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Highlights

» The Rh-1.5P catalyst exhibited the highest activity among the investigated catalysts.
» RhoP was easily formed in catalysts with a higher P loading.

» Higher P loadings and higher reduction temperatures led to aggregation of Rh
species.

» RhP: exhibits lower catalytic activity than RhaP.

» High HDS activity was caused by small RhoP formation at lower reduction

temperature.
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Abstract

Effects of reduction temperature and phosphorusling on rhodium
phosphide (RbP) formation and on the catalytic activity of Rh-xP
catalysts for hydrodesulfurization (HDS) were intigaited to prepare
highly active HDS catalysts. Analysis of the Rh-gRtalysts showed that
a suitable P loading for HDS activity is 1.5 wt%—dfiotimes greater than
that of an Rh catalyst. Temperature-programmed ce¢idmn and X-ray
diffraction analyses of the Rh-xP catalysts showledt RhP is readily
formed in catalysts with higher P loading. In caadt, the results of
transmission electron microscopy observation and &@iQorption
experiments indicated that the fFhparticle size increased with
increasing P content. Thus, the high HDS activifytlbe Rh-1.5P catalyst
was explained by the formation of small #hat a relatively low
reduction temperature (550 °C).
Keywords
Rhodium phosphide catalyst; HydrodesulfurizatiomoBphorus loading;

Reduction temperature; Active site formation



1. Introduction

During the past decade, the development of techgi@l® capable of

solving environmental problems such as acid raid giobal climate

change have attracted substantial attention onodajl scale. The

combustion of organic sulfur compounds in fuels diger boilers and

engines results in the formation of sulfur oxide&0k). SOx causes acid

rain and deactivates automotive exhaust catalyRegulation of SQ

emissions from ships is expected to become moriemgémt because the

fuels for ships contain greater quantities of sultompounds compared

to gasoline and diesel fuel. Thus, the petroleumuistry has been

producing clean fuels via hydrodesulfurization (HD@ocesses that use

sulfided Co(Ni)Mo/AkOs catalysts. Recently, the petroleum industry

claimed that the development of highly active HD&alysts that exhibit

greater activity than commercial CoMo catalystslwitevent acid rain

and the deactivation of automotive exhaust cata)[4t3].

Methods of preparing highly active CoMo-based HD&8alysts, such

as the Co chemical vapor deposition technique [4arhd the addition of

citric acid [6] or phosphorus [5, 7, 8], have bewrdely investigated.



Furthermore, new active phases other than sulfi@Ge#lo catalysts have

been reported by numerous researchers. Noble m¢®alst] and

transition-metal carbides [158], nitrides [15,19], and phosphides [2, 3,

18, 2040] have been used as new HDS catalysts, and new

transition-metal phosphides such asWNi2, 3,18, 20-3] and MoP

[30-35 have received extensive attentio®0]. In particular, NiP

catalysts have demonstrated high potential for unsehe HDS reaction.

Reports have described the effects of P loadinghmenformation of the

nickel phosphide phase and on the catalyst’s HDSvay. The reduction

of precursors that contain less P is known to pexteia the Ni2Ps phase,

which is an intermediate in the formation of2Ri[35]. In addition, the

reduction of precursors with higher P concentrasiaorsults in the

formation of the NiP phase 70, 21, 25, 29]. The optimal P/Ni ratio for

HDS activity was found to be 0.8-2.2, which is grerathan the

stoichiometric P/Ni ratio in NiP (0.5). However, we3J7-39] and Bussell

et al. [3,40] have reported that rhodium phosphide ¢Rhsupported on

SiO2 exhibits high and stable catalytic activity towattte HDS reaction.

As with the NgP catalysts, the P/Rh ratio should also stronglieat the



formation of RkRP and the HDS activity of Rh catalysts. Previouskg

reported that the support strongly affects the fatran of RhP and its

HDS activity and that Si@ TiO2, and AkOs supports showed superior

HDS activity compared to MgO and ZeGupports B8]. However, the

formation of RkRP on AkLOs is difficult because of the formation of AIRO

[3], and the turnover frequency (TOF) of fhis remarkably enhanced by

the interaction between the active phase and:Ti&3]. Thus, SiQ, which

does not exhibit a strong interaction with ##hor P when used as a

support, is a superior support for clarifying thideets of the P loading on

RhzP formation and on its catalytic HDS activity. Aseviously noted,

numerous reports have described the effects ofaelilogs on the formed

phases and on their HDS activities. However, thieetf of P loading on

the reducibility of phosphates and on the formatiemperature of

phosphidesgspecially noble metal phosphidesasscarcelybeen

reported.In addition,reduction temperature is one of the most important

factors in evaluating the reducibility of phosphsaitand the formation of

phosphides. Herein, the effects of reduction tenapere and P loading on

the formation of rhodium phosphides (RPv) and on the HDS activity of



Rh2P/SiO; catalysts were examined to enable the preparasifohighly

active phosphided HDS catalysts.

2. Experimental
2. 1. Catalyst preparation

Silica (SiQ, BET surface area 295%w™!) was supplied by Nippon
Aerosil Co. The Rh/Si@catalyst was prepared by an impregnation
method described previouslyBT-39]. Rhodium(lll) chloride trihydrate
(RhCl3-3H20, Kanto Chemical Co.) was used as a precursotttier
catalysts and was dissolved in water. The Rh logdamount was 5 wt%.
After impregnation, the catalyst was dried at 1XDfbr 24 h, followed by
heat treatment under nitrogen {Nstream at 450 °C for 1 h in order to
decompose the Rh salts. The sieved catalysts (@@+2tmesh-size
granules) were calcined in air at 500 °C for 4 lneTramp rate for the heat
treatment and calcination was 10 °C minP-added wt% Rh
(Rh-P)/SiQ catalysts were prepared using the same procedaxegpt
with aqueous solutions of Rh€BH20 and ammonium dihydrogen

phosphate (NEHH2PO4, Kanto Chemical Co.). The P concentration was



varied from 0.8 to 3.0 wt%. These catalysts werleel@d as Rh-xP, where
“x” denotes the P loading (wt%). The P/Rh molaricain the catalysts
with 0.8, 1.5, 2.2, and 3.0 wt% P was 0.5, 1.0,,Jabd 2.0, respectively.
2. 2. Hydrodesulfurization of thiophene

The HDS of thiophene was performed at 350 °C un@drMPa using a
conventional fixed-bed flow reactor. The calcineata&lyst (0.1 g) was
charged into the quartz reactor and heated (10 i€ Hin a helium (He)
stream (30 ml mint) at 500 °C for 1 h, following which it was reducég
H2 (30 ml min!) at 350-700 °C for 1 h. A hydrogen—thiophene gas
mixture (Hz/CsH4S = 30), obtained by passing a Htream through a
thiophene trap cooled at 0 °C, was then introduced the reactor (W/F =
37.9 g h mot!). The reaction products were analyzed using a gas
chromatograph equipped with a flame ionization de¢tve (FID) and a
silicone DC-550 (length: 2 m, temperature: 110 dhd AkOs3/KCI plot
(ID: 0.53 mm length: 25 m, film thickness: 10m, temperature:
60-190 °C, rate: 7.5 °C mih) columns.

The rate constant was calculated from the followetguation under

the assumption of a pseudo-first-order reaction:



—In(1-x/100)
W/F

kups = (1)
wherekups is the reaction rate of thiophene HDS (maotig™?) andx is the
conversion rate at 3 h (%).
2. 3. Catalyst characterization

The Rh and Rh-xP catalysts were characterized usingdsorption,
temperature-programmed reduction (TPR), X-ray difftion (XRD),
transmission electron microscopy (TEM), and carboonoxide (CO)
adsorption analyses. Measurements aefadsorption at -196°C were
performed using a Micromeritics ASAP 2010. The dgsas were
evacuated at 300 °C for 10 h prior to the &dsorption measurements.
The surface area of the catalysts was calculatedhley
Brunauer—-Emmett-Teller (BET) method. TPR measuremmevere
performed using a Shimadzu GC-8A gas chromatogrdpte supported
Rh or Rh-xP catalysts (0.1 g) were heated in a Heamn (30 ml min?)
from room temperature to 500 °C at 10 °C minfollowed by He
treatment at 500 °C for 1 h. After this He treatmethe catalysts were

cooled to 30°C in a He stream, and the He was dwvetcto a

hydrogen—nitrogen (5 vol%HN2) gas mixture at 30 °C for 0.5 h before



the measurement was performed. The TPR spectrumre@srded over

the temperature range of 30 to 800 °C at 10 °C tinsing a thermal
conductivity detector (TCD) to monitor2Hconsumption. Water was
removed using a molecular sieve trap. The XRD paitseof the calcined
and reduced catalysis air were measured using a Rigaku MiniFlex
equipped with a Cu K radiation source operated at 30 kV and 15 mA. The
crystallite size of thenetallic Rh and RRPy were calculated using

Scherrer’s equation:

KA

d= (2)

" B Cosb

whered is the crystallite size (nm)B is the full-width at half maximum
of the selected peak (FWHM, radian¥),s shape factor (0.9), aridis the
wavelength of the X-ray radiation (15.4184 nm). TKBD peaks at 34.2°
(Rh203, (114) plane), 40.9° (Rh, (111) plane), 46.7° ¢Rh(220) plane),
and 23.9° (RhP, (11-1) plane) were used to calculate th@arameter.
TEM observations were performed using a JEOL JEM®0X. The
conditions of TEM operation were an acceleratioritage of 200 kV and
a magnification of 120,000x. The particle size dilsttion and average

particle size were determined from the measurements000 particles in



the TEM micrographs. The CO uptake of the supporfdand Rh-P
catalysts was measured using the pulse method.sTipported Rh or
Rh-xP catalysts (0.1 g) were treated in He at 5002CQ °C miri?) for 1 h,
followed by reduction in K at 350-750 °C for 1 h. CO was injected onto
the catalyst layer at 25 °C using a sampling lo@ap0(ml). The amount of
CO adsorbed was measured with a Shimadzu GC-8Achasmatograph

equipped with a TCD.

3. Results and Discussion
3. 1. HDS of Thiophene over Rh-xP Catalysts
3. 1. 1. HDS Activities of the Rh-xP Catalysts

Previously, we reported that reduction temperatstmongly affects the
HDS activity of Rh-1.5P catalysts37-39]. Thus, the HDS activity of
Rh-xP catalysts reduced at various temperatures exasnined in this
work. Figure 1 shows the effect of reduction temperature on tH2SH
activity (rate constant) of the Rh-xP catalystseafteaction for 3 h. The
HDS activity of the Rh catalyst barely changed wah increase in

reduction temperature. In contrast, an optimal r&tdan temperature for



the maximum HDS activity of the P-added Rh catasystas clearly

observed. The optimal reduction temperature foriagcing maximum

HDS activity of the Rh-xP catalysts decreased withreasing P content.

Moreover, the HDS activity of the catalysts withi3ab wt% P loading

decreased remarkably with an increase in reducteanperature.

The HDS activity of the Rh-xP catalysts reducedld optimal

temperature is shown iRig. 2 as a function of the P loading. The

maximum HDS activity for the Rh-xP catalysts wastained at a P

loading of 1.5 wt%. This activity was four timesegter than that of the

Rh catalyst.

3. 1. 2. Selectivity of Products

The HDS reaction products were butanes, butenes,

tetrahydrothiophene (THT), and trace amounts ofc&rag products. The

selectivity for each reaction product in the HDStbfophene over the

Rh-xP catalysts is listed imable 1. Because the selectivities of butanes,

butenes, and THT depend on P loading, reductionptemature, and

thiophene conversion rate, the effect of the P logdon the product

selectivities should be evaluated at the same rddactemperature and



with a similar thiophene conversion ratehe Rh-0.8P and Rh-1.5P
catalysts that were reduced at 650 °C exhibitedilimconversion rates,
where butanes were readily formed on the Rh-xP lyata with lower P
loadings. In contrast, the THT selectivity of thé®.8P catalyst reduced
at 650 °C was lower than that of the Rh-1.5P catsalyfhe same THT
selectivity was trend was observed for the Rh-1a5% Rh-2.2P catalysts
reduced at 450 °C.

Furthermore, the effect of W/F on the product se¢iities of Rh and
Rh-1.5P catalysts reduced at 650 °C are listed able 2. At similar
conversion rates, THT selectivity increased witleri@asing P loading, but
butans selectivity decreased. Thuhe P loading strongly affected the
selectivities for butanes and THT.

3. 2. Characterization of the Rh-xP Catalysts
3. 2. 1. BET Surface Area of the Calcined Rh-xP Catalysts

The surface area of the calcined Rh-xP catalystshiswn inTable 3.
The Rh catalysts exhibited the same surface areth@asSiQ support (295
m? g~1). The surface area of the Rh-xP catalysts decréasgéh increasing

P loading. However, the surface area was hardlyngea when the P



loading was increased from 2.2 to 3.0 wt%hese results indicate that

phosphates preferentially interact with the suppdut not with Rh

species, to aggregate Si@articles.

3. 2. 2. XRD Patterns of the Calcined Rh-xP Catalysts

Figure 3 shows the XRD patterns of the Rh-xP catalysts rafte

calcination at 500 °C. The main peak of ®3 was observed in the XRD

patterns of the Rh-xP catalysts, atids peakbarely changed when the P

loading was increased to 1.5 wt%. However, the Xpditerns of the

Rh-2.2P and Rh-3.0P catalysts showed remarkablympaaks associated

with metallic Rh.

The crystallite sizes of themetallic Rh and RbOs in the catalysts, as

calculated using Scherrer’s equation, are alscelsin Table 3. The

crystallite size of the RiOs increased with an increase in the P loading.

In particular, a large crystallite size was obsatva the catalysts with

higher P loadings (2.2 and 3.0 wt%l)he large metallic Rh particles

probably formed during decomposition of the Rh-bdsalt. Because

oxygenation proceeds from the surface to the balkarge Rh particle,

which has a high diffusion resistance, will remamnthe metallic Rh state



after calcination.

3. 2. 3. TPR of the Rh-xP Catalysts

Reduction temperature and P loading strongly afédcthe HDS

activity of the Rh-xP catalysts, as shownRigs. 1 and 2. Therefore, the

TPR traces of the Rh-xP catalysts were examinedlaoify the effect of

the P loading on the reducibility of the rhodiumid& and phosphate

speciesFigure 4 shows the TPR trace of the Rh-xP catalysts. Thakpet

60°C, which was attributed to the reduction of2®h, appeared in the

TPR trace of the Rh catalysFi(g. 4, (a)). The peak for RiOs reduction

was observed from 60 to 140 °C in the TPR tracdRbfxP catalysts.

When the P loading was increased, this peak shifted higher

temperature. The same trend was observed in the fFRées for the Ni-P

catalysts 1, 24]. The phosphate would cover RDs particles, causing

the peak temperature of the Rbs reduction to shift. However, the

reduction temperature of R@s in the Rh-0.8P catalyst hardly changed

compared with that of RiOs in the Rh catalyst. These results imply that

phosphate preferentially interacts with Si®ut not with RhOs.

The TPR trace of a physically mixed Rh/Si@nd 1.5% P/Si@catalyst



(0.05 + 0.05 = 0.1 g) was measured to define thluceion peak of the

phosphatesKig. 4, (b)). Two peaks were observed at approximately

50 °C and above 650 °C. In the mixed catalyst, RieOz barely

interacted with the phosphate. Thus, these peak®wa¢tributed to the

reduction of the R¥03 and to the phosphates supported on the2SiO

respectively. However, a reduction peak in the tengiure range of

200-350°C was not observed in the trace of the migatalyst, indicating

that this peak was attributed to the reduction lod phosphate that

interacted with the RiOs.

In the temperature range above 250 °C in the TP&tmpm of the

Rh-0.8P catalyst, two peaks were observed at 34D&00 °C in Fig. 4,

(b)). For the Rh-1.5P catalyst, these peaks shiftetbtwer temperatures

(270 and 680 °C, respectively) compared to thos¢hef Rh-0.8P catalyst.

However, a remarkable reduction peak appeared 8360 °C in the TPR

trace of the catalysts with higher P loadings (BZ2-wt%).Brock et al.

have reported that RPR is formed by the reduction of rhodium phosphate

at 375 °C [41].Furthermore, Oyama et al. reported that one reducti

peak in the TPR trace of a M/SiC; catalyst with a higher P/Ni ratio



(P/Ni > 1) was observed to appear at the same teatpee as that of a

peak in the TPR trace of bulk nickel phosphate dgrreduction P1].

These results suggest that the large peak at 35@02€0in the TPR traces

of catalysts with higher P loadings (2.2-3.0 wt%a)ncbe attributed to the

reduction of rhodium phosphate.

The peaks for PFOs and ROz appeared in the XRD pattern of a 20 wt%

Ni2P/Si0O; catalyst with a higher P loading (P/Ni = 229]. This result

indicates that the particle size of the phosphateréases with increasing

P loading. Thus, enlarged phosphate particles thedkly interact with

SiO2 would cause a peak shift to lower temperatures.

3. 2. 4. XRD Patterns of the Reduced Rh-xP Catalysts

The XRD patterns of the reduced Rh-xP catalystsemexamined to

evaluate the formed RdPy. Figure 5 shows the XRD patterns of the

Rh-xP catalysts reduced at 450-650 °C. The peaksnf@tallic Rh were

only observed in the patterns of Rh catalysts redliat any temperature.

The same tendency was observed in the Rh-0.8P ygsttalbut small peaks

for Rh2P appeared in the sample subjected to the highedtation

temperature (650 °C). The peaks foetallic Rh were observed in the



XRD patterns of the Rh-1.5 P catalyst reduced & 46. However, these

peaks disappeared when reduction temperature waeased, and RP

peaks subsequently appeared. In addition,medallic Rh peaks were

observed in the Rh-xP catalysts with higher P lowdi (greater than 2.2

wt%) reduced at any temperature. Thus, the TPRR® results

indicated that R¥P is easily formed at higher P loadings and higher

reduction temperatureS.his phenomenon is can be explained as follows:

the phosphate preferentially interacts with $i®ut excess phosphate

interacts with RhOs and/or forms rhodium phosphate. Because these

phosphate species are reduced at lower temperatheas phosphates on

SiO2, RhP is readily formed in the catalysts with highetdaddings.In

contrast, the intensity of the R peaks increased as the P loadings and

reduction temperatures were increased. This reisupies that excess P

loading and a high reduction temperature causeesing of Rh species.

Furthermore, RhPwas formed in the catalyst with a higher P loading

(3.0%) that that reduced at high temperature (660).°

Table 4 shows the effect of reduction temperature and &llag on the

crystallite size of thenetallic Rh and RRPy, as calculated using



Scherrer’'s equation. The crystallite size of the iRithe Rh catalyst

increased with increasing reduction temperaturewkwer, irrespective of

the increase in reduction temperature from 550 %0 8C, the crystallite

size of themetallic Rh in the Rh-0.8P catalyst decreased. The same

tendency was also observed in the other Rh-xP gatal Furthermore, the

crystallite size of the RhPPwas smaller than that in the Rh-3.0P catalyst

reduced at 650 °C. At the same reduction tempergttire crystallite size

of the Rh species increased with increasing P Ingdind increasing

reduction temperature.

Bussell et al. have reported that the average ai}isé size of RhP in a

5 wt% RhP/SiO; catalyst (P/Rh = 0.75) is 10 nm, as determinedrfribs

XRD pattern B0]. This valueis higher than our results. Furthermore, the

particle sizes of the Rh-xP catalysts were examiimedetail using TEM.

3. 2. 5. Particle Size of the Reduced Rh-xP Catalysts

Figure 6 shows the TEM images of the Rh-xP catalysts afextuction

at 550 °C. For the Rh catalyst, highly dispersedtigzdes were observed.

However, an increase in the P content tended toltas larger particle



sizes. The particle size distribution of the Rh-g&talysts after reduction

at 450-650 °C, as determined from TEM images, isvem in Figure 7.

For the Rh catalyst, the particle size distributi®mifted toward larger

particle diameters as reduction temperature waseased. In particular,

all of the Rh-xP catalysts reduced at 650 °C showddw frequency of

the peak center and a broad distribution compacethbse reduced at 450

and 550 °C.

The average particle sizes of the Rh-xP catalysthuced at

450-650 °C, as calculated from TEM images, areelisin Table 5. The

average particle size of all of the Rh-xP catalystduced at 550 °C was

slightly larger (+0.1-0.2 nm) than that of the clatsts reduced at 450 °C.

For catalysts with P loadings less than 1.5 wt%e Hverage particle size

of the catalysts reduced at 650 °C was 0.5-0.6 angér than that of the

catalysts reduced at 550 °C. For catalysts with l@&ling greater than

2.2 wt%, the average particle size of the catalystduced at 650 °C was

0.1-0.4 nm larger than that of the catalysts reduae 550 °C, thereby

indicating that excess P inhibits sintering of2Rhat 650 °C. However, at

the same reduction temperature, the average pardide increased with



increasing P content. These results reveal tha¢xaess P loading

(greater than 2.2 wt%) leads to the formation ofgle particles.The BET

surface areaTable 2) and TPR Fig. 4 (a)) results imply that phosphate

preferentially interacts with the SeGsupport, but not with RiDs.

Therefore, this phenomenon is can be explainedodl®ws: The

phosphate preferentially interacts with Sibut excess phosphate

interacts with RhOs3 and forms rhodium phosphate. Since reduction of

these phosphate species occur at lower temperdahame that of phosphate

on SiQ;, RheP is readily formed in the catalysts with highetdading.

Bussell et al. reported an average particle siz®bfP of 3.3 + 1.7 nm,

as determined from TEM imageg(]. This particle size is smaller than

the particle size indicated by our results, as shawTable 5. In this

work, the Rh loading was 5 wt%, and this loadingswdagher than that

used by Bussell’'s group (Rh: 4.08 wt% and P: 0.9%W Thus, our larger

particle size can be explained by our higher Rhdiog.

3. 2. 6. CO Uptake of Rh-xP Catalysts

Figure 8 shows the relationship between the reduction temapee

and CO uptake of the Rh-xP catalysts. The CO uptakehe Rh-xP



catalysts decreased with an increase in reducteonpterature. In
particular, the CO uptake of the Rh-0.8P catalyharkably decreased as
reduction temperature was increased from 600 to B60At higher
reduction temperatures (greater than 600 °C)sPQOwhich interacts with
SiO2, can be reduced to form P and/or s shown irFig. 4. Thus, a
remarkable decrease in the CO uptake of the Rh-@&tRlyst can be
explained by thenetallic Rh surface being covered by P and/or the
formation of RhP.

At the same reduction temperature, the CO uptakerelased with
increased P loading. These trends are consistetit thie average particle
sizes measured from TEM imageBable 5), but not with the crystallite
sizes calculated from the XRD patternBaple 4). The trend of the
particle sizes calculated from the XRD results denexplained as
follows: If phosphidation proceeds from the surfaxfethe metallic Rh
particles, then structures that consistnoétallic Rh cores covered with
RhzP shells would be formed. The size of the Rh comesild decrease as
the degree of phosphidation increased. Thus, tlystaillite size of

metallic Rh decreased with increasing reduction tempergtaseshown in



Table 4.

Oyama et al. have reported that theeNiactive phase is blocked by
excess P in NP/SiO: catalysts with higher P content&7]. In addition,
we confirmed that RhPis formed in the Rh-3.0P catalyst reduced at
650 °C Fig. 5). These results imply that reduced excess P specowver
the surface of the RIP and/or react with Riff to form RhR.

3. 2. 7. Turnover Frequency of the Rh-xP Catalysts
The turnover frequency of the Rh-xP catalysts wakculated from the
amount of exposed Rh (Rf) and from the CO uptake. The Rh(mol
g-caf?l) values of the Rh-xP catalysts were calculatedrfriheir average
particle size. Assuming that particles have a spdedror cubic shape,
Rhex can be estimated from following equation:
6nf

Rhex = —2-x 107 (3)

wheren is the surface atom density (atoms@m f is the fractional
weight loading of the sample, is the theoretical bulk density (g7d), D
is the particle size calculated from TEM observasonm), and\Na is
Avogadro’s number (6.02 x #8). The values oh were 1.60 x 18 and

7.63 x 16° atoms m? for Rh ((111) plane) and RR ((111) plane),



respectively. Furthermore, the valuesofvere 12.41 and 9.44 g cthfor
Rh and RbP, respectively. The calculated &hand chemisorbed CO/Rh
values are listed iTable 6. The CO/RRx of the Rh catalyst reduced at
any temperature was constant (ca. 1.7), indicatimagt CO species
chemisorbed onto this catalyst would be dicarboagt linear types.
However, the CO/Réx of the Rh-0.8P catalyst decreased with increasing
reduction temperature, especially from 550 to 6®0 Pn other Rh-xP
catalysts, CO/Réx also decreased with increasing reduction tempeeatu
Some CO species chemisorbed onto:RMI203 catalysts, such as linear,
bridge, and dicarbonyl types, have been identifbgdIR [42]. However,
the CO/RhRx ratios for the Rh-xP catalysts with higher P loagls (greater
than 2.2 wt%) were less than 1. These results caexplained by the
exposed Rh sites of RR being covered by reduced P and/or by CO
linearly adsorbing onto the Rh-xP catalysts becaafsteric hindrance
caused by excess P.

Figure 9 shows the TOF values calculated from theeRI(TOF (Rhex))
and CO uptake (TOF (CO)) values. These TOFs varnedimilar manners

with increasing reduction temperature. The TOFdhd Rh catalyst



barely changed as reduction temperature was in@@aBecause the Rh

catalyst exhibited a high CO/Rhratio (ca. 1.7), as shown ihable 6, the

TOF (Rhx) would be more accurate than the TOF (CO). Howeath

TOFs calculated from both the Rh(a) and CO uptakéb) of the Rh-0.8P

catalyst increased as reduction temperature waseiased from 550 to

650 °C. For the Rh-1.5P catalyst, the TOF (CO) alsoreased with

increasing reduction temperature; however, the T@Rex) slightly

decreased with when reduction temperature was iaased from 550 to

650 °C. Because the peak intensities ofzRlhncreased with increasing

reduction temperatureF{g. 5), the enhancement of TOF was caused by

RhzP formation. However, the TOFs of the Rh-2.2P cpsaldecreased at

reduction temperatures greater than 550 °C. Theesawnd was observed

for the Rh-3.0P catalyst reduced at temperaturesatar than 450 °C.

Figure 10 shows the TOFs of the Rh-xP catalysts as a fumctib

their P loading. The TOFs were calculated from thaximum HDS

activity (Fig. 1). In the P-loading range from 0 to 1.5, the TOFR was

the same as the TOF (CO). In contrast, a remarkdhbfference between

these TOFs was observed in catalysts with highésaRliings (greater than



2.2 wt%). Furthermore, the CO/Rhratios of these catalysts were
significantly lower than those of catalysts withwd® contents (0-0.8
wt%) (Table 6). Thus, the TOFs of the Rh-xP catalysts with higPe

loadings include an error caused by the Rh sitesdeovered by excess

The TOF of the Rh-1.5P catalyst reduced at 550 w@8ich exhibited
the highest HDS activity (Fig. 2), was approximat@00 bl In the HDS
of thiophene at 370 °C, the TOF of the2RiSiO: (P/Ni = 0.8) catalyst
was ca. 76 H (0.021 s) [25]. The TOF of the Rh-1.5P catalyst was 2.6
times greater than that of the M/SiO; catalyst.

3. 3. Effect of Reduction Temperature and P Loading on the HDS
Activities of Rh-xP Catalysts

The TPR and XRD results revealed that an increasthe P content
causes the reduction of phosphates at lower tentpeega and decreases
the formation temperature of RR. Thus, the reduction temperature for
the maximum HDS activity decreased with increash¢pading, as shown
in Fig. 1.

For the Rh-0.8P catalyst, the maximum HDS activatyd a high TOF



were obtained at a high reduction temperature (66D Bussell et al.

have reported that the RPB/SiO; catalyst, which exhibits metallic

properties and excellent hydrogenation activitypwled higher sulfur

tolerance than the Rh/SpCatalyst [40]. In fact, we observed peaks

associated with metallic Rh and small peaks asgediavith RkP in the

XRD pattern of the Rh-0.8P catalyst reduced at 860(Fig. 5). Thus, the

enhancedactivity of the Rh-0.8P catalyst can be explainegdtbe

formation ofa Rh2P shell structure containing a metallic Rh coYéhen

reduction temperature was increased to 700 °C,HbB& activity of the

Rh-0.8P catalyst decreased. In addition, the HDS8vaices of other

Rh-xP catalysts reduced at temperatures greater @t °C were lower

than that of catalysts reduced at temperatures tkeaa 550 °C. The TEM

observations and CO adsorption results revealed tihe averagenetallic

Rh and RBP particle sizes increased as reduction temperava®

increased from 550 to 650 °C. Therefore, the low3Bctivities of the

Rh-xP catalysts reduced at higher temperatures wieieto sintering of

the metallic Rh and RBP particles. In addition, the HDS activity of the

Rh-3.0P catalyst reduced at temperatures greatem 800 °C was lower



than that of the Rh catalyst reduced at the sameptrature Fig. 1). The

XRD analysis showed that excess P reacts withFRto form RhR in the

Rh-3.0P catalyst reduced at 650 °Eid. 5). Metal-rich phosphides

exhibit excellent hydrogenation activity [3], and-Nch phosphides

exhibit much higher HDS activity than P-rich phosgés [24]. Koranyi

have reported that NP catalysts exhibit greater activity than NiP

catalysts P3]. For Niz2P catalysts, the Ni(1) sites with tetrahedral

coordination and four nearest-neighbor P atomsrasponsible for direct

desulfurization, whereas the Ni(2) sites with squ@yramidal

coordination and five nearest-neighbor P atomstaghly active sites for

the hydrogenation route [28]. Furthermore, DFT ad&tion results have

shown that P sites play an important role in thendbimg of intermediates,

such as H adatoms [18]. Because the coordinatiombar of Rh-P in

RhP: is greater than that in RR, RhP favors the hydrogenation route to

form THT. The Rh-3.0P catalyst exhibited remarkably lower R@dx

ratios compared to those of the Rh-xP catalystshviotw P loadings (less

than 1.5 wt%), indicating that the Rh sites werevered by excess P.

Thus, the low HDS activity and remarkable THT sdleity of the



Rh-3.0P catalysts reduced at higher temperatufeble 1 and 2) resulted

from the formation of RhPand from a decrease in the number of active

sites for C-S bond cleavage due to the coverageness P.

The optimal P loading for HDS activity of the Rh-xRtalysts was 1.5

wt%, as shown irFig. 2. This result is explained as follows: At a lower P

loading (0.8 wt %), a small amount of BFhformed at high reduction

temperatures; however, a metallic Rh phase was abs®erved Fig. 5),

indicating that the degree of phosphidation was kmwnpared with that of

catalysts with high P loadings. Furthermore, thghreduction

temperature simultaneously causes sintering ofative phase, as shown

in Table 5 and inFig. 8. In contrast, RhP was easily formed at low

reduction temperatures in the catalysts with higReloadings (greater

than 2.2 wt %). However, the results of TEM obsdigas and CO

adsorption experiments showed that excess P caaggeegationand/or

coveringof Rhz2P. Because moderate P loadings lead to the formadifo

well-dispersed R#P at a relatively low temperature (550 °C), the RiBP

catalyst exhibited the highest HDS activity.



4. Conclusions

The effect of reduction temperature and P loadimgtioe formation of

active sites and on the HDS activity of Rh-xP/Si€atalysts was

investigated. Reduction temperature strongly aféettte HDS activities of

Rh-xP catalysts, and the optimal reduction temperatfor maximum

HDS activity decreased with increasing P contertieTRh-1.5P catalyst

exhibited the highest HDS activity—four times hightéan that of the Rh

catalyst. Analysis of the TPR and XRD patterns loé Rh-xP catalysts

revealed that the formation temperature of2Ridecreases with increased

P loading. Furthermore, the formation of RhWwas observed in the

Rh-3.0P catalyst after it was reduced at highergenmatures. Average

particle size calculated from TEM images increased CO uptake

decreased with increased P loading. Thus, we cadaduthat a moderate P

loading, which resulted in good reducibility of tiplhosphates and a small

RhzP particle size, caused the high HDS activity oé tRh-1.5P catalyst.
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Figure captions

Figure 1 Relationship between the reduction tenapere and HDS

activity of Rh-xP catalysts.

Figure 2 Effect of P loading on the HDS activity Rh-xP catalysts

reduced at an optimal temperature.

Figure 3 XRD patterns of Rh-xP catalysts calcireedb00 °C.

Figure 4 TPR of Rh-xP catalysts: (a) TPRs of RhaRl Rh/SiQ +

P/Si0O: mixed catalysts (0.05 + 0.05 g) from 30 to 800&kd (b) a

magnified version of the 200 to 800 °C region o&thPR trace.

Figure 5 XRD patterns of Rh-xP catalysts reducéed20-650 °C.

Figure 6 TEM images of Rh-xP catalysts reduce®%® °C.

Figure 7 Particle size distribution of Rh-xP catstls reduced at

450-650 °C.

Figure 8 Relationship between the reduction tenapere and CO

uptake of Rh-xP catalysts.

Figure 9 Relationship between the reduction tenapere and TOF of

Rh-xP catalysts calculated from (a) the theoreticamber of exposed Rh

atoms and (b) the CO uptake.



Figure 10 Effect of P loading on the TOF of Rh-g&talysts calculated

from the theoretical number of exposed Rh atoms @uptake.



Table 1 Selectivities of reaction products in the HDS of thiophene over Rh-xP

catalysts. Reaction conditions: W/F = 37.9 g h mol™!, Ho/C4H4S = 30, total pressure =

0.1 MPa.
Selectivity of HDS products (%) TOF (h™)
Reduction Conversion

Catalyst temperature %) C;-Cs* Butanes Butenes THT® Rho® CO¢Y
°O)

Rh 450 16.6 0.3 10.3 86.2 3.2 355 205
550 16.8 0.3 9.9 86.4 3.3 36.5 209
650 16.3 0.2 10.2 86.1 3.6 39.5 234

Rh-0.8P 450 26.6 0.0 21.8 77.1 1.1 64.1 41.8
550 27.9 0.0 15.8 81.2 3.0 68.6 495
650 44 4 0.0 18.5 78.1 3.4 119 113

Rh-1.5P 450 43.2 0.3 22.0 74.5 3.4 152 137
550 55.0 0.1 20.8 75.6 3.5 200 202
650 43.1 0.1 14.4 81.0 4.3 171 230

Rh-2.2P 350 48.3 0.2 21.2 74.9 3.7 - 197
450 47.8 0.3 21.4 73.1 52 211 300
550 45.4 0.2 21.4 72.6 5.9 204 312
650 27.3 0.1 12.6 75.6 11.7 129 204

Rh-3.0P 350 34.0 0.2 11.8 81.4 6.6 138 279
450 29.3 0.0 13.1 74.7 12.2 143 360
550 14.2 0.4 9.9 72.4 173 704 147
650 7.49 0.5 5.0 75.4 19.0  38.7 118

a C1-C3 hydrocarbons
b Tetrahydrothiophene
¢ Calculated from the theoretical number of exposed Rh atoms

d Calculated from the CO uptake



Table 2 Effect of W/F on selectivities of reaction products in the HDS of thiophene
over Rh-xP catalyst reduced at 650°C. Reaction conditions: W = 0.003-0.1 g, H2/C4H4S

= 30, total pressure = 0.1 MPa.

Selectivity of HDS products (%)

W/F Conversion N
Catalyst 1 Ci-Cs? Butanes Butenes  THT
(ghmol) (%)
Rh 15.2 7.81 4.4 5.8 86.1 33
37.9 16.3 0.2 10.2 86.1 3.6
Rh-1.5P 1.1 10.4 1.6 4.7 78.2 15.5
3.8 20.8 0.2 7.5 80.6 11.8
7.6 30.8 0.4 11.0 80.7 8.0
37.9 43.1 0.1 14.4 81.0 4.3
Rh-3.0P 37.9 7.49 0.5 5.0 75.4 19.0

a C1-Cs hydrocarbons

b Tetrahydrothiophene



Table 3 BET surface area and crystallite size of Rh-xP catalysts after calcination.

BET Crystallite size (nm)
surface area
Catalyst (m2 g™ Rh203 Rh
Rh 289 1.2 -
Rh-0.8P 258 1.6 -
Rh-1.5P 249 1.9 -
Rh-2.2P 222 6.6 14.4

Rh-3.0P 215 - 15.7




Table 4 Crystalline size of Rh species calculated by Scherrer’s equation in XRD

patterns of Rh-xP catalysts after reduction.

Crystallite size of Rh / RhoP / RhP2 (nm)

Reduction temperature 350 °C 450 °C 550 °C 650 °C
Catalyst
Rh -/-/- 26/-/- 26/-/- 32/-/-
Rh-0.8P -/-1/- 3.1/-/- 3.8/-/- 35/2.2/-
Rh-1.5P -/-1/- 6.7/3.3/- 6.4/6.1/- -/7.7 /-
Rh-2.2P -/-1/- -/89/- -/99/- -/93/-

Rh-3.0P -/12.2/- -/94/- -/132/-  -/12.7/10.9




Table 5 Average particle diameter of Rh-xP catalysts after reduction measured from

TEM images.
Average particle size (nm)
Reduction temperature 350 °C 450 °C 550 °C 650 °C
Catalyst
Rh - 52 53 5.9
Rh-0.8P - 59 6.0 6.5
Rh-1.5P - 6.2 6.4 7.0
Rh-2.2P - 7.7 7.9 8.3

Rh-3.0P 7.1 8.7 8.8 8.9




Table 6 The theoretical number of exposed Rh atoms (Rhex) and CO/Rhex of reduced

Rh-xP catalysts.

Reduction Rh species f‘or

Catalyst temperature Rhex calcu.latlon Rhex CO/Rhex?

C) (The most intense ~ (umol g-cat™!)
peak of XRD)

Rh 450 Rh 123 1.74
550 Rh 121 1.75
650 Rh 109 1.69

Rh-0.8P 450 Rh 109 1.54
550 Rh 108 1.38
650 Rh 71 1.47

Rh-1.5P 450 RhoP 75 1.10
550 RhaP 73 0.99
650 RhoP 66 0.75

Rh-2.2P 450 RhoP 60 0.70
550 RhaP 59 0.65
650 Rh2P 56 0.63

Rh-3.0P 350 RhoP 65 0.41
450 RhaP 54 0.40
550 Rh2P 53 0.52
650 RhoP 51 0.33

a CO uptake/the theoretical number of exposed Rh atoms ratio
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