
JOURNAL OF CATALYSIS 86, 108-120 (1984) 

Hydrodesulfurization of Thiophene Using Rhodium(lll) Zeolites: 
13X and ZSM-5 

K. E. GIVENSAND J.G. DILLARD 

Department of Chemistry, Virginia Polytechnic Institute and State University, Blacksburg, Virginia 24061 

Received June 29, 1982; revised September 27, 1983 

The hydrodesulfurization of thiophene using rhodium(III)-13X and -ZSM-5 zeolites has been 
studied in a pulsed microreactor as a function of temperature. Hydrodesulfurization catalysts were 
prepared by sulfidation with thiophene and with H#/Hz. The C4 products included butene and 
butane. Neither tetrahydrothiophene nor butadiene was identified in the product gas stream. Thio- 
phene conversion over Rh(III)-ZSM-5 sulfided at 400°C with a 10 ~01% H$/90 vol % H2 mixture 
was at least as effective as a commercial cobalt-molybdate catalyst under similar reaction condi- 
tions. The effectiveness of the Rh(III)-ZSM-5 catalyst sulfided with the H#/H* mixture at 250°C 
and with thiophene at 100°C was less than the cobalt-molybdate catalyst. The conversion percent- 
age to Cd hydrocarbons was greater on the Rh(III)-13X than on Co-Mo/AlzO+ Analysis by X-ray 
photoelectron spectroscopy (XPS) of the Rh-zeolite catalysts before and after use indicated that the 
active species is Rh(1). A mechanism for reaction on the Rh-zeolite is proposed where oxidative 
addition-reductive elimination reactions of Rh(I)/Rh(III) are involved in the hydrodesulfurization 
process. 

INTRODUCTION 

The proposed increase in the use of pe- 
troleum and coal-derived materials with 
high concentration of sulfur-containing 
compounds demands efficient catalytic pro- 
cesses for the removal of sulfur (1, 2). 
Akhtar and co-workers (3) identified a 
number of thiophene derivatives in the liq- 
uid products from the hydrogenation of a 
Kentucky coal sample. Schemes and strate- 
gies for the desulfurization of coal and coal- 
derived products have suggested catalytic 
upgrading of soluble components (4, 5). 
The most widely used desulfurization cata- 
lyst is cobalt-molybdate/alumina (6 ,7). In 
studies of model thiophene systems the ac- 
tivity has been related to surface concentra- 
tions of anion vacancies where sulfide ad- 
sorption occurs and of sulfide-oxide sites 
where hydrogen adsorption and transfer 
proceed (8). An alternative mechanism for 
activity invokes r-bonding of the aromatic 
portion of thiophene to the catalyst surface 
(2, 9, 10). Hydrodesulfurization using rho- 
dium, rhenium, iridium, and osmium sul- 

fides is more effective than processes using 
cobalt or molybdenum sulfides (I). Pe- 
coraro and Chianelli (I) observed that the 
catalyst activity could be related to the per- 
centage of d character in the metal. 

Rhodium zeolites have been used for car- 
bonylation reactions (II), in the reduction 
of NO by CO (12), and for hydrodesulfur- 
ization of heterocyclic compounds (13). In 
the latter study (13) no investigation of the 
rhodium surface chemistry was carried out. 
Rhodium surface chemistry has been exam- 
ined by infrared and X-ray photoelectron 
spectroscopic methods (12). The appear- 
ance of new infrared spectral bands upon 
adsorption of NO (12) and CO (12, 14) led 
to the suggestion that Rh(1) species were ac- 
tive intermediates in the catalytic reactions. 
Andersson and Scurrell (II) have carried 
out an extensive study of the XPS spectra 
of rhodium zeolites in an attempt to identify 
the active species in carbonylation pro- 
cesses. XPS binding energy data were used 
to confirm the presence of Rh(I), however, 
unique binding energy results for Rh(1) 
were not obtained in all cases (II, 14). The 
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results of XPS studies on Rh(II1) zeohte Y 
have been interpreted to suggest that Rh(0) 
IS the active species for catalytic processes 
(15) Stepwlse reduction of Rh(II1) accord- 
mg to the sequence 

Rh(II1) % Rh(I1) 7 Rh(1) 5 Rh(0) 

has been reported for the alteration of the 
surface chemistry of Rh(III) on &02 (16) A 
Rh(1) carbonyl cluster species IS offered as 
the intermediate m the Fischer-Tropsch 
production of hydrocarbons (16) Clearly 
rhodium m treated zeohtes has been effec- 
tive for a number of catalytic processes 
The ability of Rh(1) to bond to sulfur and to 
olefin functional groups IS well recogmzed 
(17) The posslbrllty of the formatlon of 
coordmatlvely unsaturated low valent 
metal tons m the zeohte 1s particularly at- 
tractive for activating heterocychc com- 
pounds 

Brooks (23) mvestlgated the use of tran- 
Won metal zeohte catalysts for the hydro- 
desulfunzatlon of thlophene Maximum 
catalytic actlvlty was found for nickel-, 
copper-, and rhodmm-treated zeohtes It 
was suggested that the excellent catalytic 
actlvlty was due to (a) enhanced adsorption 
of reactant on the high surface area zeohte, 
(b) hydrocrackmg due to the high acldlty of 
the zeohte, and (c) enhanced hydrogenoly- 
SIS due to the transltlon metal No detaded 
surface charactenzatlon of the catalysts 
was carned out and the mechamsm of cata- 
lyst mteractlon was not investigated 

In this study the hydrodesulfurlzatlon of 
thlophene usmg rhodium zeohtes has been 
mvestlgated Rhodmm(II1) zeohtes 13X 
and ZSM-5 were activated by reactlon with 
thlophene and with H2S/H2 at several tem- 
peratures and their conversion ability for 
hydrodesulfurlzatlon of thlophene com- 
pared The evidence presented suggests 
that Rh(1) IS the active species for the hy- 
drodesulfurlzatlon process 

EXPERIMENTAL SECTION 

Zeohte 13X powder was obtamed from 
Lmde Dlvlslon, Umon Carbide The rho- 

dmm(III)-13X was prepared by Ion ex- 
change A sample of 0 235 g of Rh 
Cl3 3H20 was dissolved m 15 ml of 6 N 
NH,OH, and to this solution was added 2 0 
g of zeohte 13X The suspension was 
stu-red for 3 days The suspension was cen- 
trifuged and the Rh(III)-13X was washed 
with 1 hter of Hz0 and dried overmght m air 
at 80°C A Rh(II)-13X sample was prepared 
by interacting a methanol solution of 
Rh2(C02CH3)4 with zeohte 13X To a solu- 
tion of 0 11 g of Rh2(C02CH& m 25 ml of 
methanol, was added 2 g of zeohte 13X 
The suspension was stirred 3 days The 
Rh(II)-13X sample was dried overmght m 
air at 80°C The RhCl, 3Hz0 material was 
obtained from Engelhard Industries and 
Rh2(C02CH& was prepared by the method 
of Rempel (18) 

The ZSM-5 zeohte was prepared accord- 
mg to the procedure outhned by Argauer 
and Landolt (19) Fifteen mdhhters of 1 34 
N tetrapropylammomum hydroxide was 
added to 3 11 g SIOz The mixture was 
heated to 100°C until dlssolutlon of SIOz oc- 
curred To this solution was added 0 20 g 
Na2A1204 3H20 m 5 ml of dlstllled delon- 
lzed Hz0 This mixture was allowed to stir 
for 10 mm and then was placed m a thlck- 
wall Pyrex tube The tube was sealed and 
placed m an oven at 165°C for 6 days The 
resulting white solid (ZSM-5-G2) was col- 
lected by centnfugatlon, washed with 1 hter 
of dlstllled water, and calcmed at 500°C for 
12 h to remove the amme The zeohte was 
sodium-saturated Characterlzatlon of the 
ZSM-5 zeohte was accomphshed by X-ray 
dtiractlon, mfrared spectroscopy, and X- 
ray photoelectron spectroscopy The 
results were compared with slmllar mea- 
surements on an authentic sample of Mob11 
ZSM-5 (ZSM-5-M) kindly provided by Mr 
C S Cheng of Mob11 Research and Devel- 
opment Corporation The results of these 
analyses are collected m Table 1 A com- 
panson of the characterlzatlon measure- 
ments mdlcates that the synthesized ZSM-5 
designated ZSM-5-G2 1s structurally equlv- 
alent to ZSM-5-M Rhodmm(II1) was ad- 
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TABLE 1 

Charactenzatlon of ZSMJ Catalyst 

X-Ray dkfractlon 

ZSMJ-M ZSM-5-G2 

d k 0 1 A Intensity” d k 0 1 8, Intenslty” 

11 9 VS 119 vs 
39 vs 39 S 

10 5 S 10 7 S 

38 vs 38 S 

Infrared bands (cm-‘) 

ZSM-5-M ZSM-S-G2 

1098 1092 
790 788 
612 627 
548 549 
446 445 
379 350 

X-Ray photoelectron spectroscopy bmdmg energies 

s12p Al 2p WA1 
(*O 1 eV) (20 1 eV) (atomic ratio) 

ZSM-5-M 103 4 73 9 26 9 
ZSM-5-G2 103 4 74 3 31 6 

a vs, very strong, s, strong 

sorbed onto ZSM-5-G2, by the method of 
ion exchange described above for the prep- 
aration of Rh(III)-13X 

The cobalt-molybdenum/alumma cata- 
lyst was purchased from Alpha Products 
The Co-Mo/A1203 catalyst was composed 
of 12% Moo3 and 3% Co0 (manufacturer’s 
analysis data) Thlophene was obtained 
from Aldrich Chemical Company (99+ % 
punty) and was used without further punfi- 
cation Gas chromatographlc analysis of 
thlophene revealed no impurities that 
would Interfere with the catalytic studies 

The thlophene hydrodesulfurlzatlon re- 
actions were carried out m a pulsed micro- 
reactor/gas chromatograph system Com- 
pound separations were accomplished 
usmg a Q-m diameter, &foot column 
packed with Supelco 3% SP-2250 on 1001 

120 mesh Supelcoport substrate The 
column was operated at 70°C and the ther- 
mocouple detector at 200°C The chromato- 
graphic response was calibrated by Inject- 
mg known volumes of thlophene, C4 
hydrocarbons, and H2S mto the chromato- 
graph The reactions were studied at a flow 
rate of 40 ml/mm Hz The hydrogen carrier 
gas was purified before entering the reactor/ 
gas chromatograph by passing the gas over 
a molecular sieve trap and an oxygen trap 

The mlcroreactor was a l-mm-diameter 
stainless-steel tube mounted up stream 
from the analytical column and directly be- 
hmd the mJectlon port InJectIons were 
made directly mto the reaction cell A 5-mg 
sample of Rh zeohte or Co-Mo/AlzOj cata- 
lyst was loaded m the reactor and was sand- 
wiched by quartz wool plugs The hydrode- 
sulfurlzatlon (HDS) reactions were carried 
out at 350, 400, 450, and 600°C The tem- 
perature of the reactor was measured with a 
calibrated chromel-alumel thermocouple 
The conversion percentage was evaluated 
from the integrated chromatographlc peak 
mtensltles by using 

% converslon = 

where Zcq = total quantity C4 hydrocar- 
bons, Zn,s = quantity of HZS, and Zcquqs = 
quantity of thlophene 

Products were trapped after exit from the 
analytlcal column in a glass U-trap mam- 
tamed at hqmd-mtrogen temperature The 
products were analyzed using a UT1 100 C 
quadrupole mass spectrometer Spectra 
were measured at 70 eV and the mass spec- 
trometer sensltlvlty was determined for C4 
hydrocarbons by measuring spectra for bu- 
tane, crs-2-butene, and 1,3-butadlene The 
preclslon of the Intensity measurements, 
+5%, made it impossible to dlstmgulsh be- 
tween I-butene and cw and truns-Zbutene 
The quantity of butene includes all isomers 
of butene Only butane and butene hydro- 
carbons and H2S were detected m the prod- 
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uct gas stream The overall reaction mvestl- 
gated 1s 

CdH$ + Hz + HIS + [C,H,,, + C,H,] 

where H2S makes up 50% (mol) of the prod- 
uct composltlon The hmlt of detection for 
thlophene conversion 1s 0 10% The precl- 
slon m the measurements for the thlophene 
conversion percentage results is ‘-c 0 10% 
The precision for the butaneibutene ratio 
determination 1s + 20% 

Since the sulfided form of catalysts ap- 
pears to be the active species for hydrode- 
sulfurlzatlon (I), two methods were mvestl- 
gated for sulfidmg the Rh(III) zeohtes One 
method Involved making 0 5 ~1 mJectlons of 
thlophene mto the system with the Rh(II1) 
zeohte at 100°C untd the peak shapes and 
the ratio of peak heights of products to un- 
reacted thlophene were reproducible to 
within -1-O 5% The condltlomng process 
was usually complete after about 10 mJec- 
tlons The second method of sulfidmg was 
to contact the Rh(III)-ZSM-5-G2 catalyst 
with a flowing stream of a 10 ~01% H2S/90 
~01% Hz gas mixture at atmospheric pres- 
sure for 2 h at temperatures 22, 150, 200, 
350, and 400°C The Rh(III)-13X and the 
cobalt-molybdate/alumma catalysts were 
sulfided for 2 h at 250 and 400°C m a stream 
of 10 ~01% H2S/90 ~01% H2 at atmospheric 
pressure Followmg sulfidatlon the samples 
were cooled m a helium gas flow The Co- 
Mo/A1203 catalyst could not be sulfided 
with thlophene at 100°C so no comparison 
of actlvlty with the Rh(II1) zeohte catalysts 
can be made 

XPS spectra were measured usmg a Du- 
Pont 650 spectrometer Samples were 
mounted with Scotch brand double-stick 
tape Rhodmm zeohte samples were trans- 
ported and introduced mto the XPS spec- 
trometer under a dry Ar atmosphere and m 
au No differences m the XPS results were 
noted for the two transportatlon/mtroduc- 
tlon procedures A magnesmm anode, hv = 
1253 6 eV was used as the X-ray source 
Spectra were cahbrated by reference to the 
bmdmg energy for the C 1s photoelectron 

peak at 284 6 eV It was found that while 
acquiring the XPS spectra, rhodmm on the 
zeohte undergoes radlatlon-mduced reduc- 
tlon Evidence for the change m rhodium 
oxldatlon state mcluded a decrease m bmd- 
mg energy and broademng of the Rh 3djll 
and Rh 3ds12 photoelectron peaks This pro- 
cess was complete after about 2 h m the 
spectrometer All rhodium spectra were ob- 
tamed within the first 5 or 10 mm of collect- 
mg spectra before slgmficant reduction had 
occurred At least four different measure- 
ments of the XPS spectra were made for the 
zeohtes, Co-Mo/AlzOj, rhodium com- 
pounds, and rhodium-treated zeohtes Ele- 
mental atomic ratios were calculated from 
Integrated photopeak mtensltles for Rh 
3dm s 2P1/23/25 s1 2P112312- and Al 2P,/23/2 
which were corrected for the photolomza- 
tlon cross section (20) and an instrumental 
sensltlvlty factor Curve resolution of pho- 
toelectron peaks was performed usmg the 
GASCAP program (21) 

Electrophoretlc mob&y studies for 
ZSM-5 were made usmg a Rank Brothers 
Mark II Particle Mlcroelectrophoresls m- 
strument The suspension was prepared by 
mlxmg 0 1 g of ZSM-5 in 500 ml of IO-? M 
NaC104 The moblhty measurements were 
made using a constant apphed voltage of 60 
V Ten measurements were made at both 
the front and back stationary planes The 
pHIEP for ZSM-5-M was 2 6 while the value 
for ZSM-5-G2 was 2 4 The error m the mo- 
b&y measurements 1s ?O 5 FmlslVlcm 

A Norelco X-ray diffractometer employ- 
mg ruckel-filtered CuKa radiation was 
used A Perkm-Elmer 283B spectropho- 
tometer was used to collect Infrared data 
The samples were run as a KBr pellets 

RESULTS AND DISCUSSION 

Surface Characteruatlon of Zeolltes 

Rhodmm(II1) zeohtes were characterized 
usmg XPS before and after ion exchange, 
after sulfidatlon, and after use m the HDS 
reactor The XPS results are summarized m 
Table 2 for the various samples and rho- 
dium compounds 
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Sample 

TABLE 2 

XPS Charactenzatlon of Rh Zeohte Samples 

Bmdmg energy (eV) Atomic ratlo 

Rh 3d,q s 2P SI 2p Al 2p S/Rh Rh/(Al + SI) 

Zeohte 13-X 
Rh(III)- 13X” 
Rh2(C02CH&-13X (Rh(I1)) 

(RMVW) 
Rh(III)-13X 

Thlophene-sulfided 100°C 
H2S/H2-sulfided 

250°C 
400°C 

ZSM-5-G2 
Rh(III)-ZSM-5-G2” 

Thlophene-sulfided 100°C 
HIS/H2 sulfided 

250°C 
400°C 

Rh$, (This work) 

- 
309 5 

I 
308 4 
307 4 

I 
309 4 
307 2 

307 5 
308 0 

- 
309 8 
307 4 

308 2 
3016 
308 6 

- 101 I 73 8 
- 101 I 13 7 

101 8 73 8 

1625 - - 0 63 0 16 

1622 - - 
1624 - - 

- 103 4 74 3 
- 102 8 74 3 

1631 - - 

162 2 - - 
162 2 - - 
162 3 

Literature values 

- - 
- 0 18 
- 0031 

1 67 0 15 
2 06 0 16 

- - 
- 0 11 

0 22 0 08 

2 50 0 10 
1 01 0 09 
1 47 

RhCldzeohte X (Ila) 

Rh(NH&CVzeohte X (116) 

RhBrdzeohte Y (15) 
RhC& 3H20 (Ila, 27) 

(26) 
(This work) 

RI-@, (22) 
(23) 

Rh2(C02CH& (This work) 
(35) 

HRh(CO)(PPh& (Ila) 
(29) 

Rh 3&z Rh 3dw 

310 2 Rh(PPhj)&l (24) 309 4 
(14, 26) 308 2 

310 2 (29) 307 8 
(28) 307 6 

309 5 (25) 307 2 
310 2 Rh(DOC)*(CO)Cl (23) 308 7 
309 4 
309 6 RhCI(CO)(PPh& (26) 308 7 

(29) 309 0 
308 4 (28) 308 5 
309 1 

RN3 (36) 307 4 
308 6 (29) 307 2 
308 8 (22, 26, 12) 307 1 

(23 307 0 
309 5 
308 7 

a RhC& 3H20 + 6 M NH,OH + zeolite 
* Cyclooctadlene- 1,5 

Rh(IZI) Zeohtes 3& photopeak for Rh2(C02CH& adsorbed 
on 13X 1s broad with a bmdmg energy 

The Rh 3dsiz binding energy for Rh(III)- which 1s lower than the value for pure 
13X IS equal to that for RhC& 3Hz0, a find- Rh2(C02CH& The Rh 3d5,2 peaks for 
mg which 1s interpreted to indicate that Rh(II)- 13X could be curve resolved to yield 
Rh(II1) IS adsorbed on the surface The Rh photopeaks with bmdmg energies centered 
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at 308 4 and 307 4 eV The higher bmdmg 
energy 1s only shghtly lower than the value 
for the parent Rh(I1) compound and this 
photopeak 1s assigned to Rh(II) The lower 
bmdmg energy 1s m the range of bmdmg 
energies for Rh(1) or Rh(0) It was not pos- 
sible to make a unique assignment for the 
lower energy photopeak 

The Rh 3& bmdmg energy for Rh(III)- 
ZSM-5-G2 1s m good agreement with the 
value measured for RhC13 3H20, for 
Rh(II1) zeohte Y (15) and for Rh(II1) zeohte 
X (11 b) The equivalent bmdmg energies of 
the Rh 3dxn photopeaks for rhodium on 
ZSM-S-G2, m RhC13, and on other zeohtes 
indicates that rhodium exists as Rh(II1) on 
the ZSM-5-G2 surface 

Suljded Rh(ZZZ) Zeohtes 

The Rh(II1) zeohtes samples were re- 
acted with thlophene and with H&H2 at 
several temperatures m order to obtain a 
variety of sulfided catalysts The sulfidmg 
of Rh(II1) zeohtes leads to an alteration m 
the rhodium surface chemistry, which 1s m- 
dlcated by the decrease m the Rh 3dsj2 bmd- 
mg energies The elucldatlon of a specdic 
rhodium oxldatlon state from bmdmg en- 
ergy measurements 1s complicated by the 
fact that Rh 3d512 bmdmg energies are se- 
verely dependent on the nature of the coor- 
dmatmg environment (II, 14, 15, 22-27) 
The ldentlficatlon of Rh(1) and Rh(0) 1s par- 
ticularly difficult since the reported Rh 3d5,? 
bmdmg energies for Rh(0) and for Rh(1) 
overlap (Table 2) 

The Rh 3dj12 bmdmg energies for the thlo- 
phene-sulfided Rh(III)- 13X samples are 
lower than the values for the starting 
Rh(III)-13X zeohte The Rh XPS spectrum 
exhlblted two photopeaks with 3dsi2 bmdmg 
energies centered at 309 4 and 307 2 eV 
The higher bmdmg energy IS httle changed 
from that of the starting Rh(III)-13X zeo- 
hte The Rh 3dsj2 bmdmg energy at 307 2 eV 
1s near that reported for Rh(0) and also for 
Rh(1) compounds (Table 2) It appears thaL 
thlophene sulfidatlon leads to a mixture of 
Rh(II1) and Rh(I)/Rh(O) oxldatlon states 

The Rh 3dslz PWHM’s (peak width at half 
maxlma) for the HzS/Hz-sulfided Rh(III)- 
13X samples were 1 8 eV When compared 
with the Rh 3dsi2 PWHM for RhC& (1 8 eV) 
and Rh2(C02CH& (1 9 eV), the Rh(III)- 
13X PWHM value IS mdlcatlve of only one 
rhodium species The Rh 3dsj2 bmdmg ener- 
gles for the H,S/H,-sulfided 13X are lower 
than the presulfided value The value for 
the sample sulfided at 250°C IS m the region 
for Rh(1) or Rh(0) and thus the XPS bmdmg 
energy data are not definitive m ldentlfymg 
the rhodium chemical state The Rh 3d5,2 
bmdmg energy, 308 0 eV, for the catalyst 
sulfided at 400°C 1s near the values reported 
for Rh(1) compounds (Ila, 14, 23-29) 
None of the sulfided Rh(III)-13X samples 
yields a Rh 3dsj2 bmdmg energy equal to the 
value measured for Rh2S3 This latter result 
suggests that Rh& 1s not formed on the 
surface m the sulfidatlon of Rh(III)-13X un- 
der the experimental condltlons used m this 
study The sulfur 2p bmdmg energies are 
equal to the value measured for metal sul- 
fides, but the absence of a Rh 3dsiz photo- 
peak attributable to Rh(II1) argues against 
the formation of Rh2S3 

The rhodium 3djiz bmdmg energy for 
thlophene-sulfided Rh(III)-ZSM-5-G2 1s 
near the value for Rh(1) or Rh(0) The 
PWHM for the sample (1 8 eV) 1s consls- 
tent with the presence of only one rhodium 
oxldatlon state The XPS results demon- 
strate that sulfur is present as sulfide on the 
surface and the S/Rh ratio was 0 22 The 
low S/Rh ratio may indicate that sulfidatlon 
did not produce a well-defined stolchlomet- 
nc rhodium sulfide The sulfur 2p bmdmg 
energy for the thlophene-sulfided Rh-zeo- 
hte, 163 1 eV, IS between the values of thlo- 
phene, 164 5 (30) Na,S, 162 0 (30), and 
Rh& 162 3 The PWHM for sulfur m a 
single oxidation state 1s 2 2 eV, while the 
value for thlophene Rh zeohte 1s 2 5 eV 
This result suggests that sulfur may be 
present as adsorbed thlophene (31) and as 
an morgamc sulfide 

The XPS characterlzatlon results for 
HzS/H?-sulfided Rh(III)-ZSM-5-G2 are pre- 
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TABLE 3 

XPS Results for Sulfidatlon of Rh(III)-ZSM-S-G2 
with 10 ~01% H2S/90 ~01% Hz at Selected 

Temperatures for 2 h 

Temperature 
(“0 

22 
150 
250 
350 
400 

Rh(III) ZSM 5 G2 

Bmdm8 ener8y 
(+o 1 ew 

Rh 3dsz s 2P 

3092 162 4 
308 4 162 3 
308 2 162 2 
307 7 162 3 
307 6 162 2 
309 8 - 

Atomic ratms 

s/Rh Rh/(AI t SI) 

0 36 0 11 
2 30 0 IO 
2 50 0 IO 
090 0 IO 

I 01 009 
0 II 

sented m Table 3, and the Rh 3d XPS spectra 
for Rh(III)- and H&Hz-sulfided Rh(III)- 
ZSM-S-G2 samples are presented m Fig 1 
Sulfidatlon yields three groups of sulfided 
Rh(III)-ZSM-5-G2 samples as indicated by 
the Rh 3dsl, bmdmg energies and the S/Rh 
atomic ratios The three groups correspond 
to samples sulfided at 22, at 150 and 250, 
and at 350 and 400°C The sample obtamed 
by sulfidatlon at 22°C yields the lowest S/ 
Rh ratio and a Rh 3d5,2 bmdmg energy only 
shghtly lower than the value for the starting 
Rh(III)-ZSM-5-G2 However, the PWHM 
for the Rh 3ds,2 photopeak for the 22°C sul- 
fided sample 1s wider than for the startmg 
Rh(III)-ZSM-5-G2 It IS reasonable that 
Rh(II1) and Rh(I1) species are present on 
this sample For Rh(III)-ZSM-5-G2 sulfided 
at 150 and 250°C the Rh 3d5,* bmdmg ener- 
gles, at 308 4 and 308 2 eV, respectively, 
are suggestive of a reduced rhodium spe- 
cies The rhodmm bmdmg energies are 
lower than the value measured for Rh(I1) m 
Rh2(C02CH&, but greater than for Rh(1) or 
Rh(0) The S/Rh atomic ratios were 2 30 
and 2 50 for the 150 and 250°C sulfided sam- 
ples, respectively This ratio 1s greater than 
the value expected for a rhodium sulfide 
The sulfur 2p photopeaks have peak widths 
and bmdmg energies charactenstlc of a sm- 
gle sulfide species The high S/Rh ratio 
could anse if polysulfides (32) or other 
metal sulfides are formed or if H2S 1s 
strongly adsorbed on the catalyst 

The rhodium bmdmg energies for sam- 
ples sulfided at 350 and 400°C are m the 
range of values reported for Rh(1) and 
Rh(0) It 1s likely that a single rhodium spe- 
cies 1s present since the Rh 3d5n PWHM’s, 
1 8 eV (Fig 1) are equal to the values for 
simple rhodium-containing species (II) 
The S/Rh ratio, 1 0, IS lower than the ratio 
measured at 150 and 250°C This ratio 1s 
between the ratios for Rh(II1) and Rh(1) sul- 
fides and could indicate that a mixture of 
the two 1s present However, the presence 
of Rh(II1) 1s not supported by the XPS bmd- 
mg energy results since no Rh 3d512 photo- 
peak characterlstlc of Rh(II1) 1s recorded m 
the 309 6-eV region for these samples 

The sulfur 2p bmdmg energies for 
Rh(III)-ZSM-5-G2 sulfided with H2S/H2 are 
equal and the PWHM values, 2 2 eV, sug- 
gest the presence of only one sulfur, the 
sulfide The sulfur 2p bmdmg energy m 
Rh& 1s 162 3 eV, a value which 1s equal to 
the bmdmg energy for the H$/Hz-sulfided 

Rh 3d,, 

d w \d 

I  I  

315 310 305 
Bmdmg Energy (.V) 

FIG 1 XPS Rh 3d spectra for Rh(III)-ZSM-5 cata- 
lysts (a) Rh(III)-ZSM-5 before sulfidatlon (b) Rh(III)- 
ZSM-5 sullided HIS/H2 (22°C) (c) Rh(III)-ZSM-5 sul- 
fided H2S/H2 (25OOC) (d) Rh(III)-ZSM-5 sulfided 
H2S/H2 (400°C) 
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Rh(III)-ZSM-5-G2 However, the rhodmm 
bmdmg energies mdlcate that rhodium m 
the zeohte 1s not similar to Rh(II1) m Rh& 
Thus, the XPS results suggest that reduced 
rhodium 1s formed on the Rh(III)-ZSM-5- 
G2 sulfided catalysts, but the rhodmm OXI- 
datlon state cannot be ldentdied uneqmvo- 
tally from the bmdmg energy results 

Hydrodesulfurlzatlon of Thlophene 

Hydrodesulfurlzatlon reactions were car- 
ned out usmg quartz wool, Na+-13X and 
Na+-ZSM-S-G2 zeohtes, at 350, 400, 450, 
and 600°C to discover whether these ma- 
terials contributed to the desulfunza- 
tlon of thlophene Thlophene conversion 
(50 10%) was not observed on either 
quartz wool or on Na+-13X or Na+-ZSM-S- 
G2 Hydrodesulfurlzatlon of thlophene was 
observed on rhodmm(II1) zeohtes and It 1s 
concluded that the activity IS due to rho- 
dmm or to a combined effect of rhodium 
and the zeohte support 

Rh(ZZZ)-13X 

Thlophene conversion studies were con- 
ducted on Rh(III)-13X sulfided at 100°C 
with thlophene and on H2S/H2 sulfided 
Rh(III)-13X and Co-Mo/A1203 as a function 
of temperature The conversion results are 
presented m Table 4 The converslon ability 
for the 13X zeohte catalysts sulfided at 
250°C with H2S/H2 1s slmllar to that for Co- 
Mo/A1203 At a reaction temperature of 
600°C Co-Mo/AlzOJ exhlblts maximum 

conversion ability (5 57%) Rh(III)- 13X sul- 
fided at 400°C shows higher conversion at 
400,450, and 600°C than Co-Mo/A1203 For 
thlophene-sulfided samples the results mdl- 
cate that Rh(III)-13X has excellent actlvlty 
and converts 13 4% of the thlophene at 
600°C This conversion percentage 1s 
greater than that for any other catalyst 
studied 

The C4 products detected with the mass 
spectrometer were butene and butane No 
tetrahydrothlophene or butadlene were de- 
tected under any experimental condltlons 
Wlthm the preclslon of the measurements, 
the butane/butene ratlo decreases with m- 
creasing temperature for desulfurlzatlon 
with Rh(III)-13X and with CO-MO/A~~O~ 
(Table 4) The decrease m the ratlo 1s re- 
lated to the greater actlvatlon energy for 
HDS compared to hydrogenation of bu- 
tene With mcreasmg temperature the HDS 
process increases more rapidly than the hy- 
drogenation of butene and thus the produc- 
tion of butene IS greater Further dlscusslon 
of the vanatlon m product ratios 1s beyond 
the scope of the present study 

The catalysts were characterized by XPS 
after use m conversion reactlons up to 
600°C and after use at each temperature for 
thlophene-sulfided Rh(III)-13X m an at- 
tempt to ldentlfy the active rhodium species 
and to uncover any features that might be 
related to the high actlvlty for thlophene 
conversion on Rh(III)-13X The XPS bmd- 
mg energy and atomic ratlo results for this 

TABLE 4 

Thlophene Conversion Percentage and Product Dlstnbutlon for Sulfided Rh(III)-13X, Rh(III)-ZSM-S-G2, and 
Co-Mo/AlzOj (40 ml/mm Hz flow rate, 5 mg catalyst) 

ReaCtOr Rh(Ill) 13X Rh(ll1) ZSM 5 G2 Co-Mo/Al?O, 

t=XtlpeL3t”E 

( C) Th” /dEb 25oT’ Al@ 4wC” A@ TIP NEb 25O”P AiEb 4WC” A/E’ 250”Cy AiEb 4WC” AIEb 

350 0 76 045 0 48 0 41 0 34 1 56 034 091 044 IO 0 49 I II 0 52 I 23 0 40 4 55 
400 201 0 34 0 53 0 56 0 91 0 49 060 063 0 49 0 53 0 57 0 63 0 63 0 58 0 $1 061 
450 4 23 0 28 072 060 1 76 0 30 0% 048 109 0 43 0 70 0 63 109 040 060 0 48 
600 1342 036 3 81 0 29 4 28 0 26 313 042 4 73 0 29 3 32 031 5 57 0 15 2 82 0 25 

4 Conversmn percentage Th = thmphene sultided 250 400°C HIS/H, sulfided at 250 and 450°C respectwel~ 
b ButmeIbutene ratm 
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TABLE 5 

XPS Results for Sulfided Rh(III)-Zeohtes after Hydrodesulfunzatlon Reactions 

After hydrodesulfunzatlon 
from 350” to 600°C 

10% H,S/90% H2 (250°C) 
10% H,S/90% H2 (400°C) 
Thlophene ( 100°C) 

After hydrodesulfunzatlon and 
removed at the temperature 
(“C), thlophene-sulfided 
Rh(III)-13X 

Rh(III)-13X 
Bmdmg energy (eV) 

Rh 3dm s 2P 

307 0 162 2 
307 4 162 6 
307 0 162 4 

Atomic ratlo 

0 11 0 14 
0 21 0 10 
0 25 0 15 

350 307 2 162 3 0 89 0 18 
400 307 2 162 4 0 80 0 15 
450 307 1 162 1 0 54 0 13 
600 307 1 162 3 0 25 0 12 

Rh(III)-ZSM-S-G2 
After hydrodesulfunzatlon from 

350 to 600°C 

10% H$Y90% H2 (250°C) 307 6 162 1 0 13 0 06 
10% H2S/90% H2 (400°C) 307 6 162 4 0 43 0 10 
Thlophene (100°C) 307 6 162 1 0 07 0 05 

charactenzatlon are given m Table 5 The 
Rh 3& bmdmg energies are approximately 
equal and the PWHM for the 3d51z photo- 
peaks 1s 1 8 eV The PWHM results suggest 
that only one rhodium species IS present or 
if more than one species 1s present, the 
bmdmg energies are equal The Rh 3dvz 
results for thlophene-sulfided Rh(III)-13X 
are unlike the results for the mltlally pre- 
pared catalyst where a mixture of Rh(II1) 
and Rh(I)/Rh(O) was found The bmdmg 
energy for the used catalyst 1s also slightly 
lower than for the 400°C HzS/Hrsulfided 
Rh(III)-13X starting catalyst (Table 2) The 
Rh 3d5,2 bmdmg energy 1s m the region at- 
tributed to Rh(1) and Rh(0) The XPS 
results alone do not identify the active spe- 
cies as Rh(1) or Rh(O), but do suggest that 
Rh(II1) and Rh(I1) are not present on active 
Rh-13X The sulfur 2p bmdmg energy cor- 
responds to that for sulfide and 1s equlva- 

lent to the value measured for the H2S/H2- 
treated catalyst 

The atomic Rh/(Al + Sl) ratios are not 
altered slgmficantly from the values deter- 
mined for the ion-exchanged and sulfided 
catalysts With increasing temperature of 
hydrodesulfurlzatlon It 1s noted that the Rh/ 
(Al + Sl) ratio decreases from a value of 
0 18 to 0 12 Whether this decrease 1s due 
to loss of rhodium, to migration of rhodium 
mto the zeohte cage, or to smtermg of rho- 
dmm-13X (116) cannot be established from 
the present results The S/Rh atomic ratio 1s 
slgmficantly less m the used catalysts when 
compared to the prepared sulfided maten- 
als The S/Rh ratio changes from values m 
the range of 0 6 to 2 0 for sulfided Rh(III)- 
13X to values near 0 2 ? 0 1 after use m the 
HDS reactor for thlophene conversion up 
to 600°C The S/Rh ratios for thlophene-sul- 
fided Rh(III)-13X catalysts that were re- 
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moved from the reactor after use up to the 
designated temperatures, 350,400,450, and 
6OO”C, decrease from 0 89 to 0 25 with m- 
creasing temperature The ratios are not m- 
dlcatlve of Rh& or Rh$ formation, al- 
though the S/Rh ratio, 0 54, for the sample 
removed at 450°C corresponds to the ratio 
for Rh2S The presence of Rh2S3 can be 
ehmmated since no Rh(II1) photopeak 1s re- 
corded m the spectra for the used catalyst 
An alternatlve explanation of the S/Rh ratlo 
would include the presence of a rhodium 
sulfide and rhodium metal Because of the 
near equality of Rh(1) and Rh(0) bmdmg 
energies the XPS results do not permit 
ldentlficatlon of rhodmm metal along with a 
rhodium sulfide species on the zeohte sur- 
faces 

To mquu-e whether Rh(0) could be the 
active species, a sample of Rh(III)-13X was 
reduced m H2 at 600°C for 2 h The Rh 3dsi2 
bmdmg energy for the samp’ie IS 307 2 eV 
which 1s m the range for Rh(0) and for our 
sulfided Rh(III)-13X samples This Rh(O)- 
13X sample was sulfided with thlophene at 
100°C usmg the procedure for sulfidmg 
Rh(III)- 13X Thlophene conversion reac- 
tlons were camed out at selected tempera- 
tures using this catalyst The conversion 
percentages were 35O”C, 0 39,4Oo”C, 0 36, 
45O”C, 0 28, and 600°C) 0 77 These conver- 
sion values are slgmficantly below the val- 
ues found for thlophene-sulfided Rh(III)- 
13X and suggest that Rh(O)-13X 1s not an 
effective catalyst Taking the Rh(O)-13X 
conversion results and consldermg the XPS 
Rh 3d3j2 data we suggest that the zeohte sur- 
face species 1s Rh(1) and that the active spe- 
cles m the hydrodesulfurlzatlon reaction 1s 
WI) 

Rh(ZZZ)-ZSM-5-G2 

Hydrodesulfurlzatlon reactions were car- 
ned out using Rh(III)-ZSM-5-G2 sulfided 
with thlophene at 100°C and with H2S/H2 at 
250 and 400°C These samples were se- 
lected smce the presence of mlxed rhodium 
oxldatlon states was suggested by the XPS 

results and because the S/Rh ratios were 
dlsslmdar 

The conversion percentage results for 
thlophene and the butane/butene product 
ratio are summarized m Table 4 for sulfided 
Rh(III)-ZSM-5-G2 and are compared with 
the results for sulfided Co-Mo/A1203 An 
mcrease m the conversion percentage with 
Increasing temperature 1s found At the 
temperatures Investigated, the thlophene 
conversion percentage for each catalyst 
sulfided with H2S/HZ at 250 and at 400°C IS 
slmllar For Rh(III)-ZSM-5-G2 sulfided 
with thlophene the conversion percentage 
IS equivalent to the result found for H2S/Hz- 
sulfided zeohte Thus the sulfided Rh(III)- 
ZSM-5-G2 material 1s no more effective 
than the commercial sulfided Co-Mo/A1203 
catalyst when employed for HDS under 
slmllar experimental condltlons 

The butane/butene product ratio de- 
creases with mcreasmg temperature for 
Rh(III)-ZSM-5-G2 for all sulfidmg treat- 
ments The butane/butene ratlo for &-MO/ 
A1203 1s lower than that for the Rh-ZSM-5- 
G2 at 600 and 450°C However, at 400°C the 
product ratios are slmllar The variation m 
product ratios 1s like the result discussed 
above for Rh(III)-13X It 1s suggested that 
the ratios are influenced by the relative 
magmtude of the acttvatlon energies for 
HDS and for butene hydrogenation The 
decrease m the formation of butane at high 
temperatures may be related also to the 
lower adsorption of butene on the zeohte 
However, m this study no experiments 
were carried out to examme the adsorptlon 
characterlstlcs of Rh(III)-ZSM-5-G2 

The surfaces of the catalysts were char- 
acterized after the hydrodesulfunzatlon re- 
actlons to correlate surface characteristics 
with thlophene conversion activity and to 
determine the active rhodium hydrodesul- 
funzatlon species The XPS results are 
summarized m Table 5 The Rh 3dj12 bmd- 
mg energies are equal, 307 6 eV, for the 
three Rh(III)-ZSM-5-G2 samples The al- 
teration m Rh 3d5,2 bmdmg energy after the 
HDS reaction for the sample sulfided at 
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250°C with H2S/H2 and the value of the 
PWHM, 1 8 eV, mdlcate that a smgle re- 
duced rhodium species IS present The 
eqmvalence of the rhodmm bmdmg ener- 
gies IS mdlcatlve of the same rhodmm OXI- 
datlon state m each catalyst and the magm- 
tude of the bmdmg energy suggests the 
presence of Rh(1) or Rh(0) The sulfur 2p 
bmdmg energies are near the value deter- 
mined for sulfur m Rh2S3 and m the cata- 
lyst sulfided with H2S/H2 at 250 and 
400°C These results are consistent with a 
formulation of sulfur as sulfide m the cata- 
lyst 

The rhodium surface concentration, as 
measured by the Rh/(Sl + Al) ratio, 1s less 
after use to 600°C m the reactor for the sam- 
ples sulfided with thlophene and with H2S/ 
H2 at 250°C while the ratlo for the sample 
sulfided at 400°C with H2S/H2 has Increased 
shghtly The magnitude of the increase for 
the latter sample 1s not slgmficant and 1s 
wlthm the preclslon of the measurements 
The decrease m rhodium ratlo for the thlo- 
phene- and H2S/H2-(250°C) Rh zeohte may 
be the result of smtermg (Ilb) or of mlgra- 
tlon of rhodium mto the zeohte Alterations 
m rhodium for the thlophene-and H2S/H2- 
(250°C) sulfided Rh(III)-ZSM-S-G2 might 
be expected since the mltlally prepared cat- 
alyst contained a mixture of rhodmm oxlda- 
tlon states [H,S/H,-(250”C)Rh-ZSM-j-G21 
and/or mcomplete reaction of sulfur surface 
species (thlophene-Rh-ZSM-5-G2) Further 
evidence for alteration m the catalysts after 
use 1s noted from the S/Rh ratios For each 
catalyst the ratio 1s lower and the ratios for 
the thlophene and H&HZ (VOOC) Rh-ZSM- 
5 samples are less than would be antic+ 
pated for a stolchlometrlc rhodmm sulfur 
compound On the other hand, the ratlo for 
the H2S/H2-(400°C) Rh-ZSM-5-G2 sample 
after reaction IS approximately that ex- 
pected for a Rh(1) sulfide This correspon- 
dence may be fortuitous No evidence (ex- 
cept for XPS results) was gathered to 
support the formation of a rhodmm(1) sul- 
fide 

The absence of interpretable S/Rh ratios 

and the determination of Rh 3& bmdmg en- 
ergies equivalent to the value for Rh(0) 
could be used to argue for Rh(0) as the 
active species m these hydrodesulfurlzatlon 
experrments To test this hypothesis a sam- 
ple of Rh(III)-ZSM-5-G2 was reduced m 
pure H2 at 600°C for 4 h The XPS surface 
analysis of this sample ylelded a Rh 3& 
bmdmg energy of 307 4 eV which IS equlva- 
lent to values measured for Rh(0) and for 
H$/Hrsulfided Rh(III)-ZSM-5-G2 maten- 
als However, when the Rh(O)-ZSM-5-G2 
catalyst was used m the reactor at 350,400, 
450, and 6OO”C, the conversion of thlo- 
phene was <O 10% In addltlon, XPS anal- 
ysis of the sample followmg use m the reac- 
tor indicated that the Rh 3d5,* bmdmg 
energy was unaltered and that sulfur could 
not be detected The absence of sulfur on 
the Rh(O)-ZSM-5-G2 catalyst after re- 
peated reactions with thlophene indicates 
that the Rh(0) catalyst 1s unable to form a 
sulfide species Further, It 1s known that 
Rh(0) 1s an excellent hydrogenation cata- 
lyst for reduction of olefins to alkanes (33) 
The product ratlo for desulfurlzatlon on the 
sulfided Rh(III)-ZSM-5-G2 samples re- 
vealed that the butanebutene ratio de- 
creased with increasing temperature This 
result would not be expected If Rh(0) was 
the active species The findings herem point 
to Rh(1) as the Important species for hydro- 
desulfurlzatlon of thlophene on sulfided 
Rh(III)-ZSM-5-G2 

This conclusion may be compared with 
the findmgs of others where attempts have 
been made to Identify the active rhodium 
species Kuzmckl and Eyrmg (15) pre- 
sented XPS data m support of Rh(0) as the 
active species m “so-called” Rh(II1) zeohte 
catalysts This conclusion (15) has been 
called premature by Andersson and Scur- 
rell (Zlb) who have carried out an extensive 
XPS characterlzatlon study of Rh(II1) zeo- 
htes for methanol carbonylatlon Anders- 
son and Scurrell (Zlb) reported that treat- 
ment of Rh(NH&Cl zeohte with CO or a 
mixture of CO and CHJ does not alter the 
Rh 3dsj2 bmdmg energy even though mfrared 
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studies demonstrate that Rh(1) 1s present 
Bmdmg energies at 308 6 and 308 2 eV for 
RhC13/S102 and RhClJSnO*, respectively, 
are assigned to Rh(1) species (Ilb) The 
bmdmg energies reported m the present 
study are lower than the values assigned for 
Rh(1) species (Ilb) but It 1s noted for these 
Rh(1) species (Ilb) there 1s a difference of 
0 4 eV for Rh(1) on SIO~ and on Sn02 Fur- 
thermore, a difference of 0 5 eV m the Rh 
3& bmdmg energies for Rhz03 and Rh2S1 
1s noted m Table 2 A lowering of the Rh 
3& bmdmg energy upon sulfidatlon could 

lead to a Rh(I)-sulfided species with a bmd- 
mg energy m the region 307 5 eV 

Proposed HDS Mechamsm 

In the present study chemical and surface 
analysis (XPS) results are consistent with 
the notion that Rh(1) 1s the active species 
With this mformatlon a proposed mecha- 
nism similar to that suggested (29) for the 
hydrogenation of olefins involving a 
Rh(III)/Rh(I) couple 1s suggested as a basis 
from which further testing can be initiated 
(Scheme I) 

HC - CH HC - CH 

Hl Hi 

RhIII-Z + H2/H2S -v RhI-Z + C4H4S -+ 
I H2 

S' 
,RhI-Z + 

i 
H-RhIII-H 

s S' 
L 

HC - CH HC - CH 

Hi :H Hi :H 
H' 'H 

S 
H' / 

S 

H2s + 
2H2 

Rhl-Z .- 
I 
RhIII t 

I 
RhIII-H t 

S' S' 4 s’4 

In this scheme Rh(II1) zeohte, RhIII-Z, 1s 
reduced by H2/H2S to yield sulfided Rh(1) 
zeohte Thlophene adsorbs via coordma- 
tlon of sulfur to Rh(1) m a one-point attach- 
ment process (34) Alternate bonding 
modes could occur via a Rh(I)-olefin-7r 
bond interaction or by a sulfur and olefin-r- 
bond attachment The specific mode of at- 
tachment was not elucidated m this work 
Hydrogen addition occurs via oxldatlve ad- 
dition to Rh(1) to provide hydrogen for rup- 
turmg the carbon-sulfur bonds Hydride 
transfer from Rh(II1) produces the dlolefin 
(butadlene) which can be hydrogenated 
subsequently The proposed hydnde trans- 
fer yields Rh(II1) with a coordmated sulfur 
which 1s removed as H2S with H2 Reforma- 
tion of Rh(1) IS accomplished by reaction 
with a second mole of H2 

As an alternative it 1s also possible that 

the mltlal interaction of thlophene and Rh 
zeohte could occur by thlophene adsorp- 
tion on a species such as 

7 
S-Rh(III)-Z 

A 

formed m an oxldatlve-addition reaction 
with H2 and Rh(1) zeohte as shown m 
Scheme II The Rh(III)-thlophene species 
IS the same as that shown m Scheme I 

The expenments m the present study do 
not favor Schemes I or II for representing 
the initial interaction of thlophene with sul- 
fided Rh zeohte However, based on the 
knowledge that Rh(1) coordmatlon to sulfur 
and r-olefin hgands IS favorable (17), the 
interaction represented by Scheme I IS 
probably preferred 
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RhIII-Z + H2S/H2 + S-RhI-Z + H2 + 
7 

S-YhlII-Z + C4H4S + HC - CH 
I II 
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