
 

The influence of phosphorus on the structure and
hydrodesulfurization activity of sulfided Fe and Fe-Mo
catalysts supported on carbon and alumina
Citation for published version (APA):
Ramselaar, W. L. T. M., Bouwens, S. M. A. M., Beer, de, V. H. J., & Kraan, van der, A. M. (1989). The influence
of phosphorus on the structure and hydrodesulfurization activity of sulfided Fe and Fe-Mo catalysts supported on
carbon and alumina. Hyperfine Interactions, 46(1-4), 599-606. https://doi.org/10.1007/BF02398248

DOI:
10.1007/BF02398248

Document status and date:
Published: 01/01/1989

Document Version:
Publisher’s PDF, also known as Version of Record (includes final page, issue and volume numbers)

Please check the document version of this publication:

• A submitted manuscript is the version of the article upon submission and before peer-review. There can be
important differences between the submitted version and the official published version of record. People
interested in the research are advised to contact the author for the final version of the publication, or visit the
DOI to the publisher's website.
• The final author version and the galley proof are versions of the publication after peer review.
• The final published version features the final layout of the paper including the volume, issue and page
numbers.
Link to publication

General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.

            • Users may download and print one copy of any publication from the public portal for the purpose of private study or research.
            • You may not further distribute the material or use it for any profit-making activity or commercial gain
            • You may freely distribute the URL identifying the publication in the public portal.

If the publication is distributed under the terms of Article 25fa of the Dutch Copyright Act, indicated by the “Taverne” license above, please
follow below link for the End User Agreement:
www.tue.nl/taverne

Take down policy
If you believe that this document breaches copyright please contact us at:
openaccess@tue.nl
providing details and we will investigate your claim.

Download date: 04. Oct. 2023

https://doi.org/10.1007/BF02398248
https://doi.org/10.1007/BF02398248
https://research.tue.nl/en/publications/f4ca3fbf-4090-45f1-b5c2-2e0daaaaed8e


Hyperfine Interactions 46 (1989) 599-606 599 

THE INFLUENCE OF P H O S P H O R U S  ON THE 
STRUCTURE A N D  HYDRODESULFURIZATION 
ACTIVITY OF SULFIDED Fe A N D  Fe-Mo CATALYSTS 
SUPPORTED ON CARBON A N D  ALUMINA 
W.L.T.M. RAMSELAAR, S.M.A.M. BOUWENS*, V.H.J. DE BEER* and 
A.M. VAN DER KRAAN 

lnterfacultair Reactor lnstituuh Delft University of Technology, Mekelweg 1~ 2629 JB Delft, 
The Netherlands 

*Laboratory for hlorganw Chem#try and Catalysis, Eindhoven University of Technologj~ 
RO. Box 513, 5600 MB EindhovetL The Netherlands 

Phosphorus-containing Fe and Fe-Mo sulfide catalysts supported 
on Y-A1205 and activated carbon were evaluated for their 
thiophene HDS activities at atmospheric pressure. The thiophene 
HDS activity of the carbon-supported catalysts decreased con- 
siderably in the presence of phosphorus, while the activity of 
the alumina-supported catalysts was not affected, It was shown 
by M6ssbauer spectroscopy that in both the oxidic carbon- and 
alumlna-supported catalyst precursors the presence of phos- 
phorus resulted in an improved dispersion of the Fe phase. In 
the sulfided carbon-supported Fe and Fe-Mo catalysts, the 
presence of phosphorus resulted in the formation of an 
"Fe(II)-phosphate" phase, which was held responsible for the 
decrease in HDS activity. With regard to the sulfided alumina- 
supported catalysts, it was found that phosphorus did not 
influence the structure of the metal sulfide species. 

i. INTRODUCTION 

Hydrotreating catalysts such as alumina-supported molybdenum sulfide promoted 
by Co or Ni sulfide are widely used in the oil-processing industry. Hydrotreating 
includes several processes like hydrodesulfurization (HDS), hydrodenitrogenation 
(HDN) and hydrodemetallization (HDMe). In commercial alumina-supported Co-Mo and 
Ni-Mo catalysts the catalytic activity is often improved by additives. One of the 
most effective modifiers is phosphorus, present as phosphate in the oxidic 
catalysts, Phosphoric acid is widely used in the catalyst preparation stage since 
it increases the solubility of the precursor metal salts in the impregnation solu- 
tions as a result of which high loaded catalysts can be prepared with a single 
impregnation step [1-5]. In addition, the phosphate additive is also reported to 
act as a promoter for HDN [i-3,6-12], HDS [i-i0,15,14] and HDMe [13,15] reactions 
and to increase the strengthandheat stability of the alumina support [16,17]. The 
promotion effect of phosphorus on the catalytic activity is sometimes explained in 
terms of an improved dispersion of the precursor metal salts on the support [1-53. 

However, the promotion effect of phosphorus is not universal. For instance, 
it was reported that large amounts of phosphate (larger than 12 wt%) adversely 
affect the HDS and HDN activity of the catalyst [3]. In case of carbon as support 
material for molybdenum sulfide catalysts, it was even shown that phosphorus acts 
as a severe poison since it drastically reduces the thiophene HDS activity of 
these catalysts already at very low phosphate contents [18-20]. In an attempt to 
clarify this contradictory effect we examined by in-situ MSssbauer spectroscopy 
and thiophene HDS activity at atmospheric pressure the properties of phosphate 
containing Fe and Fe-Mo catalysts supported on alumina and activated carbon. In 
the following sections phosphorus and phosphate wilZ be abrevjated by P. 

2. EXPERIMENTAL 

2.1. Catalyst preparation 
P-containing catalysts, supported on alumina (KetJen Grade B; surface area 

270 mi.g -1, pore volume 1.9 cmd.g -1) were prepared by a stepwise pore volume im- 
pregnation method using aqueous solutions of HsP04, (NHd)6Mo7024.dH20 and 

�9 J.C. Baltzer A.G., Scientific Publishing Company 
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Fe(NO3)5.9H20 (all Merck p.a.). P was always added first, whereas Fe was added 
last. After each metal impregnation step, the catalysts were dried in air, start- 
ing at 295 K and gradually increasing the temperature up to 585 K in 5 h where 
they were kept overnight. Finally, the alumina-supported catalysts were subjected 
to a calcination treatment at 825 K for 2 h in air. 

For the P-containing catalysts, supported on an activated carbon (Norit RXS- 
Extra; surface area 1190 m2.g -I, pore volume 1.0 cmS.g-l), HsP04 was added by the 
pore volume impregnation method (aqueous solution) to oxidic carbon-supported Fe 
and Fe-Mo (Mo introduced first) catalysts. After each impregnation, the catalysts 
were dried in air, starting at 295 K and increasing the temperature up to 585 K in 
5 h, where they were kept overnight. 

Catalysts will be denoted Fe(w)/Y§ and Fe(w)-Mo(x)/Y+P(z), in which Y 
stand for the type of carrier (AI for alumina and C for carbon) mud P stands for 
phosphorus and phosphate. The values w and x in parentheses represent the weight 
percentages of Fe and Mo, respectively and z represents the molar P04-to-Fe ratio. 

2.2. Catalytic activity 
Catalytic activity for thiophene HDS was tested in a micro flow reactor 

operating at 675 K and atmospheric pressure. Catalyst samples (0.2 g) were sul- 
fided in-situ in a mixture of H2S/H 2 (i0 vol% H2S, flow rate 60 cm3.min-l). The 
Following temperature program was applied: starting at 295 K, the temperature was 
linearly increased at a rate of 6 K.min -I until 673 K, followed by extended sul- 
fidation at 673 K for 2h. At 675 K a mixture of thiophene and H 2 (6.2 vol% 
thiophene) was introduced at a flow rate of 50 cm3.min -I. The reaction products 
were analyzed by on-line gas chromatography. The thiophene conversion was measured 
after a 2 h run. 

~.3. MSssbauer spectroscopy measurements 
M~ssbauer spectra were recorded using a 57Co in Rh source at room 

temperature. Doppler velocities are given relative to sodiumnitroprusside (SNP) 
at room temperature. The spectra were fitted by computer with calculated sub- 
spectra consisting of Lorentzian-shaped lines. 

MSssbauer spectra of the oxidic catalyst precursors were recorded at 293, 77 
and 4.2 K. Catalyst sulfidation hook place in a stainless steel M6ssbauer in-situ 
reactor, the design of which is described in detail elsewhere [21]. The sample was 
heated to 673 K (heating rate 5.5 K per minute) in a 50 cm3.min -I flow of the sul- 
fidation gas mixture (i0 mol % H2S in H2) , and then cooled to room temperature in 
the same gas flow. Hereafter, MOssbauer spectra were recorded in-situ at 295 K. 

3. RESULTS 

5.I. Thiophene HDS activity 
In Figure i the thiophene conversions as a function of the PO4-to-Fe molar 

ratio (z) are plotted for carbon- and alumina-supported catalysts. It is clear 
that the activity of the carbon-supported catalysts decreases considerably with 
increasing z. In case of the alumina-supported Fe-Mo catalysts, containing similar 
P contents as their carbon-supported counterparts, no clear influence of P on the 
thiophene conversion can be discerned. If any, the influence of the P is to in- 
crease the thiophene conversion. 

3.2. Characterization by M6ssbauer spectroscopy 
- 0xidic precursors 

For all the oxidic catalyst precursors the spectra recorded at 293 and 77 K 
only consist of a quadrupole doublet, while in the spectrum recorded at 4.2 K a 
superposition of a quadrupole doublet and a magnetic hyperfine sextuplet is ob- 
served. The observed temperature behaviour is typical for ultrafine iron(III)oxide 
particles showing superparamagnetism [22]. The appearance of the magnetic hyper- 
fine sextuplet depends both on the temperature and the mean iron(IIi)oxide 
particle size [22]. As only in the spectra recorded at 4.2 K a spectral contribu- 
tion of the magnetic hyperfine sextuplet is observed, its relative magnitude 
determines the sequence in the mean iron(III)oxide particle 



W.L.T.M. Ramselaar et aL, hlfluence o f  P on Fe and Fe-Mo catalysts 601 

size. The spectra recorded at 4.2 K of the oxidic Fe(4.5)/C+P(z). Fe(5.4)/AI+P(z) 
and Fe(2.8)-Mo(8.0)/Al+P(z) catalyst precursors are shown in Figure 2. Because in 
the 4.2 K spectra of the Fe(3.1)-Mo(8.0)/C+P(z) catalysts no spectral contribution 
of a magnetic hyperfine sextuplet is observed they are not included. It turns out 
that the mean iron(III)oxide particle size is smaller when P is present in the 
oxidic carbon and alumina-supported catalysts. As this holds for all catalyst 
systems shown in Figure 2, including Fe-Mo/AI+P(z) it may be assumed that for the 
carbon supported Fe-Mo catalyst precursors the mean iron(III)oxide particle size 
is influenced in a similar way. 
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Fig.l. Thiophene conversion of sulfided Fe and Fe-Mo catalysts as a function of 
the PO4-to-Fe ratio in the oxidic precursor state. 
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Fig.2. MSssbauer spectra recorded at 4.2 K of the oxidic catalyst precursors: 
(a) Fe(4.3)/C+P(z); (b) Fe(5.4)/AI+P(z); (c) Fe(2.8)-Mo(8.O)/AI+P(z). 
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Sulfided catalysts 
M6ssbauer spectra of the freshly sulfided catalysts are presented in Figure 3 

(carbon-supported) and Figure 4 (alumina-supported). The results of the computer 
analyses are given in Table i. From comparison of the results presented in this 
Table and those obtained earlier for sulfided Fe and Fe-Mo catalysts on carbon 
[23-26] and alumina [24,2?] supports it follows that the spectral contributions 
with the smaller quadrupole splittings (indicated by a full bar-diagram in the 
Figures 3 and 4) are due to sulfided iron species, assigned to "Fel_xS", "Fe-S" 
and "Fe-Mo-S". 

For the carbon-supported catalysts the presence of P influences the composi- 
tion of the sulfided catalysts. Besides the sulfidic iron species, a high-spin 
Fe2+-species appears in the spectra which spectral contribution increases with 
increasing P content. From the results presented in Table 1 it follows that the 
type of high-spin Fe2+-species does not depend on the amount of P in the catalyst. 
Furthermore, the presence of molybdenum does also not change the type of high-spin 
Fe2+-species. 

The question arises whether P influences the type of sulfidic iron species. 
By comparing the results given in Table i o f  the Fe(4.3)/C+P(z) and Fe(3.1)- 
Mo{8.0)/C+P(z) catalysts, no major differences in the parameters of the sulfidic 
iron species present in these catalysts is observed. (Due to the small spectral 
contribution of "Fel_xS" in the Fe(4.3)/C+P(I.5) catalyst the computer fitting 
procedure for this contribution will be inaccurate). Hence, it is concluded that P 
does not influence the nature of the sulfidic iron species in the Fe(4.3)/C+P(z) 
and Fe(3.1)-Mo(8.0)/C+P(z) catalysts. The most dominant effect of P is that the 
spectral components ascribed to the different sulfidic iron species decrease 
strongly or even disappear completely in the P-containing catalysts. 

In the sulfided alumina-supported Fe and Fe-Mo catalysts already in P-free 
catalysts a high-spin Fe2+-species is present. From the results of the computer 
analyses given in Table i, it can be learned that the MSssbauer parameters of the 
high-spin Fe2+-species are not markedly changed by P. However, as the P content 
increases the spectral contribution of the high-spin Fe2+-species increases. By 
comparing the MSssbauer parameters of the high-spin Fe2+-species present in the 
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Fig.3. MSssbauer spectra of the freshly sulfided catalysts supported on carbon: 
(a) Fe(4.3)/C+P(z); (b) Fe(3.1)-Mo(8.0)/C+P(z). 
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Fig.4. M6ssbauer spectra of the freshly sulfided catalysts supported on alumina: 
(a) Fe(5.4)/AI+P(z); (b) Fe(2.8)-Mo(8.0)/AI+P(z). 

carbon- and alumina-supported catalysts (see Table i) it is found that these 
high-spin Fe2+-species are different. Furthermore, it is concluded that P does not 
influence the type of sulfidic iron species, viz. "Fel_xS", "Fe-S" and "Fe-Mo-S", 
present in the sulfided catalysts. 

4. DISCUSSION 

4.1. Structure of the P-containing catalysts 
The improved dispersion of the P-containing oxidic catalyst precursors can be 

related to the enhanced solubility and stability of the phosphoric-acid containing 
impregnation solution [1-5], as a result of which the deposition of large crystal- 
line aggregates is minimized. An alternative explanation is that, due to a metal- 
phosphate interaction, transportation of the metal oxide phase towards the outer 
pores of the support grains and subsequent sintering of crystalline oxide ag- 
gregates during the drying procedure [23,24] is hampered. 

The influence of P on the sulfided carbon-supported catalysts is irrefutable. 
From the M6ssbauer spectra of the carbon-supported Fe and Fe-Mo catalysts it is 
clear that high-spin Fe2+-species are formed in the presence of P at the expense 
of the sulfidic iron species. Because it is possible that the high-spin 
Fe2+-species is related to phosphate, its M6ssbauer parameters were compared to 
those reported for Fe(II)-phosphate complexes. From this comparison it appears 
that one of the doublets in Table 1 (IS 2. QS 2) is the one all Fe3(PO4)2.nH20 com- 
pounds have in common [28]. Therefore, it can be assumed that the high-spin 
Fe2+-species has a similar structure. When it is supposed that all P is 
incorporated in the high-spin Fe2§ the stoichiometry of this species, 
expressed in the PO4-to-Fe molar ratio, can be calculated from the spectral con- 
tributions in Table i. The values of this ratio are 1 and 0.8 for the 
Fe(4.3)/C+P(0.2) and Fe(3.1)-Mo(8.0)/C§ catalysts, respectively. Due to the 
inaccuracies in the determination of the spectral contributions these ratios are 
not conflicting with the presence of a Fes(PO4)2-1ike stoichiometry (PO4-to-Fe 
ratio = 0.7). Consequently, the high-spin Fe2§ will be called 
"Fe(II)-phosphate". However, as the M6ssbauer parameters of only one doublet are 
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Table 1 
Computer analyses of the Mbssbauer spectra recorded at 293 K of carbon- and 
alumina-supported catalysts after sulfidation at 673 K. 
(experimental uncertainties: IS: 0.05 mm/s; QS: 0.05 mm/s; A: 5%) 

Fe(4.3)/C+P(z) 

sulfidic iron species high-spin Fe 2+ 

"Fe l_x S'' "Fe-S . . . .  Fe ( II ) -phosphate" 

z IS 1 QS 1 A IS 2 QS 2 A IS 1 QS 1 A IS 2 QS 2 A 

(mm/s) (~) (mm/s) (~) (mm/s) (~) (mm/s) (~) 

0 0.64 0.47 83 0.71 0.85 17 
0.2 0.60 0.39 55 0.66 0.90 21 1.43 1.99 12 1.50 2.50 12 
1.5 0.70 0.20 7 1.43 1.98 52 1.50 2.48 41 

Fe (3. I) -Mo (8.0)/C+P (z) 

sulfidic iron species high-spin Fe 2+ 

"Fe l_x S'' "Fe-Mo-S" "Fe ( II ) -phosphate" 

IS 1 QS 1 A IS 2 QS 2 A IS 3 QS 3 A IS 1 QS 1 A IS 2 QS 2 A 

(mm/s) (%) (ms/s) (~) (mm/s) (%) (mm/s) (~) (mm/s) (~) 

0 0.61 0.57 39 0.60 1.04 46 0.63 1.44 15 
O.3 O.47 0.34 54 0.6O 1.04 2O 1.43 1.99 17 1.50 2.50 9 
2.0 O.51 0.42 13 1.43 2.00 54 1.49 2.53 32 

Fe(5.4)/AI§ 

sulfidic iron species high-spin /~e 2+ 

"Fel_xS . . . .  Fe-S . . . .  Fe ( II ) -aluminate" 

z IS 1 QS 1 A IS 2 QS 2 A IS 1 QS 1 A IS 2 QS 2 A 

(mm/s) (~) (mm/s) (~) (mm/s) (~) (mm/s) (~) 

0 0.70 0.36 47 0.70 i. I0 26 1.39 1.42 14 1.44 2.16 13 
0.4 0.67 0.34 38 0.68 1.12 22 1.40 1.50 18 1.42 2.23 22 
1.3 0.65 0.52 36 0.67 1.22 15 1.31 1.58 20 1.35 2.30 29 

Fe(2.8)-Mo(8.0)/AI+P(z) 

sulfidic iron phase high-spin Fe 2+ 

"Fe l_xS" "Fe-Mo-S . . . .  Fe ( II ) -aluminate" 

z IS 1 QS 1 A IS 2 QS 2 A IS 1 QS 1 A IS 2 QS 2 A 

(mm/s) (%) (mm/s) (%) (mm/s) (%) (mm/s) (%) 

0 0.60 0.71 55 0.61 1.22 17 1.16 1.62 ii 1.31 2.34 17 
0.5 0.59 0.70 42 0.63 1.22 22 1.21 1.66 15 1.30 2.37 21 
2.0 0.60 0.66 27 0.62 1.24 26 1.17 1.64 21 1.32 2.31 26 
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in common with those reported for Fe(II)-phosphate complexes, the so-called 
"Fe(II)-phosphate" will not be a bulk Fe(II)-phosphate. 

Whereas in the P-free Fe(3.1)-Mo(8.0)/C+P(z) catalysts to a large extent a 
so-called "Fe-Mo-S" phase is formed upon sulfidation [24-26], in the P-containing 
catalysts nearly only "Fel_xS" can be discerned. This indicates that due to the 
presence of P the interaction between Mo and Fe is diminished to such a degree 
that the "Fe-Mo-S" phase can not be formed. This is in agreement with the observa- 
tion that P influences already the oxidic iron phase in the catalyst precursors 
[24]. Consequently, the effect of P on carbon supported Fe-Mo catalysts is 
twofold: i) hindrance of the formation of the active "Fe-Mo-S" phase and ii) the 
formation of a "Fe(II)-phosphate" phase at the expense of sulfidic iron species. 

The M6ssbauer spectra of the sulfided carbon-supported Fe and Fe-Mo 
catalysts, do not show any spectral contribution of magnetically split components 
at room temperature. So no indications were obtained that during sulfidation the 
dispersion is drastically lost. 

In case of the alumina-supported Fe and Fe-Mo catalysts, P causes an increase 
in the spectral contribution of the high-spin Fe2+-species, which are already 
present in the P-free catalysts. These species could not be identified as belong- 
ing to a "Fe(II)-phosphate" phase, like the one present in P-containing carbon- 
supported catalysts. M6ssbauer spectra of P-free alumina-supported catalysts show 
a contribution of high-spin Fe2+-species and these Fe2+-species can be ascribed to 
iron in close contact with the alumina support [24,27]. Since a comparison of the 
results presented in Table 1 with those obtained earlier [24,27] indicates that 
the MSssbauer parameters of the high-spin Fe2+-species are about the same, we will 
confine ourselves to this attribution, a so-called "Fe(II)-aluminate". The in- 
crease in the spectral contribution of the "Fe(II)-aluminate" by an increasing P 
content is in line with the observed improved dispersion of the oxidic iron phase 
in the P-containing catalyst precursors. 

The type of sulfidic iron species present in the alumina-supported catalysts 
are not influenced by P. From a comparison of the effect of P on the composition 
of the sulfided carbon- and alumina-supported Fe-Mo catalysts, it turns out that 
whereas in the carbon-supported catalyst P prevents the formation off "Fe-Mo-S", 
this phase is present in all the alumina-supported Fe-Mo catalysts studied. A 
remarkable effect of the addition of P to the alumina-supported Fe-Mo catalysts is 
that it even causes a slight rise in the spectral contrSbution of the "Fe-Mo-S" 
phase. 

~,2.  Relation between structure and HDS activity 
In case of the carbon-supported Fe and Fe-Mo catalysts it was found that the 

decrease in thiophene HDS activity is correlated with the increase in the amount 
of the "Fe(II)-phosphate" phase. In the Fe(4.3)/C+P(I.5) catalyst almost all the 
iron is present in the form of this phase, and hence its HDS activity is close to 
zero. At low P content, a large part of the iron atoms are not complexed with P 
and can be sulfided into the catalytically active "Fel_xS" phase [23,24]. 

Concerning the Fe(3.1)-Mo(8.0)/C§ besides the formation of a catalyti- 
cally inactive "Fe(II)-phosphate" phase, the HDS activity also decreases as the 
highly active "Fe-Mo-S" phase is not formed in the presence of P. These results, 
therefore~ unambiguously point to a poisoning nature of the P additive, under the 
experimental conditions applied here. 

A general effect of P in the catalysts described in the present work is the 
improved iron phase dispersion in the oxidic precursor catalysts. With regard to 
the alumina-supported catalysts this phenomenon might partly explain why moderate 
amounts of P result in an increased activit~ of commercial catalysts. For the 
alumina-supported Fe-Mo catalysts an additional promotional effect might be the 
slight increase in the amount of highly active "Fe-Mo-S" in the presence of P. 
However, at high P contents a large amount of the iron phase is expected to be in 
close contact with the alumina support ("Fe(II)-aluminate"). Because these iron 
atoms not attribute to the catalytic activity, this could account for the decrease 
in activity observed when large amounts of P are present [3]. 



606 W.L.T.M. Ramselaar et al., Influence o f  P on Fe and Fe-Mo catalysts 

5. CONCLUSIONS 

The thiophene HDS activity of sulflided carbon-supported Fe and Fe-Mo 
catalysts is strongly decreased in the presence of P, whereas their alumina- 
supported counterparts are not poisoned under the same reaction conditions. 

From M6ssbauer experiments it follows that in the oxidic catalyst precursors 
(irrespective of the support) the presence of P results in a better dispersion of 
the oxidic phase. This improved dispersion can be related to a close contact be- 
tween the metal oxide phase and the phosphate [24]. 

In the sulfided catalyst the support material plays a dominant role in the 
interaction between the P and the sulfided metal phase. In case of the alumina- 
supported catalysts P does not influence the type of the metal sulfide species. 
With regard to the P-containing carbon-supported Fe and Fe-Mo catalysts, a 
"Fe(II)-phosphate" phase is observed in the sulfided state, which phase may be 
held responsible for the decrease in thiophene HDS activity. 
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