average particle size calculated from TEM images and XRD patterns
using Scherrer’s equation. With the exception of Pt-P, the NMxPy and NM particle
size distribution shifted toward larger particle size when reduction temperature
increased from 500 to 650 °C, as shown in Fig. 9. The particle size distribution of
Pt-P/SiO, catalyst reduced at 650 °C has two peaks (Fig. 9), but the average
particle size did not change compared with that of the material reduced at 500 °C
(Table 3). The particle size of Rh-P/SiO, was the smallest among all of the
NM-P/SiO,, as shown in Table 3. At both reduction temperatures (500 and 650 °C),
the average particle size of Rh-P catalyst measured from TEM was the same as that
calculated from XRD. For the Pd-P catalyst reduced at 500 °C, the particle size
measured by TEM was also the same as that calculated from XRD. However, for the
Pd-P catalyst reduced at 650 °C, the particle size calculated from XRD was

remarkably smaller than that calculated from TEM. An explanation of this result is
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that particle size calculated from XRD would not be accurate because a broad peak
was observed in the XRD pattern (Fig. 7 (ii), (d)) due to decomposition of Pd4 gP
into other phosphides [31]. On the other hand, the particle sizes of Ru-P and Pt-P
catalysts calculated from XRD were larger than those measured from TEM at either
reduction temperature. The small amount of large particles may be difficult to
observe by TEM. On the other hand, XRD analysis detects large particles as the
sharp peaks, as shown in Fig. 7. Therefore, TEM observation is not the proper
method to estimate average particle diameter of Ru-P and Pt-P catalysts. In contrast,
Rh-P and Pd-P catalysts would have uniform particle size because particle size

measured from XRD was the same as that from TEM.

3. 5. Elemental analysis by EDS

Table 4 shows the elemental analysis of reduced NM-P/SiO, by EDS. The
content of NM was 5 wt% in all catalysts, but P content was less than 1.5 wt%. The
formation of phosphine explains this result. The measured P/NM molar ratios and
stoichiometric P/NM ratios are also listed in Table 4. For the Rh-P and Ru-P
catalysts, the measured P/NM ratios were slightly higher than the stoichiometric
ratio. Wang et al. [8] and Bussel et al. [10] reported that excess P in the catalyst
precursor is necessary to prepare highly active Ni-P/SiO;, catalysts. Thus, the
formation of small Rh,P particles and a suitable P addition to form Rh,P resulted in
the high HDS activity of the Rh-P/SiO, catalyst. On the other hand, the measured
P/NM ratios of Pd-P catalyst with reduction at 500 and 650 °C were three to five
times higher than the stoichiometric ratios. These results indicate that the amount
of P added was not suitable to form NMxPy. Therefore, Pd-P catalysts with higher

HDS activities than that of the CoMoP/Al,O; catalyst would be prepared by
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controlling the amount of P added. The measured P/NM of the Pt-P catalyst was
close to the stoichiometric ratio. However, the HDS activity of the Pt-P catalyst
was remarkably lower than that of other NM-P and Pt catalysts. An explanation for
this result is the poisoning of the active site by P because Pt does not easily form

phosphides.

4. Conclusions

NMxPy species were formed on SiO;, by a conventional preparation method
using NH4H,PO4. The nature of NM caused variations in the HDS activities of
NM-P/SiO, catalysts. The order of the activities of these catalysts was as follows:
Rh-P > Pd-P > Ru-P > Pt-P. In particular, the HDS activity of the Rh-P catalyst was
remarkably higher than that of the Ni-P catalyst and was the same as that of the
pre-sulfided CoMoP/Al,O3 catalyst. Furthermore, the Rh-P/SiO, catalyst showed
stable activity even after reaction for 30 h. Characterization of the NM-P catalysts
revealed that the formation of small Rh,P particles and suitable P addition to form

Rh,P caused the high HDS activity of the Rh-P catalyst.
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Table 1

Relative activities of NM-P/SiO, catalysts for HDS of thiophene at 350 °C

Relative activity (A/Ag)

Reduction

Catalyst 1h 3h 15h 30h
y Temperature (°C)
Rh-P 550 0.979 0.970 0.920 0.889
Pd-P 500 0.900 0.860 0.728 0.677
400
CoMoP/Al,O3 0.884 0.851 0.843 0.830

(sulfidation)

Ao: Activity at 10 min

A: Activity at any reaction time

15



Table 2

Distribution of reaction products in the HDS of thiophene over reduced NM/SiO, and NM-P/SiO;

catalysts
Composition of HDS products (%)
Reduction .
Conversion 2 1,3- ,
Catalyst temperature Ci-Cs Butanes  Butenes ) THT
. (%) butadiene
(°C)
Rh 450 13.32 0.00 12.13 85.28 0.00 2.59
Rh-P 550 54.95 0.11 20.82 75.54 0.00 3.53
Pd 350 39.86 0.00 26.96 70.38 0.00 2.66
Pd-P 500 45.85 1.06 10.04 87.48 0.00 1.42
Ru 350 0.28 0.00 0.00 77.81 22.19 0.00
Ru-P 650 12.66 0.00 4,94 86.85 0.00 8.21
Pt 400 22.09 0.00 52.05 41.48 0.00 6.47
Pt-P 650 3.36 0.00 14.25 60.15 0.00 25.60
CoMoP 400
53.28 0.70 18.68 80.53 0.00 0.10

[Al,O3  (Sulfidation)

a) C;-Cs hydrocarbons

b) Tetrahydrothiophene

16



Table 3
Particle size of noble metal phosphides in NM-P/SiO; catalysts calculated by TEM images and

XRD patterns using Scherrer’s equation

Average particle size (nm)

Reduction
Catalyst XRD
temperature (°C) TEM
NMxPy / NM

500 8.3 9.1/-
Rh-P

650 9.9 10.8/ -

500 10.2 11.4/-
Pd-P

650 13.1 6.0/-

500 10.0 179/7.5
Ru-P

650 11.9 21.7 / -

500 14.9 -136.5
Pt-P

650 14.9 57.5/24.4
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Table 4

Elemental composition of reduced NM-P/SiO, catalysts

Elemental composition measured by EDS

Reduction Stoichiometric
NM P P/NM
Catalyst temperature P/NM of NMxPy
(wt%) (Wt%) (mol/mol)
(°C) observed by XRD
500 5.00 1.04 0.69 0.50 (Rh2P)
Rh-P
650 5.01 0.99 0.65 0.50 (RhyP)
500 5.06 1.43 0.97 0.21 (Pd4gP)
Pd-P
650 4.99 1.01 0.70 0.21 (Pd4gP)
500 4.99 1.20 0.80 0.50 (RuzP)
Ru-P
650 5.02 0.95 0.63 0.50 (RuzP)
500 4.96 1.43 1.82 -
Pt-P
650 5.04 1.17 1.46 2.00 (PtPy)
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Fig. 1 TPR spectra of calcined NM/SiO, catalysts.
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Fig. 2 TPR spectra of calcined NM-P/SiO, catalysts. (a) TPR spectra of NM-P

catalysts, (b) Magnified TPR spectra of Rh-P and Pd-P catalysts from 200 to
800 °C.
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XRD patterns of NM-P/SiO, catalysts after (a) calcination at 500 °C and

(b) TPR measurement. (i) Rh-P, (ii) Pd-P, (iii) Ru-P, and (iv) Pt-P.
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Fig. 4 Hydrodesulfurization of thiophene over NM-P/SiO, catalysts reduced at
550 °C.
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Fig. 5 Effect of reduction temperature on HDS activities of (a) NM/SiO, and (b)

NM-P/SiO, catalysts.
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Fig. 6 HDS activities of NM/SiO, and NM-P/SiO, catalysts. Reduction

temperature: 350 °C (Pd), 400 °C (Pt, Ru), 450 °C (Rh), 500 °C (Pd-P, Pt-P), 550 °C
(Rh-P), 650 °C (Ru-P, Ni-P).
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Fig. 7 XRD patterns of NM-P/SiO, catalysts after reduction at (a) 500 °C, (b)

550 °C, (c) 600 °C, and (d) 650 °C. (i) Rh-P, (ii) Pd-P, (iii) Ru-P, and (iv) Pt-P.
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Fig. 8 TEM images of NM-P/SiO, catalysts reduced at 500 °C. (i) Rh-P, (ii) Pd-P,

(iii) Ru-P, and (iv) Pt-P.
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Fig. 9 Particle size distributions of NM and NMxPy in NM-P/SiO, catalysts

reduced at 500 and 650 °C. (i) Rh-P, (ii) Pd-P, (iii) Ru-P, and (iv) Pt-P.
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