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Abstract

Effect of catalyst pre-treatment conditions on activity and selectivity of sulfided NiyMb/O; catalysts in aldehyde hydrogenation
reactions was studied. It appears that both of the sulfidation temperature and the post-sulfidation degassing temperatures can be effectively
used to manipulate the surface density of anion vacancy sites and the hydroxyl and sulfhydryl sites over the sulfidedMNiyd4chtalysts.

Any changes in the surface density of these sites, in turn, can have significant effect on the activity and product distribution achieved over
these catalysts in hydrogenation of linear aldehydes, hexanal and propanal. As established previously, NOcamdb@@sed to probe

the sites that promote the alcohol and heavy product formation reactions, respectively. The results obtained from XRD, XPS, DRIFTS, TPD
and volumetric chemisorption measurements provide complementary information in establishing the correlations between the active sites and
reaction performance.

© 2005 Elsevier B.V. All rights reserved.

Keywords: Aldehyde hydrogenation; Sulfided Ni-Mo catalysts; NO adsorption; @d3orption; Pyridine adsorption; DRIFTS; XPS

1. Introduction It was also proposed that reduced Ni-Ma/@§ catalysts
might exhibit similar activity where OH groups actin an anal-
Sulfided Ni-Mo and Co-Mo catalysts supported on ogous manner to SH groups and anion vacancies (CUS) can
Al O3 are used extensively in many hydrotreating processes,form during reduction process as wgllb—18] Although the
including hydrodesulfurization (HDS), hydrodenitrogena- relationships between different active sites, such as coordi-
tion (HDN), hydrodeoxygenation (HDO) and hydrogenation natively unsaturated sites (CUS), Brgnsted acid sites, SH and
(HYD). According to a widely accepted model by Topsge et OH groups, over NiMoS and CoMoS catalysts and different
al., sulfidation of the oxide phases results in the formation reaction steps in HDS, HDN, and HDO reactions are studied
of stacks of Mo$ slabs over the support surface and the Ni extensively, similar correlations in aldehyde hydrogenation
and Co species are located primarily on the edges of thesereactions have not been the focus of many studies.
stacks[1-4]. Active site models based on these structures  Oxo process alcohols are a major class of organic chem-
have been used to account for different product distributions icals[19]. The oxo process (i.e., hydroformylation) consists
observed in HDS, HDN, and HDO reactiof®s-15]. Several of reacting an olefin with carbon monoxide and hydrogen
of these studies have assigned the hydrogenation activity toat elevated temperatures and pressures, in the presence of a
coordinatively unsaturated sites (CUS), i.e., sulfur vacancies suitable catalyst, to produce an aldehyde with a carbon num-
associated with Niand Mo centers and the hydrogenolysis ac-ber one higher than the starting olefin. Depending on the
tivity to Brgnsted acid sites neighboring sulfhydryl groups. process conditions, the resulting products may be aldehydes,
primary alcohols, or a mixture of the two. The product stream
* Corresponding author. Tel.: +1 614 292 6623; fax: +1 614 202 9615, [TOM the oxo process needs to be hydrogenated to convert the
E-mail addressozkan.1@osu.edu (U.S. Ozkan). aldehydes to alcohols. Several different catalysts are used
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in industry to convert aldehydes to alcohols. Catalysts fre- studies varied between 166 and 198gn Prior to reac-
quently used include copper chromite, molybdenum sulfide, tion studies, the catalysts were sulfided in situ with 10%
nickel, and cobalt. Although copper chromite has excellent H,S in H, for 10 h followed by degassing under a He flow
hydrogenation activity, it is also very sensitive to sulfur poi- for 2 h at the same temperature before cooling the catalyst
soning, making it difficult to use with sulfur containing feed bed to the desired reaction temperature. The standard sul-
streams. Sulfided Ni-Mo/ADj3 catalysts provide excellent  fidation temperature was 40Q except for those experi-
hydrogenation activity while showing a high tolerance to sul- ments where the sulfidation temperature was varied in the
fur compounds. In our previous articlgg0-22] we have  300-600C range. The effect of He degassing treatment
reported on the catalytic performance of sulfided Ni-Mo/  was examined by varying the degassing temperature in the
Al 203 catalysts in the hydrogenation of linear aldehydes to range of 400-700C over catalysts that were sulfided at
alcohols. The two primary reactions that are of most inter- 400°C.

est in these reaction schemes are the hydrogenation of the XRD and XPS analyses on sulfided catalysts were done
aldehyde to form a corresponding alcohol, i.e., the desired without exposing samples to the atmosphere. Catalysts were
reaction, and the formation of heavy products, i.e., the un- flushed with He at 400C for 2 h after sulfidation in reactor
desired reactions. The major heavy products are dimers andand then cooled to room temperature under He flow. The
trimers formed from aldol condensation of aldehydes and samples were then sealed using the valves located at both

condensation of aldehyde with alcocol. The detailed product ends of the reactor tube and transferred to the sample chamber
composition and reaction networks were discussed in ref- without exposure to air.

erence[22]. We have also shown that NO and €@€ould

be used as molecules to probe the active sites that promot
the hydrogenation and heavy product formation reactions,
respectively, as the alcohol formation is correlated to CUS
density while the heavy product formation can best be ex-
plained by the surface concentration of OH and possibly SH
groups.

In this article, we present the results of our studies in
which the effect of catalyst pre-treatment conditions on active der diffraction patterns were recorded in therange from
site density and, in turn, on catalyst performance in aldehyde20 to 80.. In situ XRD of sulfided catalysts during reduc-
hydrogenation reactions was examined. The pre—treatment[ion was performed under 5%, gas flow stream using

conditions examined are the sulfidation temperature and_ oo temperature-program between isothermal steps. The
the post-sulfidation degassing temperatures. !t appears t.haiatalysts were kept at isothermal steps for 0.5 h and the r.amp
both of these par_ameters have a s_trong effectin determ!nlngrate in between the isothermal steps was@onin.

the surface density of various active sites over the sulfided

Ni—Mo/y-Al 03 catalysts. Catalysts that have been exposed .

to different pre-treatment conditions have been characterized?-2-2- XPS studies .

using in situ X-ray diffraction (XRD), X-ray photoelectron X-ray photoelectron spectroscopy analysis (XPS) was per-
spectroscopy (XPS), diffuse reflectance Fourier transform formed using an AXIS Ultra XPS spectrometer, operated
infrared spectroscopy (DRIFTS), temperature programmed at 13kV and 10 mA with mono_chromator AlKradiation
desorption (TPD) and volumetric chemisorption measure- (1486.6 €V). Reduced and sulfided catalysts were mounted
ment techniques. Catalyst performance with regard to ©n sample holder with conductive tape in dry glove box filled

activity and product distribution has been studied using two With Ar. The sample holder was then transferred to the analy-
different linear aldehydes, hexanal and propanal. sis chamber of the spectrometer with a controlled-atmosphere

transporter. Charge neutralization was used to reduce effect
of charge build-up on samples. All binding energies were
2. Experimental referenced to Al 2p of 74.4 eV.

©.2. Catalyst characterization

2.2.1. XRD studies

X-ray powder diffraction (XRD) patterns were acquired
by a Bruker D8 Advance X-Ray diffractometer equipped with
atmosphere- and temperature-control capabilities (cryogenic
to 1200°C) and operated at 40kV and 50 mA. The pow-

2.1. Catalyst preparation 2.2.3. DRIFTS studies
Diffuse reflectance infrared Fourier transform spec-

Alumina-supported catalysts with different Mo and Ni troscopy (DRIFTS) experiments were performed using a
loadings were prepared by wet co-impregnatiory-@fl ,0O3 Bruker IFS66 instrument equipped with DTGS and MCT de-
with aqueous solutions of ammonium heptamolybdate and tectors and KBr beam splitters. Catalyst was placed in a sam-
nickel nitrate. The preparation procedure was presented pre-ple cup inside a Spectratech diffuse reflectance cell equipped
viously [20,23,24] The catalyst compositions are reported with KBr windows and a thermocouple mount that allowed
as weight percentages of the oxide precursors, i.e., MoO direct measurement of the surface temperature. Spectra for
and NiO, following the convention commonly used in lit- each experiment were averaged over 1000 scans in the mid-
erature. The surface area of oxidic samples used in thesdR range (400-4000 ci) to a nominal 3 cm? resolution.
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The samples were sulfided in a reactor, which had two isola- 3. Results and discussion

tion valves on each end to allow its removal from the reaction

system and air-free transfer for sulfided-sample characteriza-3.1. XRD patterns of sulfided catalysts

tion. Sulfided samples were transferred into DRIFTS cell in

a glove box filled with Ar and the cell was isolated. After Fig. 1 presents the X-ray diffraction patterns of 3%
in situ pre-treatment of the samples with He at the desired Ni-15% Mok-Al 03 samples sulfided at 300, 400, 500, and
temperature for 1 h, the temperature was decreased to thés00°C. The diffraction patterns are obtained without expos-
adsorption temperature used for different experiments anding the samples to air following sulfidation. For comparison,
the background spectra were taken under He flow. NO andthe XRD pattern of the oxidized sample is also included. The
CO, adsorption process was carried out by introducing NO pattern obtained over the oxide sample shows the primary
(5450 ppmin He) or C@into the system atroom temperature diffraction lines fromvy-Al,03, with d-spacings of 1.48

for 1 h. After adsorption, the system was subsequently purged(4 4 0), 1.988 (400), and 2.33 (311). As reported earlier
for 1 hwith He at a flow rate of 30 chimin. The spectrawere  [20], there is no evidence of crystalline Mg@t this loading
collected under He flow and the background spectrum waslevel. There is also an additional feature, which may be due
subtracted from the post-adsorption spectra. Pyridine was in-to NiMoOg (hkl =2 2 0) at ad-spacing of 3.33 (JCPDS 45-
troduced through a diffusion tube for 20 min with He as the 0142). Instead, we start observing the diffraction lines that
carrier gas, followed by flushing with He for 1.0 h. The spec- correspond to Mog(hkl=100,102,110, 112) at the d-
tra were collected with an MCT detector, which was operated spacings of 2.72,2.49,1.57, and 113\52espectively (JCPDS

at—196°C. 75-1539), after sulfidation at 40C. The intensity of these
diffraction lines increases with increasing sulfidation temper-
2.2.4. Volumetric measurement ature. Another observation about these diffraction patterns is

The volumetric measurements of g&nd NO chemisorp-  that, at sulfidation temperatures of 5@ and above, ad-
tion were performed using Micromeritics ASAP2010 in- ditional phases appear, including a Nigghase (hk=111,
strument. Before chemisorption measurements, the catalystdl 1 2, 1 3 0 with d-spacings of 3.56, 2.55, 2/33.3espectively,
were pre-treated in situ at the same conditions used priorJCPDS 45-0142). There are additional diffraction lines in
to reaction experiments. Volumetric measurement involved that region (d-spacings of 3.05, 2.09, and Jﬁ.{i@hat coin-
plotting an adsorption isotherm, which showed the amount cide with those of Ni-Mo alloy or a nonstoichiometric phase
of gas adsorbed as a function of pressure. After completing NixMoyS,, but an exact phase identification is not possible
the first adsorption measurement, the system was evacuatetvith the techniques used in this study.
for 1h at 10° Torr and a second adsorption isotherm was  Fig. 2 shows the X-ray diffraction patterns of the cal-
obtained. The amount of probe molecule chemisorbed wascined and sulfided samples with different Mo loading lev-
determined by taking the difference between the two isother- els. While the presence of crystalline Mg@oes not appear
mal adsorption measurements. over the oxide sample until a loading level of 15% Mp®

reached, the presence of MoiS apparent even for loading
2.2.5. TPD studies

TPD experiments were performed using a system previ- (100) (102)
ously described25]. The reactor effluent composition was ar
continuously monitored as a function of sample tempera-
ture by a mass spectrometer (Hewlett-Packard, MS Engine
5898A). For each of the TPD runs, 200 mg of sample was
loaded in the U-tube quartz reactor. All samples were sul-
fided in situ using the same procedure as in reaction studies,
i.e., flowing 10% HS in Hy for 10 h at 400C, followed
He flushing for 1 h at the designated temperature and cooled
downto 30°Cin He flow. Propanal adsorption was performed
at 30°C for 1.5 h by introducing propanal through a diffusion
tube using a 30 cA(STP)/min He flow at room temperature.
After being flushed with He for 2 h at the same temperature,
the samples were heated at a rate 6f@Onin under a 30 cfh
(STP)/min He flow.

Intensity

(311)  (400) (440)
v

20 30 40 50 60 70 80
2.3. Reaction studies Diffraction angle (26)
. . Fig. 1. X-ray diffraction patterns of 3% NiO-15% Ma@-Al0s. (a) Cal-
~ The reaction studies of hexanal and propanal hydrogena-;; e ot 500¢, (b) sulfided at 300C, (c) sulfided at 400C, (d) sulfided at
tion were carried out in a fixed-bed reactor system, which is 500°c and (e) sulfided at 60. (v) Al,03, (v) NiMoOys, (@) MoS,, (O)

described in previous articl¢20,21]. NiMoS, and (J) Ni-Mo alloy/NixMoyS,.
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Fig. 2. X-ray diffraction patterns of calcined and sulfided M6PAI,O3
samples with different Mo@loading levels. (a) Calcined at 506G and (b) Fig. 3. In situ X-ray diffraction patterns of sulfided 3% Ni-15% Mo/
sulfided at 400C. (¥) Al,Ogz, (®) MoS; and @) MoOs. Al,03 during temperature programmed reduction) Al,Os, (@) MoS,,

(0) Ni-Mo alloy/NixMoyS;.
levels as low as 4%. This is consistent with our earlier results
[20-22]where exposed alumina surface increased upon sul-catalyst went through a linear temperature program under a
fidation, indicating a rearrangement of mono-layer molyb- 10% H flow [14]. In those experiments, the decomposition
dena species into the multi-layer structures of Mefbs. of the Mo$ phase was not complete until a much higher
It should also be noted that the crystalline MgQvhich temperature{950°C) was reached. This also explains why
is very apparent at 20 and 25% loading levels disappearsno metallic Ni or Mo phases appear in the in situ XRD exper-
upon sulfidation, indicating that the presence of crystalline iment. Another point to note about the XRD patterns taken
MoOs does not hinder the sulfidation process. In fact, Li above 450C is that, the intensity of the diffraction lines that
and Hercule§26] have reported the octahedrally coordinated correspond to Mogincreased with increasing temperature.
three-dimensional species to sulfide more easily compared toThis may suggest an increase in the crystallinity of the MoS
the surface-coordinated tetrahedral species. The formationphase, resultingin “thicker” slab sizes. Attemperatures above
of Mo$; slabs with hexagonal symmetry has been verified 700°C, there appears to be some Ni-Mo alloy or a nonsto-
by various techniques in the literature, including HRTEM ichiometric phase NMoyS, formation, however, the exact
[27,28] and laser Raman spectroscof39-31] although phase could not be identified.
their presence has not always been detected by X-ray diffrac-
tion [26]. It is possible that exposure of the samples to air 3 3 xps of Mo—Nj/-Al,O5 catalysts sulfided at
after sulfidation could cause a partial re-oxidation and hence gjfferent temperatures
making it more difficult to observe the presence of MoS

Fig. 4shows the Mo 3d-S 2s region of the X-ray photoelec-
3.2. In situ XRD of sulfided 3% Ni—15% MoeAl,O3 tron spectra of 3% Ni-15% MefAl O3 catalysts sulfided
catalysts during reduction at 300, 400, 500, and 60C (S-300, S-400, S-500, S-600).
The spectrum obtained over the pre-sulfidation sample (O-
Fig. 3 shows the X-ray diffraction patterns obtained us- 500), which has been calcined at 5@ is also included.
ing the control-atmosphere analysis capability of the XRD The deconvolution results of the spectrum for the sample sul-
system. X-ray diffraction patterns are taken in situ during fided at 300°C clearly show three different oxidation states
a step-wise temperature-programmed reduction process of af Mo (1V, V, VI), indicating that the sulfidation process is
sample which was sulfided at 400. With increasing tem-  not complete and the catalystis in an ‘oxy-sulfide’ phase. The
perature below 400C, the intensity of the diffraction lines  quantitative results based on the deconvoluted spectra, show
that are attributed to MgSdoes not change significantly. the percentages of the Mo species in the (1V), (V), and (VI)
These lines do not disappear even after reduction atC00  oxidation states to be 48, 23, and 29%, respectively. S 2s re-
This is consistent with our earlier temperature-programmed gion shows a signal, at 226 eV, suggesting that there is some
reduction (TPR) experiments where theSHelution from partial sulfidation that has taken place. The spectrum of the
the sample was monitored by a mass spectrometer while thesample sulfided at 400 shows that the sulfidation is close
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Fig. 4. X-ray photoelectron spectra (Mo 3d-S 2s region) of calcined and Fig. 6. X-ray photoelectron spectra (S 2p region) of sulfided 3% Ni-15%
sulfided 3% NiO-15% Mog'y-Al,03 samples. Molv-Al 03 samples.

to being complete, with IV being the primary oxidation state
of Mo. The shoulder at 226 eV is also quite visible, show- at 400°C appears to be sufficient to complete the sulfidation
ing the presence of a sulfide phase. The samples sulfided a®f the “sulfidable” Ni sites £-75% of total Ni species). As
higher temperatures, on the other hand, show a band aroundeported previousl{32], the other~25% Ni species exist in
235.9 eV and a clear shoulder around 233.2 eV. a NiAl>O4 matrix, which cannot be sulfided or reduced. Sul-
Fig. 5presents the Ni 2p region of the X-ray photoelectron fidation at higher temperatures, gives rise to the appearance
spectra taken over the same set of samples. The spectrum otRf two different binding energies, the higher one possibly
tained from the calcined sample shows Ni to be in a nickel corresponding to a sulfate species (N§3{33]. _
oxide phase, with a 2p binding energy of 856.5 eV. After The S 2p region of the X-ray photoelectron spectra is pre-
sulfidation at 300C, there appears to be two different ox- Sented inFig. 6. The separation between the S;2mand S
idation states, one corresponding to an oxide phase (abougPs/2binding energies is very smati{.18 eV), which makes
49%) and one corresponding to a sulfide phase (about 51%),it difficult to deconvolute the S 2p spectra. The sample sul-

typical of a NiMoS structure (2p, at 853.4eV). Sulfiding ~ fided at 300C shows a broad feature in the 162-163eV
range. This band becomes more intense after sulfidation at

400°C. What is interesting about the spectra taken over sam-
ples sulfided at higher temperatures is the appearance of a
band centered at 169.5eV. This binding energy, which was
not observed over samples sulfided at lower temperatures,
corresponds to a sulfate species. At this point, it is not possi-
ble to determine conclusively whether the sulfate species are
affiliated with Mo or Ni centers or both. The feature observed
around 235.9 eV in the Mo 3d spectrufFid. 4) of the sam-

ples that were sulfided at higher temperatures may be due to
some of the Mo sites “oxidizing” to a higher oxidation state,
such as Mo(S@)s. It is also possible that this peak may be
due to the binding energy of a S 2s electron in a sulfate group,
as suggested by Friedman et[84].

Since the Al 2p region of the spectra (not shown) taken
over samples sulfided at different temperatures does not
change much with sulfidation temperature, an involvement
from the Al species is not very likely. However, formation
of a NiSQq phase remains as a distinct possibility. A similar
conclusion was reached by Delmon and co-workers about the

Fig. 5. X-ray photoelectron spectra (Ni 2p region) of calcined and sulfided formation of a CoS@phase in a Co-Mo/AlO3 catalys{35].
3% NiO-15% MoQ/y-Al,03 samples. The O 1s region of the spectra taken over the same samples

Intensity

890 880 870 860 850 840
Binding energy (eV)



106 X. Wang, U.S. Ozkan / Journal of Molecular Catalysis A: Chemical 232 (2005) 101-112

Intensity
Absorbance

538 536 534 532 530 528 526 2020 19|20 18‘20 1 7;20 1620
Binding energy (eV) Wavenumber (cm-1)

Fig. 7'. X-ray photoelectron spectra (O 1s region) of calcined and sulfided Fig. 8. DRIFTS Spectra of NO adsorbed on 3% Ni—15% M3 catalysts
3% Ni-15% Mo#-Al203 samples. sulfided at (a) 300, (b) 400, (c) 500, and (d) 6aD

is presented ifrig. 7. For the oxidized sample, the band is  ;,gg cntl) are observed after sulfidation at 36D. The NO
centered around 531.0 eV and has contributions from 100 -1 4s from Ni-associated sulfur vacancies (18398mon
and NiO. Since the oxidized sample is close to a mono-layer e other hand, are weak at this temperature. This observa-
coveragg¢20,21] the contribution fromthe alumina surfaceis 54 is in agreement with our earlier findings where the TPR
not very noticeable. With increasing sulfidation temperature, experiments of sulfided catalysts were shown to form Mo-
the peak.sh|fts .to hlgher bmdmg energies and becomes lesg ggqciated sulfur vacancies at lower temperatures, comparing
symmetrical. Since sulfidation decreases the surface coveriha formation of Ni-associated S-vacandjied]. The bands
age and leads to higher alumina exposure, the shift observed,sqqciated with Mo centers decrease in intensity as sulfida-
in the O 1s peak may be due to an increased contributionj,, temperature increase from 300 to 4@while intensity
from Al203 (531.5eV). The shoulder that appears around (¢ ihe hands associated with Ni centers grows significantly,
532.5eVat hlgher sulfidation tempera.tures can bg ex_pla'”edsuggesting that some of the surface Mo centers are being “re-
by the formation of sulfate species, since O 1s binding en- y|ceq” or taken up by Ni sites. Sulfidation at temperatures
ergy in NiSQ is reported to be around 532.5¢%6]. Itis  51,4ve 400C appears to decrease the sulfur vacancies associ-
conceivable that OH groups left on the surface after sulfida- ;o4 with Ni sites. This could be due to sintering of Ni-Mo-S
tion serve as oxygen sources in the formation of the sulfate gjn5 or/and Ni-Mo alloy formation as well. However, loss
species. DRIFTS results, which have shown OH groups 10 ¢ \j sites due to the formation of a sulfate phase, as seen in
exist over catalysts sulfided at 500 and the “blank” TPD XPS results. cannot be ruled out.
profiles over sulfided catalysts, which have shown water des- Fig. 9 sho'ws the DRIFT spectra taken following NO ad-
orption at temperatures as high as 600-00support this  55hti0n over samples that are sulfided at20(but degassed
assertion. _ with He at different temperatures. The intensity of the bands
The results obtained from XPS are complementary (o the 5gqqciated with Mo sites increases as degassing temperature
XRD data in showing that it is necessary to sulfide the cat- is increased from 400 to 60C. As seen in our kS TPD ex-
alysts at 400C to achieve complete sulfidation, and that ,eriments over sulfided catalystst], where association of
higher sulfidation temperatures lead to the formation of ad- g groups and Hions from Bransted acid sites and desorp-

ditional phases. tion of H,S were observed in the 400-600 range, heating
the catalyst under He at these temperatures creates more S
3.4. DRIFTS of adsorbed NO, G{and pyridine vacancies, and hence more NO adsorption sites. The inten-
molecules sity of the NO bands associated with Ni sites appears to be
insensitive to the flushing temperature. This is also consistent
3.4.1. NO and CQadsorption with earlier findings from the literature where Brgnsted acid

Fig. 8shows the DRIFT spectra taken following NO ad- sites are concluded to be mainly associated with Mo centers,
sorption over 3% Ni—15% MgtAl O3 samples sulfided at  using evidence based on THD4] and IR spectroscopy of
different temperatures. Two strong bands that correspond topyridine adsorption resul{87]. Further increases in temper-
stretching vibrations of NO adsorbed on Mo sites (1707 and  ature, however, may resultin sintering of MaSystallites, as
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Fig. 9. DRIFTS Spectra of NO adsorbed on sulfided 3% Ni—15% MDA\l
catalysts degassed with He at (a) 400, (b) 500, (c) 600, and ()00

observed by the decrease in the intensity of 1707cband.
The band associated with the Ni sites (1839 ¢jralso de-
creases somewhat, possibly because sintering obdiaBs
can reduce the edge planes where Ni sites are located.

3.4.2. Pyridine adsorption

previous articlg32]. The sulfided (400C) sample following
degassing with He at the same temperature {(@)Ghows
strong bands arising (1445, 1575<ch from pyridine ad-
sorbed on Lewis acid sites along with relatively weak bands
(1538 and 1635 cm') from pyridine adsorbed on Brgnsted
acid sites. With increasing degassing temperature, intensity
of the bands associated with L sites grows gradually, while
the intensity of the bands associated with B sites decreases
and disappears above 500. This finding is consistent with

NO adsorption DRIFTS result$=ig. 9), which showed an
increase in the NO bands adsorbed on Mo-associated CUS.
Higher degassing temperatures result in association of SH
groups and H ions from Brgnsted acid sites and desorp-
tion of HyS, leaving behind Mo-associated S vacancies. The
increase in the intensity of pyridine adsorbed on L sites is
also consistent with this observation since S vacancies are
expected to have Lewis acid character. The increase in the
Lewis acid sites could also result from the alumina support,
which could go through “dehydration” at higher degassing
temperatures, leading to the formation of additional L sites.

3.5. Volumetric measurements for NO andLCO
chemisorption

Fig. 11shows the NO and Cfuptake as a function of
sulfidation temperature over 3% Ni—15% M@AI,O3 cat-
alyst. NO adsorption increases significantly with sulfidation
temperature from 300to 40C. It appearsto plateau between

Fig. 10shows the adsorbed pyridine bands (adsorbed at400 and 500C before it starts decreasing at higher sulfida-
150°C followed by flushing with He at the same tempera- tion temperatures. These results are quite consistent with NO

ture) over samples that are sulfided at 430 but degassed

adsorption DRIFTS findings. CQadsorption capacity also

with He at different temperatures. A detailed discussion of increases when sulfidation temperature is increased from 300
the band assignments of adsorbed pyridine over oxidized,to 400°C. This observation is in agreement with our earlier
sulfided, and reduced Ni—Mo catalysts was presented in ourassertion that sulfidation increases the exposed alumina sur-

1445

Absorbance

1700 1600 1500 1400
Wavenumber (cm-1)

Fig. 10. DRIFTS spectra of pyridine adsorbed on sulfided 3% Ni—15%

face compared to the oxide samples due to Mo aggregation
during the formation of the MoSslabg19,20] The decrease
observed in CQuptake with increasing sulfidation tempera-
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Mo/Al 03 catalysts degassed with He at (a) 400, (b) 450, (c) 500, and (d) Fig. 11. Effect of sulfidation temperature on NO and Gghemisorption
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capacities over sulfided 3% Ni—15% Mo/83 catalysts.
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Fig. 12. Effect of post-sulfidation degassing temperature on NO and CO
chemisorption capacities over sulfided 3% Ni-15% Mef@y catalysts.

tures s likely due to elimination of hydroxyl groups at higher
temperatures.

Fig. 12 shows NO and C@adsorption capacities over
samples that are sulfided at 40D, but degassed with He
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Ni-15% Mo/AlLO3 catalyst. The HS signal, that arises
around 400C and reaches a maximum at 5@) signals

the loss of sulfhydryl groups from the surface and increase in
anion vacancies, likely associated with Mo cen{8& 39].

The importance of surface SH or sulfhydryl groups has
been discussed with regard to several reaction mechanisms
[14,18,40-43] The evidence for the presence of SH groups
has been provided by deuterium exchange stu{dds,
chemical titration by silver ion§40], Raman spectroscopy
[31], and infrared spectroscogy5]. The Bragnsted acidity
associated with SH groups in sulfided catalyst was also ex-
amined using IR spectroscopy of adsorbed pyridine species
[36,37] Some correlations between the HDS activity and
SH concentration have been reported previoljdl-50]

The effects of the changes in the surface concentration of
Brgnsted acid sites and sulfur vacancies on the hydrogenoly-
sis and hydrogenation activities in HDN and HDO reactions
have also been discussgii4,18] The HO desorption
profile from the same blank TPD experiment shows a broad
maximum centered around 600. This feature signals
dehydration of the surface and hence loss of OH groups. The
desorption behavior for 6 and HO from the sample helps

at different temperatures. NO uptake goes through a maxi- €xPlain the changes observed in NO andzCddsorption
mum when the degassing temperature is kept between 50¢°apacities with degassing temperature. The minimum ob-

and 600°C. CO, uptake, on the other hand, decreases signif-
icantly with increasing degassing temperatures and reaches
plateau around 60CC. The decrease in Ciptake can again

be explained with the dehydration of the support at elevated
temperatures.

3.6. TPD profiles over sulfided catalysts

“Blank” TPD experiments were performed by exposing
samples that were sulfided in situ to a linear temperature
program under a He flow while the effluent stream was
analyzed continuously by on-line mass spectrometry for
desorbing specie§ig. 13shows the HS and BO profiles
obtained through a blank TPD experiment over a 3%
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Fig. 13. Blank TPD profile of sulfided 3% Ni—15% Mo/AD3 catalyst.

served for CQ uptake at a degassing temperature of 800
gorresponds to the maximum seen igHdesorption profile
since CQ serves as a probe for the surface OH groups.
Similarly, the maximum NO adsorption capacity observed
when the sample is degassed between 400 andG00
corresponds to the maximum reached in the anion vacancies
created since NO is a probe molecule for the sulfur vacancy
sites.
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Fig. 14. Propanal TPD profiles over 3% Ni-15% Mo/@k samples sul-
fided at 400 C and degassed with He at (a) 400 and (b) 800
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Table 1

Effect of sulfidation temperature on catalyst performance in propanal hydrogenation (3% Ni—15% ®t)/Al

Reactiof Sulfidatior? C%-hexandl Y%-hexanoft Y%-lights Y%-heavies

140°C 300 443 262 41 140
400 610 388 0.7 215
500 596 383 25 188
600 532 311 4.0 181

160°C 300 501 307 52 143
400 710 475 13 222
500 701 466 36 199
600 655 405 53 197

180°C 300 682 438 83 161
400 870 618 18 234
500 859 595 47 217
600 826 529 84 213

@ Reaction conditions: 0.56% propanal in 250 mI/misn i 1000 psi.
b Sulfided in 10% HS in Hy, 10 h.
¢ C%-conversion, Y%-yield.

Propanal TPD profiles from two 3% Ni—15% Mo/A&b3 3.7. Aldehyde hydrogenation over sulfided 3% Ni—15%
samples sulfided at 40C, but degassed at two different Mo/y-Al>,O3 catalysts
temperatures are presentedHig. 14 They are obtained by
monitoring them/e= 29 ion, which represents the desorbing The effect of pre-treatment conditions on catalyst perfor-
propanal signal. Both samples show two main desorption fea-mance in aldehyde hydrogenation has been summarized in
tures at about 107 and 176. The main difference between Tables 1-3Table 1presents the conversion and yield data
the two samples is that the one degassed at a higher temperfrom propanal hydrogenation over 3% Ni—-15% Mo/@k
ature following sulfidation, shows a higher intensity of the catalysts for three different reaction temperatures to demon-
desorption feature at 17€ and a lower intensity of the fea-  strate the effect of sulfidation temperature on catalyst perfor-
ture at 107 C. This would suggest that propanal adsorption mance. The yield is defined as the percent of feed aldehyde
may be directly affected by the post-sulfidation degassing converted to a given product. As expected, the catalyst sul-
temperature. Based on our results presented above, it idided at 300°C, shows a much lower activity since sulfidation
conceivable that the higher-temperature desorption is fromis not yet complete at that temperature. With increasing sul-
the coordinatively unsaturated sites (CUS) which increase fidation temperature, both the conversion and the propanol
with increasing degassing temperatures while the lower- yield increase and reach a plateau between 400 an&d&G00
temperature desorption is from hydroxyl and sulfhydryl corresponding to a maximum in the CUS surface density.
groups which decrease when the sample is degassed at highdfurther increases in sulfidation temperatures lead to a loss of

temperatures. activity and propanol yield, as some of the active sites are
Table 2
Effect of post-sulfidation degassing temperature on catalyst performance in propanal hydrogenation (sulfided 3% Ni—15% ety st)
Reactiof Post-treatmefit C%-hexandl Y%-hexanof Y%-lights Y%-heavies
140°C 400 610 388 0.7 215
500 642 500 14 128
600 638 494 26 118
700 498 341 4.6 111
160°C 400 710 475 13 222
500 765 609 19 137
600 747 589 31 127
700 606 424 6.4 118
180°C 400 870 618 18 234
500 936 769 22 145
600 948 768 4.0 140
700 793 561 9.4 138

2 Sulfided at 400C in 10% HS in Hy, 10 h.

b Reaction conditions: 0.56% propanal in 250 ml/minat 1000 psi.
¢ Post-degassing with He for 2 h.

d Co%-conversion, Y%-yield.
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Table 3

Effect of post-sulfidation degassing temperature on catalyst performance in hexanal hydrogenation (sulfided 3% Ni—15% iftaiyst)

Reactiof Pre-treatmefit C%-hexandl Y%-hexand! Y%-lights Y%-heavies

140°C 400 22.6 16.8 0.7 5.1
500 26.2 22.0 0.8 34
600 255 22.0 0.8 2.7
700 18.2 14.8 0.7 2.7

160°C 400 57.3 48.9 1.8 6.6
500 65.5 59.4 2.2 4.1
600 66.2 60.2 2.3 3.7
700 50.1 44.5 2.2 34

2 Sulfided at 400C in 10% HS in Hyp, 10h.

b Reaction conditions: 0.09% hexanal in 250 ml/minad 1000 psi.
¢ Post-degassing with He for 2 h.

d Co%-conversion, Y%-yield.

lost due to sulfate formation as seen in the XPS analysis. Itis
interesting to note that the heavy product yield shows a sub-
stantial increase when sulfidation temperature is raised from
300 to 400°C. If the heavy product formation is promoted 0.12
primarily by the OH groups over exposed alumina surfaces,
this result should be expected since the sulfidation causes an
increase in the exposed alumina surfaces as the)MlabBs

are formed. As seen in the blank TPD experiments, above
400°C, the dehydration of the surface takes place, decreas-
ing the number of OH groups, and hence the heavy product
yield.

Table 2shows the effect of post-sulfidation degassing tem-
perature on the propanal conversion and product yield. At all
three reaction temperatures used, there is significantimprove-
mentin catalyst performance when the degassing temperature
is raised from 400 to 500C. The improved performance is
especially evident in increased hexanol yield and decreased 0 . : , :
heavy product yield. Increasing the degassing temperature to 0.0 1.0 2.0 3.0 40 5.0
600°C does not lead to any significant changes in activity or NO adsorption (pmol/m2cat.)
product distribution although further increase in degassing
temperature results in both activity and alcohol yield loss.
The heavy product yield, on the other hand, does not appear
to be much affected. The improved performance observed as
the degassing temperature is increased from 400 t¢G00
likely due to an increase in anion vacancies accompanied by
a decrease in hydroxyl and sulfhydyl groups on the surface.
Much higher degassing temperatures, i.e., @0however,
lead to increased growth in crystallite sizes, and hence to
decreased activity.

The trends observed in the hexanal hydrogenation reac-
tions are identical to those seen in propanal hydrogenation
(Table 3. They are also consistent with the results of our NO
and CQ adsorption experiments.

180°C
0.14

o ,160°C
0.08

140°C
0.06 4 °

0.04 o

0.02 4

Propanol formation rate (umol/m2cat.h)

24

(b) 180°C
160°C
140°C

2.0 1

1.6 4

1.2 4

0.8 1

0.4

Heavy product formation rate (mg.m2cat.h)

0.0

0 0.007 0.014 0.021 0.028 0.035
3.8. Correlation of adsorption sites and aldehyde CO, adsorption (pmol/mZ2cat.)

hydrogenation performance over sulfided catalysts
Fig. 15. Correlation of propanol formation rates and heavy product for-

NO and CG adsorption sites were correlated with the ™Maton rates with NO (a) and GQ(b) adsorption capacities over 3%
Q P Ni-15% Mo/Al,O3 catalysts sulfided and/or degassed at different temper-

aldehyde hydrogenaf[lon performance of Ca_taIyStS ngdEd atures. (Solid points represent catalysts sulfided at different temperatures;
and/or degassed at different temperatures using two differentpiank points represent catalysts sulfided at 2D@nd degased with He at

aldehyde molecules, propanal and hexaka. 158 shows different temperatures.).
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the propanol formation rate over a sulfided 3% Ni—15% hydroxyl sites, which in turn, were shown to catalyze the
Mo/Al 03 catalyst as a function of NO adsorption capacity. heavy product formation reactions. Unlike the correlation
Different symbols represent different reaction temperatures. between propanol formation rate and NO uptake capacity,
As seen in the figure, the propanol formation rate increasesthese straight lines do not seem to go through the origin, sug-
linearly with NO adsorption capacity. This trend holds true gesting that there may be additional sites, such as SH groups
for every reaction temperature tested. It is also interesting to over Mo centers, leading to heavy formation over these cat-
note that all data points that represent different sulfidation alysts.

temperatures and/or different degassing temperatures fall on  Fig. 16 shows hexanal hydrogenation data that show the
a straight line, which approximately goes through the origin. correlation of hexanol formation rate and heavy product for-
The variation of heavy product formation rate in propanal mation rate with NO and Cfuptake capacity, respectively.
hydrogenation with C@ adsorption capacity for the same The data points represent different degassing temperatures.
set of catalyst samples is presentedrig. 1% for three dif- The linear relationship is once more evident in both cases,
ferent reaction temperatures and samples that were sulfidedshowing identical trends as those observed in propanal hy-
and/or degassed at different temperatures. All of the resultsdrogenation reactions.

point to a linear correlation between heavy product forma-
tion rate and C@ uptake capacity of the catalysts. This re-
sult is consistent with earlier findind20,21] where CQ

. 4. Summary
was shown to be a proper probe molecule for the alumina

Itappears that the pre-treatment conditions such as sulfida-

5 tion temperature and post-sulfidation degassing temperatures
can be effectively used to manipulate the surface density of
anion vacancy sites and the hydroxyl and sulfhydryl sites
over the sulfided Ni—-Mo/AlO3 catalysts. Any changes in
9 the surface density of these sites, in turn, can have significant
effect on the activity and product distribution achieved over
these catalysts in hydrogenation of linear aldehydes. As es-
8 - tablished in our previous articj21], NO and CQ can be used
to probe the sites that promote the alcohol and heavy prod-

uct formation reactions, respectively. The results obtained
4. 140°C from XRD, XPS, DRIFTS and volumetric chemisorption

(a) 160°C

12 4

Hexanol formation rate (umol/m2cat.h)

4 measurements provide complementary information in estab-
lishing the correlations between the active sites and reaction
0 performance.
0 1 2 3 4 5
NO adsorption (umol/m?®cat.)
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