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Abstract

The effect of triethylene glycol on phosphate-doped Co(Zn)Mo catalysts supported onγ -Al2O3 was studied by means of31P magic angle
spinning nuclear magnetic resonance (MAS NMR) and Raman spectroscopy.31P MAS NMR experiments, carried out on ZnMo/γ -Al2O3
doped with phosphate and triethylene glycol, suggested that the P2Mo5O23

6− species that formed in the impregnation solution decompo
to monophosphate and an Anderson-type aluminum molybdate species on contact with the support. The presence of triethylene gly
the formation of polyphosphate and PMo12O40

3− heteropolymolybdate species, but no P2Mo5O23
6− was detected. The use of paramagne

cobalt instead of zinc cations had a paramagnetic effect on the31P-NMR signal of the PMo12O40
3−, indicating that the PMo12O40

3− species
are bound to the promoter atoms. The close proximity of the promoter and Mo allows a better decoration of MoS2 and improves the catalyti
activity.
 2005 Elsevier Inc. All rights reserved.
Keywords: CoMo hydrotreating catalyst; Phosphomolybdates;31P MAS NMR; Paramagnetic effect of Co(II); Triethylene glycol; Raman
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1. Introduction

Conventional hydrotreating catalysts are composed
cobalt and molybdenum supported on an inert support,
asγ -Al2O3, and can be prepared by depositing oxidic cob
and molybdenum precursors on the support. The oxidic
cursors are then presulfided at 400◦C using a mixture of
H2 and H2S. To improve the catalytic activity of the cat
lysts, chelating ligands or phosphate, for example, can
added during the preparation of the catalyst[1–3]. When
phosphate is added to the impregnation solution, it re
with the molybdenum precursor and, depending on the
action conditions, gives rise to a variety of phosphomol
date anions, including Keggin (PMo12O40

3−, PMo12O40
7−),

Dawson (P2Mo18O62
6−), and diphospho-pentamolybda

(P2Mo5O23
6−) anions[3,4]. Depending on the structure o

the phosphomolybdate anions, the cobalt or nickel prom
* Corresponding author. Fax: +41-1-6321162.
E-mail address: roel.prins@chem.ethz.ch(R. Prins).

0021-9517/$ – see front matter 2005 Elsevier Inc. All rights reserved.
doi:10.1016/j.jcat.2005.07.011
cations stay in solution as a solvated aquo-complex or
come complexed by the phosphomolybdate anions. Grib
et al. reported that using CoxH(6−2x)P2Mo5O23 as a cata-
lyst precursor favors a higher Co/Mo atomic ratio in the
final sulfided catalyst and improves the promotion of
active phase because of the better decoration of the c
on the MoS2 edge[5,6]. The adsorption of phosphomolyb
dates on a support has been described in detail. Cheng
Luthra reported that PMo12O40

3− ions adsorb intact[7],
whereas van Veen et al. and Kraus and Prins reported
the P2Mo5O23

6− ion decomposes to AlPO4 and molybdate
on adsorption onγ -Al2O3 [8,9].

A recently published patent claims that the addition
phosphate and glycols during catalyst preparation lead
highly active Co–Mo hydrodesulfurization catalysts[10].
We characterized the oxidic CoMo catalyst precursor c
taining phosphate and triethylene glycol (TEG) and prepa

according to this patent recipe[11]. We found that TEG
strongly interacts with theγ -Al2O3 support and thus pre-
vents the decomposition of a Co-phosphomolybdate com-

http://www.elsevier.com/locate/jcat
mailto:roel.prins@chem.ethz.ch
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plex during drying. As explained by Griboval et al., prom
tion of the active phase is thus improved because of the b
cobalt decoration on the MoS2 edge.

Here we describe the effect of TEG on the structure
the oxidic catalysts doped with phosphate as determine
31P nuclear magnetic resonance (NMR) and Raman ex
ments on Zn(Co)Mo catalysts supported onγ -Al2O3. When
a paramagnetic atom or ion is in close proximity to an ato
broadening and shifting of the NMR signals of this ato
are typically observed. Because cobalt and nickel ions
paramagnetic, NMR has rarely been used for hydrotrea
catalysts. However, De Canio et al.[12] and Kraus and Prin
[13] used the paramagnetic effect to estimate the proxim
of cobalt (or nickel) to various elements. The use of diam
netic Zn instead of Co cations avoids the paramagnetic e
on the NMR signal, thus allowing better interpretation
the spectra. Therefore, we compared the31P NMR of sam-
ples containing paramagnetic cobalt and diamagnetic
cations. Together with Raman measurements, these ex
ments provided insight into the role of TEG in phospha
containing CoMo-supported catalysts.

2. Experimental

By means of wet impregnation, CoMoP and CoMo
TEG catalysts, supported onγ -Al2O3, were prepared ac
cording to the European patent application 0601722 B1[10]
and our previous work[11]. ZnMoP and ZnMoP-TEG ref
erence samples were prepared as described previously[12]
for the corresponding Co-containing solutions, by disso
ing 0.9 g Zn5(CO3)2(OH)6·7H2O (1.6 mmol, Aldrich p.a.),
2.7 g MoO3 powder (18.7 mmol, Fluka, purum, p.a.), 0.5
of an 85 wt% aqueous H3PO4 solution (7.5 mmol H3PO4,
Aldrich, p.a.), and 2 ml of TEG (15 mmol, Aldrich, p.a.)
10 ml of water[11]. The final solution was light green i
color and had a pH of 2.5.

Before impregnation with one of the impregnating so
tions,γ -Al2O3 (Condea Chemie) and theγ -Al2O3 support,
impregnated with 0.8 ml of a 20% aqueous solution of T
(pH adjusted to 2.5 by adding 35% HCl), were crush
sieved to 90–125 µm grain size, and dried overnight in
oven at 120◦C. HCl was added to the TEG solution to obta
the same pH value as the original impregnation solution.
total water pore volume ofγ -Al2O3 was 0.9 ml/g (the gas
pore volume determined by BET was 0.45 ml/g; Table 1),
and that ofγ -Al2O3 + TEG was 0.4 ml/g. We used the
same metal loading to compare samples prepared usin
γ -Al2O3 + TEG support with the other catalysts; therefo
the γ -Al2O3 + TEG support had to be impregnated twi
with 0.4 ml of the impregnation solution, as described p
viously [11]. After impregnation, the wet powder was dri
overnight at 120◦C at a heating rate of 2◦C/min. All cat-

alysts were prepared without applying calcination.Table 1
lists the investigated catalyst precursors. Elemental analy-
sis of Co, Zn, Mo, and P, as well as nitrogen adsorption
atalysis 234 (2005) 414–420 415
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Table 1
Hydrotreating catalysts

Catalyst Loading (wt%) BET s.a.

(m2/g)

P.V.

(cm3/g)Mo Co(Zn) P

CoMoP/γ -Al2O3 12.85 2.88 1.75 144 0.32
CoMoP-TEG/γ -Al2O3 12.47 2.86 1.60 114 0.28
CoMoP/γ -Al2O3 + TEG 10.71 2.64 1.51 101 0.20
ZnMoP/γ -Al2O3 12.01 2.90 1.41 150 0.31
ZnMoP-TEG/γ -Al2O3 11.80 2.50 1.40 110 0.19
ZnMoP/γ -Al2O3 + TEG 11.00 2.4 1.35 105 0.23
γ -Al2O3 + TEG – – – 160 0.35
γ -Al2O3 – – – 210 0.45

measurements of the dried but not calcined samples,
performed as described elsewhere[11].

The nitrogen adsorption measurements were perfor
at liquid-nitrogen temperature with a Micromeritics Tri
tar 3000 device. Before measurement, the samples
degassed at 200◦C (not at 400◦C, to prevent the decompo
sition of the TEG) at 10 Pa overnight. For the measurem
of the γ -Al2O3 support, the degassing was carried ou
400◦C. 31P mass absorption spectroscopy (MAS) exp
ments were carried out on a Bruker AMX-400 FT-NM
spectrometer at a magnetic field of 9.4 Tesla usin
4-mm CP-MAS probe head, with a resonance frequenc
161.98 MHz, spinning frequency of 12 kHz, and recy
delay of 1 s. The final spectrum resulted from the accu
lation of 2000 transients. The chemical shift was referen
to NH4H2PO4 (Fluka Purum, p.a.) (0 ppm).

Raman measurements of the samples and of refer
compounds were performed on a Bruker Equinox 55 sp
trometer equipped with a FT-Raman-Module FRA 106
a Nd:YAG laser (1064 nm, 300 mW), a CaF2 beam-splitter,
and a Ge detector (D418-S) cooled by liquid nitrogen. T
powder was pressed into an aluminum disk. The numbe
accumulated spectra of each sample was 4096. To pre
any effect induced to the specimen by the laser, we us
defocused low-power laser beam.

3. Results

3.1. 31P NMR: The effect of TEG on ZnMoP/γ -Al2O3

31P NMR spectra of the ZnMoP/γ -Al2O3, ZnMoP-TEG/
γ -Al2O3, and ZnMoP/γ -Al2O3 + TEG samples were com
pared with the spectrum of a PO4/γ -Al2O3 reference sam
ple (Fig. 1). The 31P NMR spectra of ZnMoP/γ -Al2O3

and PO4/γ -Al2O3 were almost identical, showing a broa
band at around−8.2 ppm, typical of isolated phosphate io
on γ -Al2O3 [14]. The 31P NMR spectra of ZnMoP-TEG
γ -Al2O3 and ZnMoP/γ -Al2O3 +TEG showed a broad ban

with maximum at around−10 ppm and a sharp peak at
around−5 ppm. The spectrum of ZnMoP/γ -Al2O3 + TEG
also showed a sharp shoulder at around 0 ppm.
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Fig. 1. 31P MAS NMR spectra of PO4/γ -Al2O3, ZnMoP/γ -Al2O3,
ZnMoP-TEG/γ -Al2O3, and ZnMoP/γ -Al2O3 + TEG.

To elucidate the nature of the phosphorus atoms, w
give rise to the sharp resonance peak in the31P NMR
spectra of ZnMoP-TEG/γ -Al2O3 and ZnMoP/γ -Al2O3 +
TEG, we performed a deconvolution analysis of the sp
tra (Fig. 2; Table 2). The spectrum of the ZnMoP-TEG
γ -Al2O3 was deconvoluted in two contributions at−4.5
and −9.6 ppm (Table 2). The signal at−4.5 ppm may
arise from PMo12O40

3− [15]. The possibility that this signa
may have arisen from an isolated zinc phosphate salt
ruled out, because Cheethan et al. reported that the p
phorus signals are between 0 and 10 ppm forα-Zn3(PO4)2
and β-Zn3(PO4)2 and between−10 and−20 ppm forα-
Zn2P2O7 [16]. The broad signal at−9.6 ppm was assigne
to polyphosphate[14]. The signal of ZnMoP/γ -Al2O3 +
TEG was deconvoluted into three signals at−1, −4.7,

and −9.6 ppm (Fig. 2; Table 2). The signals at−9.6 and
−4.7 ppm belong to polyphosphate and PMo12O40

3−, re-
spectively, whereas the signal at−1 ppm may arise from
atalysis 234 (2005) 414–420

-

Fig. 2. 31P MAS NMR spectra (· · ·) of ZnMoP-TEG/γ -Al2O3 and
ZnMoP/γ -Al2O3 + TEG and deconvolution (—).

Table 2
MAS 31P NMR deconvolution results

Sample δ

(ppm)
Linewidth
(kHz)

Integral rel.
(%)

ZnMoP-TEG/γ -Al2O3 −4.5 1.0 14
−9.6 2.6 86

ZnMoP/γ -Al2O3 + TEG −1.0 0.4 3
−4.7 0.8 15
−9.6 2.8 82

isolated H2PO4
−. The analysis of the peak areas (Table 2)

shows that>80% of the phosphorus atoms in both TE
containing samples are present as polyphosphate, and
15% are present as PMo12O40

3−.

3.2. 31P NMR: The effect of TEG in CoMoP/γ -Al2O3

The paramagnetism of Co(II) has been used in N
2+
spectroscopy to check for the presence of Coin the neigh-

borhood of the probing nuclei[17]. When cobalt is in close
proximity to the probing atom, it causes broadening and
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Fig. 3. 31P MAS NMR spectra of CoMoP/γ -Al2O3, CoMoP-TEG/
γ -Al2O3, and CoMoP/γ -Al2O3 + TEG.

shifting of the NMR signals. Because of their high ma
netic moment, paramagnetic cobalt ions strongly decre
the relaxation time of phosphorus; consequently, the31P
NMR peaks become broader. The peaks also shift in
portion to the electron density of Co2+ on the 31P nu-
cleus. Therefore, the higher the number of Co ions aro
a P atom, the stronger the paramagnetic effect. Com
son of the31P NMR spectrum of the PO4/γ -Al2O3 sample
with the31P NMR spectra of the CoMoP/γ -Al2O3, CoMoP-
TEG/γ -Al2O3, and CoMoP/γ -Al2O3+TEG samples show
that all of the spectra had a broad signal between 50
−50 ppm with two side bands on either side of the c
tral peak. However, whereas the main signal of the CoM
γ -Al2O3 showed an isotropic chemical shift of−7.5 ppm,
close to that of PO4/γ -Al2O3 and ZnMoP/γ -Al2O3, the
main 31P-NMR signal of the other two Co-containing sa
ples shifted to a higher field (−9.5 ppm). There was no sha
peak between 0 and−10 ppm in the31P NMR spectra of
CoMoP-TEG/γ -Al2O3 and CoMoP/γ -Al2O3 + TEG.

3.3. Laser Raman spectroscopy

Laser Raman spectroscopy (LRS) is a very sensitive t

nique for probing the chemical state of molybdenum. The
CoMoP and ZnMoP impregnation solutions gave exactly the
same LRS spectrum, which is typical of the P2Mo5O23

6−
atalysis 234 (2005) 414–420 417

Fig. 4. Raman spectra of ZnMoP-TEG/γ -Al2O3, ZnMoP/γ -Al2O3 +TEG,
and ZnMoP-TEG/γ -Al2O3.

complex[18]; as we showed in previous work, the presen
of TEG did not affect the formation of this species[11].

Fig. 4gives the LRS spectra of ZnMoP/γ -Al2O3, ZnMoP/
γ -Al2O3 + TEG, and ZnMoP-TEG/γ -Al2O3. The spectrum
of ZnMoP/γ -Al2O3 has an intense band between 1000
850 cm−1, composed of a main peak at 950 and a sho
der at about 900 cm−1. Two signals are present at 36
and 220 cm−1. According to the literature, these three s
nals can be attributed to the Al(OH)6Mo6O18

3− species
[19]. The LRS spectra of the ZnMoP/γ -Al2O3 + TEG and
ZnMoP-TEG/γ -Al2O3 samples are similar but very diffe
ent from the spectrum of the TEG-free sample (Fig. 4). The
peak at 1070 cm−1 is typical of polyphosphate[1]. The spec-
trum of ZnMoP-TEG/γ -Al2O3 showed a broad asymmetr
signal with a peak at 830 cm−1. This signal and the wea
signals at 1473 and 1280 cm−1 were assigned to the pre
ence of TEG[11], the C–O vibration of which gives ris
to the signal at 830 cm−1. The same TEG signals at 83
1280, and 1473 cm−1 also were detected in the spectru
of ZnMoP/γ -Al2O3 + TEG (Fig. 4). In the region between
1000 and 950 cm−1 a signal corresponding to a molybda
species was detected. Unfortunately, the broadness o
signal prevents us from definitively identifying the moly

date species present in the dried samples. Moreover, the
broad lines of TEG located at about 830 cm−1 make the
interpretation even more uncertain. Even though we tried to
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Fig. 5. Effect of thermal treatments of ZnMoP/γ -Al2O3 + TEG.

improve the quality of the spectra by measuring at liq
nitrogen temperature, we could not obtain better results.

To confirm that the main signal at 830 cm−1 arose from
TEG, we calcined the ZnMoP/γ -Al2O3 + TEG sample a
250 and 500◦C for 3 h and collected the LRS spectra
the resulting samples.Fig. 5 shows the LRS spectra of th
calcined samples together with the ZnMoP/γ -Al2O3 + TEG
sample dried at 120◦C. After heating at 500◦C, the peak a
830 cm−1 disappeared, and the resulting spectrum sho
the presence of heptamolybdate only.

The use of cobalt instead of zinc had no influence on
LRS spectra of the corresponding Co-containing sam
(Fig. 6). Al(OH)6Mo6O18

3− was detected in the CoMoP
γ -Al2O3 sample (band at 950 and shoulder at 905 cm−1).

4. Discussion

The presence of TEG in the phosphate-doped Zn(Co
catalysts supported on alumina affects the structural p
erties of the oxidic metal precursors. The reaction betw
phosphate and molybdate in aqueous solution leads to

6−
formation of the P2Mo5O23 heteropolymolybdate species.
Cations in the solution together with the heteropolymolyb-
date species may be complexed as counter ions. We pre
atalysis 234 (2005) 414–420

Fig. 6. Raman spectra of CoMoP-TEG/γ -Al2O3, CoMoP/γ -Al2O3+TEG,
and CoMoP-TEG/γ -Al2O3.

viously reported that the31P NMR spectrum of a solutio
containing diphosphopentamolybdate and Co(II) showe
strong paramagnetic effect, suggesting the formation
Co-diphosphopentamolybdate species[11].

During impregnation of theγ -Al2O3 support, the phos
phomolybdate species decompose to phosphate and h
molybdate[7,8]. At low P loading (<2 wt%) the adsorp
tion of phosphate usually leads to monophosphate, whe
molybdenum can be present as monomolybdate (Mo lo
ing <12 wt%) or as heptamolybdate on the surface of
alumina support[20]. TEG interacts strongly with the alu
mina support and may inhibit the full decomposition
the phosphomolybdate species formed in the impregna
solution [11]. The 31P NMR spectrum of a PO4/γ -Al2O3
reference sample (with 1.5 wt% P), prepared by impr
nating the dry support with a diluted solution of H3PO4,
showed a broad signal centered at−8 ppm (Fig. 1). As re-
ported herein, this signal arises from monophosphate.
same result was obtained for ZnMoP/γ -Al2O3 and CoMoP/
γ -Al2O3 (Figs. 1 and 3). The 31P NMR spectrum of the
ZnMoP/γ -Al2O3 sample (Fig. 1) showed that phosphoru
is present as monophosphate on the support. However, i
-

presence of TEG, the broad signal shifted to−9.6 ppm, and
thus polyphosphate was detected. The adsorption of phos-
phate onγ -Al2O3 was studied extensively by van Eck et
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al. [14]. Their 31P and27Al NMR results showed that th
polymerization of phosphate is favored when the sup
cannot accommodate phosphate as a monolayer. By
paring the BET surface area and the pore volume of b
γ -Al2O3 and theγ -Al2O3 + TEG sample (Table 1), it be-
comes clear that TEG causes a decrease in the surface
and pore volume and thus favors the formation of polyph
phate.

The 31P NMR results on the Zn-containing samp
proved that TEG not only favors the polymerization of ph
phate, but also leads to the formation of the Keggin-t
heteropolymolybdate species PMo12O40

3−. The Mo/P ra-
tio of this species is 12. The deconvolution of the31P NMR
spectra (Table 2) showed that the phosphorus atoms g
rise to about the same amount of the heteropolymolyb
species in both the Zn- and TEG-containing samples. H
ever, 15% of the phosphorus bound to Mo as PMo12O40

3−
is not sufficient to account for the total amount of moly
denum. From the initial ratio of Mo/P = 2.5, the percent
age of Mo atoms that form PMo12O40

3− species should b
(15× 12/2.5) = 72%. Therefore, the rest of the Mo mig
be present in the form of Al(OH)6Mo6O18

3−.
During the impregnation step, P2Mo5O23

6− reacts with
the alumina surface to form phosphate and MoO4

2− [8].
Whereas phosphate reacts with acidic OHs Al sites, MoO4

2−
preferentially reacts with basic sites[9]. We previously
showed that TEG reacts with the basic OHs Al sites, thus
inhibiting the adsorption of P2Mo5O23

6− [11]. When im-
pregnating γ -Al2O3 with the TEG-containing solution
P2Mo5O23

6− and TEG compete for the same adsorption
the alumina sites. When P2Mo5O23

6− adsorbs first, it de
composes and phosphate adsorbs on acidic OHs Al sites[9].
The adsorption of molybdate is more complicated, beca
TEG adsorbs on the basic OHs Al sites as well. When TEG
blocks the basic OHs Al sites, there are fewer sites ava
able for the molybdate released by the decomposition
P2Mo5O23

6−. This causes a decrease in the adsorption p
ability of molybdate; as a result, the local Mo/P ratio of the
impregnation solution increases. This might explain the
mation of the PMo12O40

3− species. The fact that this speci
has also been detected in ZnMoP/γ -Al2O3 + TEG suggests
that it is more stable on the surface film formed by TEG.

LRS spectra of the corresponding Co-containing sam
(Fig. 6) suggested that the chemical state of molybden
is the same for both systems. Thus, Zn-containing sam
seem to be good model systems for the Co-containing s
ples. The LRS spectra provided in this work are not u
for the speciation of molybdate in these very complex s
tems, but give us an idea of the similarity of the two syste
27Al NMR experiments carried out on our samples (res
not given here) showed only the two typical Al bands c
responding to the tetrahedral and octahedral geometr
γ -Al2O3, as was expected given the fact that our systems

composed mostly ofγ -Al2O3. The Anderson-type AlMo6
structure is expected to be present in very small amounts on
the alumina surface, thus giving rise in the27Al NMR to
atalysis 234 (2005) 414–420 419

-

a

an extremely small signal compared to that fromγ -Al2O3.
Moreover, the presence of side bands in the spectra m
the search for such a small signal almost impossible. Th
fore, in our opinion, classic27Al NMR experiments are
not useful for investigating the presence of the Anders
type AlMo6 structure on the alumina surface. An alternat
NMR technique that would exclude most of the bulk
atoms from the spectra is the cross-polarization27Al MAS
NMR, as used by Carrier et al.[19]. However, the purpos
of the present study was to investigate the effect of TEG
both promoter atom and Mo in the phosphate-doped cat
precursors.

The 31P NMR spectrum of the CoMoP/γ -Al2O3 sam-
ple shows only one phosphorus signal centered at a
−8 ppm, indicating the presence of monophosphate. The31P
NMR spectra of the Co and TEG-containing samples sh
only one broad signal at around−9.5 ppm, indicating the
formation of polyphosphate. No signal arising from the h
eropolymolybdate was detected.

The presence of paramagnetic Co instead of diamag
Zn cations caused broadening of the heteropolymolyb
signals in the31P NMR spectra of the Zn-containing sam
ples. This suggests that Co is in close proximity to the h
eropolymolybdate species and proves that in the presen
TEG, a higher number of cobalt atoms are complexed by
phosphomolybdate species. This may lead to the forma
of a more homogeneous Co–Mo–S type II structure and
better performance of the final sulfided catalyst.

5. Conclusion

Using phosphate and TEG in the preparation of Co
catalysts leads to an increase in the HDS activity. We
viously showed that phosphate in the impregnation solu
acts as a carrier of cobalt and molybdate by forming a p
tonated cobalt-diphosphopentamolybdate anion that dec
poses into polyphosphate and molybdate during the imp
nation ofγ -Al2O3 [11]. PO4 is present as monophospha
whereas molybdate further reacts with alumina to form
Anderson-like aluminum molybdate species. NMR exp
ments are in progress to confirm this asset. By decrea
the surface area and pore volume of theγ -Al2O3, TEG fa-
vors the formation of polyphosphate. The structure of cob
diphosphopentamolybdate is not retained but is converte
a PMo12O40

3− polymolybdate species. It is likely that th
species is bound to the promoter atom. During sulfidat
this may lead to a better decoration of the promoter on
final MoS2 slabs, thus explaining the improvement in t
catalytic performance of these catalysts.
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