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THE STUDY ON SUPPORTED Fe AND FeMo 
HYDROTREATING CATALYSTS BY COMBINING 
MOSSBAUER SPECTROSCOPY AND ORDINARY y-RAY 
TRANSMISSION 
W.LT.M. RAMSELAAR, M.W.J. CRAJI~, E. GERKEMA, R.H. HADDERS, 
J.J. VAN LOEF, V.H.J. DE BEER* and A.M. VAN DER KRAAN 

Interuniversitair Reactor Instituut, 2629 JB Delft, The Netherlands 
* Laboratory for Inorganic Chemistry and Catalysis, Eindhoven University of  Technology, 
P.O. Box 513, 5600 MB Eindhoven, The Netherlands 

From in-situ M6ssbauer spectra recorded at room temperature it is 
concluded that the support material ( carbon or alumina ) influences 
the degree of sulfidation of Fe and FeMo hydrotreating catalysts. 
For the latter a Fe-Mo-S phase is observed. By combining MGssbauer 
spectroscopy and ordinary Y-ray spectroscopy the sulfur uptake by 
the catalyst has been studied. 

i. INTRODUCTION 

Hydrotreating catalysts are used in the upgrading of fossil fuel fractions. 
Several processes take place simultaneously, such as hydrocracking, removal of 
sulfur and nitrogen and hydrogenation of unsaturated hydrocarbons. Commonly, this 
is done by passing the hyddrocarbon feed together with H 2 over a catalyst con- 
sisting of sulflded Co and Mo supported on a high surface alumina at temperatures 
around 673 K. MSssbauer Emission Spectroscopy has been very successful in the 
characterization of these industrially used catalysts /I/. 

Over the last years carbon has attracted considerable attention as a support 
material /2/. Carbon-supported iron sulfide can play a role in hydroprocessing 
heavy crudes and coal derived liquids either as active phase or as promoter of 
MoS 2. In order to optimize the performance of these catalysts it is necessary to 
get insight into the origin and structure of the active phase. 

We have studied earlier the transition of the oxidic precursor into the sul- 
fidic catalyst for Fe/C and FeMo/C /3,4/. Here, we report a comparison between 
carbon- and alumlna-supported catalysts. Before studying the sulfldic phase under 
reaction conditions we have investigated the sulfldatlon of the catalysts at room 
temperature. Special attention is paid to the possible occurence during the 
presulfidation process of an intermediate phase in the catalyst with a life time 
short compared to the time required to record the full M0ssbauer spectrum. This 
has been done by measuring the V-ray transmission as a function of time at con- 
stant (positive and negative) velocities corresponding to one resonant energy 
characteristic for th~ compound of interest and one non-resonant energy. The dif- 
ference between both Y-ray transmissions yields information about the amount of 
the intermediate phase present in the catalyst as a function of time. 

Furthermore we have combined M~ssbauer spectroscopy and ordinary 7-ray trans- 
mission in order to study the sulfur uptake by the catalyst. 

2. EXPERIMENTAL 

The catalysts were prepared by pore volume impregnation of NORIT RX3-extra 

activated carbon (1190 m2(g) and Ketjen CK300 7-A120 ~ (270 m2/g) with aqueous 
solutions of (NH4)6Mo702~.qHgO (Merck, >99 %) and Fe(~O~)~.9H20 (Merck, p.a.). 
The latter was enriched in 57Fe. The Mo phase was deposited first in two steps 
with intermediate drying in static air at a temperature up to 385 K. The Fe- 
loading of the catalysts was 0.15 at/nm 2, the Mo-loadlng 0.60 at/nm z. After the 
catalysts had been dried in a I00 ml/mln airflow they were subjected to an addi- 
tional H2-treatment at temperatures up to 393 K. (for details see /3,4/) 

Sulflding of the catalysts took place in a M6ssbauer in-sltu reactor /5/ in a 
H2S/H 2 gas mixture. Details about the applied sulfldatlon procedure are given 
elsewhere /3,4/. 

�9 J.C. Baltzer A.G., Scientific Publishing Company 
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M6ssbauer spectra were recorded at 295 K, using a 570o in Rh source at room 
temperature. Doppler velocities are given relative to SNP at 295 K. 

3. RESULTS AND DISCUSSION 

In Figs. 1 a,b the spectra of the sulfided carbon and alumlna-supported Fe 
and FeMo catalysts are given. The catalysts have been subjected to various suc- 
cessive sulfidatlon treatments. Only the spectra after the final treatment up to 
775 K are shown here. 
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Fig. i M6ssbauer spectra recorded at room temperature of carbon and alumina- 
supported Fe (Fig. 1 a) and FeMo (Fig. 1 b) catalysts. The catalysts have been 
subjected to various sulfidation treatments, the last one being up to 773 K. 

It is noticed that both for the carbon as well as for the alumlna-supported 
catalysts the presence of Mo has influenced the sulfldic phase formed. In the 
FeMo catalysts a mixed Fe-Mo-sulfide phase similar to the so-called Co-Mo-S phase 
in CoMo catalysts /1/ is formed. Furthermore, it is shown in Figs. 1 a0b that the 
composition of the sulfided catalysts depends on the kind of support used.For the 
alumina-supported catalysts a hlgh-spin Fe2+-contribution is observed even after 
the final high temperature sulfidation treatment. This contribution is largest 
for the Fe/Al20q catalyst..For carbon-supported Fe and FeMo catalysts the high- 
spin Fe2+-contr~bution is only observed after sulfidation treatments at 
temperatures $ 475 K /5,4/. The presence of the high-spin Fe2+-contribution indi- 
cates an incomplete transformation of the oxldic precursor into a sulfidic state. 
From computer analyses of the spectra it follows that besides th@ high-spln Fe 2+- 
contribution the spectra of the carbon and alumlna-supported Fe and FeMo 
catalysts conta/n the same subspectra. Hence, these experiments show that the de- 
gree of sulfidation depends on the kind of support. 

In order to'get more information about the time dependence of the foPmation 
of the hlgh-spin Fe2+-phase at room temperature, we have measured at constant 
(positive and negative ) velocity the transmisslon of the T-rays as a function of 
time while the catalyst is exposed to the sulflding gas mixture . The positive 
velocity corresponds to the positive resonant absorption position of the doublet 
of the hlgh-spln Fe2+-contributlon (2.5 mm/s), while the negative velocity cor- 
responds to a non-resonant energy (see Fig. 1). The difference between both 7-ray 
transmissions yields exclusively information about the amount of hlgh-spln Fe 2+- 
phase formed. 

In Fig. 2 a,b the difference between the T-ray transmissions as a function of 
time are shown for the Fe/C and Fe/A1203 catalysts. The results of the FeMo 
catalysts are essentially the same. For both catalysts the hlgh-spln Fe2+-phase 
is formed as soon as the H2S/H 2 gas mixture enters the reactor. This behavigur 
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indicates that the transition of the oxidic precursor into the high-spin Fe 2+- 
phase proceeds relatively easy.However, it turns out that the development in time 
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Fig. 2 Difference in Y-ray 
transmission between 
resonant and non-resonant 
energy as a function of 
time, while the catalyst 
is exposedto H2S/H 2 gas 
mixture at room temperature. 

differs for the carbon and alumina-supported 
catalysts. For the Fe/AI203 catalyst it is ob- 
served that the amount of the high-spin Fe 2+- 
phase increases during the first 20 minutes and 
then stays constant in time. From Fig. I a it can 
be concluded that the formation of the the high- 
spin Fe2+-phase is hardly followed by other 
reactions. So, the catalyst will consist of the 
original iron (III) oxide and a high-spin Fe 2+- 
phase after the sulfidation treatment at room 
temperature. For the Fe/C catalyst the increase in 
the amount of the high-spin Fe2+-phase is followed 
by a decrease and staballzes at a certain level. 
As it turns out that after the high temperature 
sulfidation treatment the high-spin Fe2+-phase is 
completely transformed into other phases (see Fig. 
1 a) it can be concluded that this transformation 
already partly occurs at room temperature. 

During the sulfidation of the oxidic 
catalyst precursor, oxygen ions are replaced by 
sulfur ions. Due to the relatively high mass num- 
ber of sulfur the Y-ray transmission of such a 
catalyst sample will substantially decrease upon 
such a replacement. During the sulfidatlon process 
both adsorption of H2S on the catalyst particles 
and deposition of elemental sulfur will decrease 
the Y-ray transmission also. The 7-ray transmis- 
sion at the non-resonant energy has been used to 
determine the amount of sulfur present in the 
catalyst. Calibration has been performed by 
measuring the Y-ray transmission of a fixed amount 
of the catalyst mixed together different amounts 
of elemental sulfur. 

In order to determine the number of sulfur 
atoms per metal atom in the catalyst, the observed 
total amount of sulfur uptake in the sample has to 

be corrected for the adsorption of H2S on the catalyst particles as well as on 
the support and the sulfur possibly deposited on the support. The gas adsorption 
takes place during cooling down the sample from the sulfldatlon temperature to 
room temperature and is determined from the decrease in 7-ray transmission during 
this process. By measuring the Y-ray transmission of the blank support during 
subsequent sulfidation treatments, it is found that only H2S adsorption occurs on 
the carbon-support. In the case of the alumina-support it turns out that besides 
the H2S adsorption, above 673 K also sulfur is deposited on or bound to the sup- 
port material. However, the preliminary results for the alumlna-supported 
catalysts are not accurate enough so far, so we will focus on the results for the 
carbon-supported Mo, Fe and FeMo catalysts which are given in Table 1. 

For the Mo/C catalyst a ratio S/Mo = 1.5 at/at is observed after sulfidation 
of the sample in H2S/H 2 gas at 37B K. At increasing sulfldatlon temperatures the 
S/Mo ratio increases to 2.8 after sulfidation at 773 K. Such a surprisingly high 
S/Mo ratio is also found by Candla et 81. /6/ and Bouwens et al. /7/ for sulfided 
Mo/AI20 q and Mo/C catalysts from EXAFS results . For the Fe/C catalyst the S/Fe 
ratio ~ecreases from 1.7 after sulfidation at 373 K to about 0.9 after sulflda- 
tion at 673 K. This deduced behavlour of the S/Fe ratio is in reasonable 
agreement with the one determined from the spectral composition of the catalyst 
after various sulfldatlon treatments /3/. For the FeMo/C catalyst it is found 
that the uptake of sulfur by the catalyst is decreasing with increasing sulflda- 
tion temperature. The S/Metal ratio decreases from 1.5 to 1.0 by increasing the 
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Table 1 
Sulfur contents and sulfur to metal ratios determined both from the sulfur con- 
tent of the catalyst as well as from the composition of the M6ssbauer spectra for 
carbon-supported Mo, Fe and FeMo catalysts after successive sulfldatlon 
treatments. In each sulfidatlon treatment the temperature of the catalyst is in- 
creased in 1 h linearly to the indicated temperature and subsequently cooled to 
room temperature. 

Mo/C Fe/C FeMo/C 
Sulfidation 
temperature S S(I) S S(I) S(2) S S(I) S(2) 

(m~) Mo (mg) Fe Fe (mg) Fe+Mo Fe+Mo 

300-373 K 11.2 1.5 5.3 1.7 14.0 1.5 
-473 K 12.6 1.7 3.9 1.3 1.6 13.2 1.4 1.7 
-573 E 15.3 2.0 2.4 0.8 1.1-1.7 1.7 
-675 E 17.3 2.3 2.8 0.9 1.0 9.0 1.0 1.8 
-773 E 21.3 2.8 4.2 1.3 1.1 9.0 1.0 1.8 

S : total amount of sulfur present in the catalyst after the indicated 
sulfidatlon treatment, corrected for the H2S gas adsorbed by the support. 
Experimental uncertainty 1.5 mg. 

S(1)/Metal : Sulfur to metal ratio in atoms per atom as determined from mg S. 
Experimental uncertainty < 0.5 at/at. 

S(2)/Metal : Sulfur to metal ratio in atoms per atom as determined from MSssbauer 
spectra. 
N.B. For FeMo/C catalyst a Fe-Mo-S structure consisting of MoS 2 
slabs is assumed. Experimental uncertainty 0.1 at/at. 

sulfidation temperature from 373 K to 773 K. As the Mo loading is 4 times 
higher than the Fe loading, it follows from the S/Metal ratio that the Mo-phase 
will not be completely sulflded as-in the case of the Mo/C catalyst. From the 
M6ssbauer spectra it follows that a Fe-Mo-S phase is formed. In analogy to Co-Mo- 
S the Fe-Mo-S structure is considered as Fe-atoms at edge-sltes of MoS 2 slabs 
/1/. Therefore, a much higher S/Metal ratio is expected when the Mo should be 
completely sulfided to MoS2, as is observed by EXAFS for CoMo/C /7/. So, a dis- 
crepancy in understanding still exists for sulflded FeMo/C catalysts. 

We conclude that by combining M6ssbauer spectroscopy and ordinary ~-ray 
transmission, valuable additional information can be obtained for characterizing 
the catalysts. This study will be continued by a further evaluation of the method 
and a thorough comparison of the outcoming results with those obtaind by other 
techniques. 
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