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Abstract

Hydrogenation of hexanal to hexanol was studied over sulfided Ni-Mo catalysts supporjedl eB;. Characterizations of the oxide and
sulfide forms of the catalysts were performed using XRD, XPS, TPD, DRIFTS, and TEM/EDX techniques. The relationship between the
molybdena surface coverage and the density of surface hydroxyl groups and their correlationyatisGiption sites have been investigated.
A strong correlation was observed between the selectivity of the catalysts towards heavy products, such as dimers, trimers and acetals and
CO, adsorption sites. The water resistance of the catalyst was also examined by keeping the catalyst on stream for 300 h. Post-reaction
characterization of the catalysts performed using XPS technique showed partial oxidation of Mo sites and preferential loss of Ni from the
surface.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction Oxo process alcohols are a major class of organic chemi-
cals[11]. The oxo process (i.e., hydroformylation) consists
As the primary catalysts used for hydrotreating processes,of reacting an olefin with carbon monoxide and hydrogen
sulfided molybdenum and tungsten catalysts have beenat elevated temperatures and pressures, in the presence of
studied extensively1-7]. Hydrodesulfurization (HDS) and  a suitable catalyst, to produce an aldehyde with a carbon
hydrodenitrogenation (HDN) are the primary catalytic hy- number one higher than the starting olefin. However, the
drotreating processes that have been investigated extensivelj)jomogeneous catalysts in the hydroformylation reaction
because of the environmental concerns associated with theare not effective for hydrogenation catalysis; thus, further
combustion of organonitrogen and organosulfur compoundshydrogenation is required in a separate reactor. A wide
and because these type of compounds are the major impufange of heterogeneous catalysts is used in the industry to
rities in traditional petroleum feedstocks. HDS and HDN convert aldehydes to alcohols. Catalysts frequently used
studies have led to a good understanding of the mecha-include copper chromite, molybdenum sulfide, nickel, and
nisms involved in these reactions and effective catalysts cobalt. However, copper chromite is very sensitive to sulfur
have been developed for these two processes. The majocompounds. Sulfided Ni-Mo catalysts provide high hydro-
catalysts used for HDS and HDN are sulfided CoMo and genation activity as well as high tolerance to suffl@,13]
NiMo catalysts that are supported om@g. According to a Although there is ample literature on the application of
widely accepted model proposed by Topsoe and co-workers,sulfided Ni-Mo catalysts in hydrotreating and especially in
these catalysts consist of stacks of Md8&8yers supported  HDN reactions, there have not been many studies focusing
over alumina and the Ni or Co species are located on theon their application in aldehyde hydrogenation reactions.
edges of these stacks (i.e., CoMoS and NiMoS phases)Especially an understanding of how the surface character-
[3,8-10] istics correlate with different reaction pathways is lacking.
In a series of papers, we present the results from our re-
cent investigations on the catalytic performance of sulfided
mspon ding author. Tek:1-614-202-6623; Ni—Mo/y—AI;Og catalysts in hydro.genation. of !ower aldehy-
fax: +1-614-292-9615. des and their pre- and post-reaction, and in situ characteriza-
E-mail addressoozkan.1@osu.edu (U.S. Ozkan). tion using BET, XRD, TEM, XPS, and DRIFTS techniques.

1381-1169/$ — see front matter © 2004 Elsevier B.V. All rights reserved.
doi:10.1016/j.molcata.2004.03.037



220 X. Wang et al./Journal of Molecular Catalysis A: Chemical 217 (2004) 219-229

2. Experimental for 1h under He of 30cfimin. Then the spectra were
_ collected under He flow and the background spectrum was
2.1. Catalyst preparation subtracted from the post-adsorption spectra.

TPD experiments were performed using a built-in-house

Alumina-supported catalysts with different MgGnd apparatus, which was previously describdé]. The re-
NiO loadings were prepared by wet co-impregnation of actor effluent composition was continually monitored as
v-Al203 (Harshaw-Filtre) with aqueous solutions of am- g function of sample temperature by a mass spectrometer
monium heptamolybdate [(NHsM07024-4H20] (Fisher)  (Hewlett-Packard, MS Engine 5890A). For each of the TPD
and nickel nitrate [Ni(N@)2-6H20] (Mallinckrodt). The  experiments, 200 mg of sample was loaded in the U-tube
preparation procedure was reported previo(s#;15] Im- quartz reactor. All samples were sulfided in situ using the
pregnation was carried out at a pH of 8 and a temperaturesame procedure as in reaction studies, i.e., flowing 10% H
of 60°C. The slurry was then dried at 6C under vacuum  in H, for 10 h at 400C. CO, adsorption experiments were
followed by drying in a drying oven over night at 110. performed by flowing 6.5% C&in He (53.5 cnd (STP)/min)
The resulting powder was calcined at S@under a con-  into the reactor at 30C for 1 h. After being flushed with He
tinuous flow of pure oxygen. The catalyst compositions for 1 h at the same temperature, the samples were heated up
are reported as weight percentages of the oxide precursorsio 600°C at a rate of 10C/min under a 50 cf(STP)/min
i.e., MoG;, NiO, following the convention commonly used  He flow and the effluent were monitored by the mass spec-
in the literature. Prior to all reactions, the catalysts were trometer.
heated to 400C with He and sulfided in situ at 40C The transmission electron microscope used in this study
under a flow of 10% HS in H, for 10h, followed by He  was Philips CM-300FEG Ultra-Twin FEG TEM with light
flushing at the same temperature for 2h and cooling to element energy dispersive X-ray analysis. It is operated at

reaction temperature. 300kV accelerating voltage with a high brightness field
emission electron gun (FEG) and a 1.7 A point-to-point res-
2.2. Catalyst characterization olution.

X-ray photoelectron spectroscopy analysis was performed

The surface areas of oxidic samples calcined at’80n using V.G.ESCALAB Mark II, operated at 14 kV and 20 mA
O2 were measured using BET method with a Micromerit- with Mg Ka radiation (1253.6 eV). Binding energies were
ics AccuSorb 2100E instrument, using nitrogen as adsor- referenced to Al 2p of 74.4eV.
bent at liquid nitrogen temperature (77 K). The samples were  XPS and TEM/EDX analyses on sulfided and post-reaction
degassed at 12%& for 12h before surface area measure- catalysts were done without exposing samples to the atmo-
ments. The properties of oxidic samples were also studiedsphere. Catalysts were flushed with He at 400for 2 h
with X-ray powder diffraction (XRD) patterns. The powder after sulfidation or reaction and then cooled to room temper-
diffraction patterns were obtained using a Scintag PAD-V ature under He flow. The samples were then sealed using the
diffractometer with Cu K radiation ¢. = 1.56432A) asthe  valves located at both ends of the reactor tube. The reactors
X-ray source. The diffractometer was operated at 45kV and were then taken to an argon-atmosphere glove box, where
20 mA. The powder diffraction patterns were recorded in the the catalysts were removed and mounted on the XPS and
20 range from 20 to 80 The scan rate was set at/thin. TEM sample holders. The samples were then transferred to

The diffraction lines were identified by matching experimen- the XPS or TEM chamber without exposure to air.
tal patterns to the standard diffraction patterns from 1998

JCPDS database.

Diffuse Reflectance Infrared Fourier Transform Spec- 2.3. Reaction studies
troscopy (DRIFTS) experiments were performed using a
Bruker IFS66 instrument equipped with a DTGS detector  Hydrogenation of hexanal was carried out in a fixed bed
and a KBr beamsplitter. Catalyst was placed in a sample flow reactor, which made out of 1/4in.(4.6 mm) (i.d.) stain-
cup inside a Spectratech diffuse reflectance cell equippedless steel tubing. The reactor had two isolation valves on each
with KBr windows and a thermocouple mount that allowed end to allow its removal from the reaction system and air-free
direct measurement of the surface temperature. Spectraransfer for post-reaction characterization. The amount of
for each experiment were averaged over 1000 scans in thecatalyst loaded into the reactor corresponded to a total sur-
mid-IR range (400—4000 cm) to a nominal 3cm? reso- face area of 25 fexcept when otherwise noted. Reaction
lution. After in situ pretreatment of the samples at 400 temperatures were in the range of 140-18Gnd pressure
for 2h in a He flow of 30 crimin, the temperature was was kept at 1000 psig (® x 10° Pa) for all runs and was
decreased to room temperature and the background spectraontrolled by a backpressure regulator (Tescom 26-1723).
were taken under He flow. COadsorption experiments The gas flow rates were controlled by Mass Flow Controllers
were performed by introducing GOn He gases at a flow  (Brooks instrument, 5850TR). Hexanal and other feeds were
rate of 20 crd/min into the system at room temperature for introduced into the reaction system by either saturating a
1 h. After adsorption, the system was subsequently purgedstream in H using a bubbler or pumping with Eldex M2.0
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syringe pump. The concentration of feed was controlled by o o @00) @0 M
the temperature of bubbler or pump meter and verified by \((,403 e f‘. /\
GC analysis. Thg outlet of reactor was connected directly to 3 MJ\ S A W N
a condenser, which was cooled in an ice-water bath. Decane |~V ' N ~
was us_ed as the solvent in the condensgr. The outlet flow Awﬂ/\w%fw\m,m e mwﬂ‘ww\%ﬁ/,\NWW_ 3
was switched to the condenser after reaction reached steady . A / \\
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state. Condensed species were analyzed by GC using the 2
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auto liquid injector. The lighter components were analyzed
on-line using the gas injection mode of the GC.

3. Results and discussion
3.1. Characterization of oxide samples

3.1.1. BET and XRD studies

The surface area of samples used in these studies var-

ied between 167 and 1954y, with pure alumina giving
the highest surface aredaple ). The surface area of
MoOs/vy-Al,03 samples decreased gradually with MpO
loading up to 15%, but showed a more pronounced de-
crease when Mo®loading increased to 20%. There was
no significant effect of NiO addition on the surface area of
15% MoGs/y-Al,03 at lower loading levels€5%), while

a pronounced decrease of surface area was observed for

higher loadings (7%).

The X-ray diffraction patterns of-Al,O3 support and
the mono-metallic oxidic samples are presentedrim 1
X-ray diffraction patterns of the monometallic samples
(Fig. (1)) with MoOg3 loading levels lower than 15% show
no noticeable difference from that gfAl,O3 matrix, ex-
cept for a slight decrease in peak intensity al-spacing
of 1.40A (440), 1.98A (400), and 2.33A (311) corre-
sponding toy-Al,O3 phase. X-ray diffraction pattern of
oxidic monometallic sample with 15% loading presents the
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Fig. 1. X-ray diffraction patterns of oxidic mono-metallic catalysts:
(@) y-alumina, ) molybdenum trioxide, ) nickel aluminate, ©)
nickel oxide. (I): (a) 4% Mo@/y-Al;03, (b) 10% MoQ/vy-Al,03, (C)
15% MoQs/y-Al203, (d) 20% MoQ/y-Al203, (e) 25% MoQ/y-Al203.
(1): (@) y-Al203, (b) 3% NiOA-Al2O3, (c) 5% NiOA-Al2Oz, (d) 7%

evidence of a new crystalline phase emerging, even thoughyjio/y-ai,0.

it is not pronounced. It is consistent with the laser Raman
spectroscopy results reported ear|iEs] where evidence of
three-dimensional Mo®domains were visible at loading
levels of 15 % or above. When MaQoading reaches 20%,
the diffraction lines from crystalline Mo§at d-spacing of
3.810A (110), 3.463A (040) and 3.260A (021) appear
much more strongly and the intensity increases with loading

Table 1
BET surface area of oxidic samples

Sample Surface area fig)
v-Al203 195
4% MoOs/y-Al 03 192
10% MoGs/y-Al203 187
15% MoGs/y-Al,03 183
20% MoGs/y-Al,03 168
15% MoQs-1% NiOK-Al,03 184
15% MoG;-3% NiOA-Al,03 184
15% M0O;-5% NiOA-Al,03 181
15% MoGs;-7% NiOA-Al,03 167

up to 25%.Fig. 1(1l) shows the X-ray diffraction patterns of
oxidic monometallic samples with different NiO loadings
over AlbO3 surface. With increasing Ni loading, the diffrac-
tion lines that correspond tg-Al,O3 phase shift towards
lower angles and become broader. One possible explanation
of this shift may be the formation of NiAD4, which has

a (311)d-spacing of 2.41A. A distinct diffraction line of
crystalline NiO atd-spacing of 2.09 A (2 00) was identified
when Ni loading reached to 7%:ig. 2 shows the X-ray
diffraction patterns of bi-metallic Ni-Mo samples. Compar-
ing diffraction patterns of bi-metallic Ni-Mo samples with
mono-metallic Mo samples, it can be seen that the intensity
of the peaks corresponding tp-Al,O3 phase decreases
with Ni addition. No apparent lines from Me(rystalline
phase are observed over the bi-metallic catalyst. Below
5% NiO loading, the diffraction lines that correspond to
NiAl2O4 and crystalline NiO phases are not present. With
increasing Ni loading, new features appear at d-spacing of
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Fig. 2. X-ray diffraction patterns of bi-metallic sample@) y-alumina, §) nickel molybdate. (ay-Al,0s, (b) 1% Ni-15% Mo#-Al,03, (c) 3% Ni-15%
Mo/y-Al 203, (d) 5% Ni-15% Mo#-Al203, (€) 7% Ni-15% Mog-Al,0s.

3.35and 3.28 A, which can be assigned to (2 20) and (1 1 2) droxyls. The bands at higher wavenumbers (3748, 3769, and
diffraction lines of B-NiMoO, (JCPDS—45-0142, 1988). 3785cnT?), which correspond to more basic OH groups,
Presence of nickel molybdate on sulfided Ni-Mo catalysts disappear preferentially at lower Mo loadings. Hydroxyl
was reported previously17, 18, and references therein, groups atlower frequencies (3728 and 3675 &)rare elim-

19]. Some authors characterized the nickel molybdate in inated gradually with further increase in Mo loading. The
these samples adNiO-MoO3-yH-0, while others reported  inset figure shows the IR spectra of MgBl,03 samples

a metastabl@-NiMoO, phase. after subtraction of the bare AD3 support spectrum. The
negative peaks correspond to OH groups used in “anchoring”
3.1.2. DRIFTS spectra of oxide samples molybdena species. This observation is consistent with ear-
IR studies of surface OH groups on Mg-Al O3 cat- lier findings[21,23,24]in that Mo species interact favorably

alysts are considered to provide important insight into the with the more basic surface hydroxyl groups of alumina. All
interaction between molybdenum species and alumina sur-hydroxyl bands except the one at 3785¢ndisappear at
face. Our studies have also shown different OH groups on MoOg3 loading exceeding monolayer coverage (about 15%).
barey-Al,03 surfaces to play an important role in the reac- The band at 3785 crit was not eliminated completely until
tion network of aldehyde hydrogenation. Five types of OH 25% MoGQ; loading level is reached. It is conceivable that
groups on the surface of-Al,O3 are reported20], rang- these hydroxyl groups are less easily accessible to molyb-
ing from the basic terminal OH species, coordinated to a dena complexes in the precipitation medium.
single tetrahedral Al", to the acidic bridging OH groups After the IR spectra of freshly pretreatgdAl,O3 and
coordinated to three At cations in octahedral interstices. MoOz/y-Al,O3 series of samples were recorded, O@as
The surface OH groups are easily distinguished by the IR introduced into the chamber at room temperature, followed
technique. The bands assigned to the more basic hydroxylsby desorption of weakly held G{at room temperature by
appear to be located at higher wavenumbers. The increaseHe flushing. The IR spectra of the OH region are recorded
in acidity of a hydroxyl group shifts the corresponding band and shown irFig. 3(b). Comparing the spectra §fAl,03
to lower wavenumbers. before and after C®adsorption, one can see that the OH
The hydroxyl regions of the IR spectra 9fAl,O3 and bands at higher wavenumbers (3785, 3769, and 3748m
MoOs/vy-Al,03 samples studied by DRIFTS technique are that are assigned as “basic” OH groups are essentially elim-
shown inFig. 3(a). Overy-Al,03 surface, well-defined OH  inated by interaction with C® A new shoulder at approx-
bands at 3675 and 3728 cthand a small shoulder band at imately 3610 cm?! appears. To minimize the interference
3769 cnt! are observed together with unresolved bands at from the OH groups, the IR spectra of the pre-adsorption
around 3748 and 3785 cth, in agreement with previous re-  samples (without the chemisorbed €£®urface species)
ports[21,22] The broad and intense band centered at aboutwere subtracted from the IR spectra of the correspond-
3580 cnT! in each spectrum is indicative of H-bonded hy- ing post-adsorption samples. The difference spectra are
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Fig. 4. DRIFT spectra of chemisorbed €@n oxidic MoGs/Al,03
samples: (a)y-Al203, (b) 4% MoGs/Al,03, () 10% MoQ/Al,O3, (d)
4000 3800 3600 3400 3200 3000 15% MoQs/Al,03, (€) 20% MoQ/AlL0s, (f) 25% MoQs/Al0s.

Wavenumber, cm™

4000 _ 3800 3600 3400

loss of OH groups imply that Cfpreferentially reacts with
basic OH groups. The above observations are consistent
with earlier reports from the literatuf@1,22,26] It should
be pointed out that the band at 3785¢mwhich did not
disappear with increasing Mo loadings, have disappeared
completely for all samples after GGadsorption Fig. 3).
It is possible that the OH groups that are not accessible to
molybdate ions can still interact with GO

Fig. 4 shows the low-frequency region of the IR spec-
tra of adsorbed C@obtained from bare support and ox-
idized MoQs/y-Al,03 samples. The spectrum obtained
from the y-Al,O3 surface shows features characteristic
of five different groups of chemisorbed GGpecies re-
ported earlier on metal oxide surfad@s]: (i) bicarbonate
species (3610, 1648, 1445 and 1225¢n (i) monode-
nate species (1523 and 1352¢hy (iii) bridged species
(1743 and 1200 cmt); (iv) bidentate species (1265 cr
and (v) “free” carbonates (1432 crh). The IR spectra of

Absorbance, au

4000 3800 3sloo 3400 the surface species formed upon chemisorption of GO
MoOs/vy-Al2,03 samples show similar features to those ob-
served on barg-Al,03 surface, except the band intensities

4000 3800 3600 3400 3200 3000

1 .
Wavenumber, cm are much lower. It was suggested earlier that the IR bands
Fig. 3. DRIFT spectra of the hydroxyl region on oxidic Mg@l,0s3 observed upon chemisorption of @@n MoQOsz/y-Al;03
samples: (a) before GQadsorption, (b) after Cadsorption. surfaces result from the interaction of €@ith OH groups

of exposed alumina surfad@6,28,29] With the increase
presented in the inset. The additional band at 3610'cm in MoOjz loading, the bands from monodenate species and
(see the inset dfig. 3(b)) is seen more clearly for AD; and bridged species disappear quickly. A comparison with the
4% MoGQs/Al,03 samples. This band can be attributed to hydroxyl region of the corresponding IR spectra may sug-
the OH stretching mode of bicarbonate species adsorbed orgest that these species are associated with more basic OH
v-Al»03 [25,26] Comparing the pre- and post-adsorption groups on alumina.
spectra, one can see that OH bands at 3785 and 3769 cm  If, as proposed by Topsoe and Top$28], the monolayer
are completely removed upon GQ@dsorption. The bands coverage is governed by the OH group density rather than
at 3728 and 3675 cnt are also reduced in intensity signif- by the exposed alumina surface area, the IR spectra suggest
icantly. The negative peaks (in inset) that correspond to thethat monolayer coverage is reached when Md@ading
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MO/A|203.
level is 15%. The intensities of the bands assigned to the
T T T

chemisorbed surface GGpecies for 15% Mogly-Al,03
are significantly lower than those observed for lower Mo
loadings. The fact that these bands do not disappear com-
pletely when monolayer coverage is reached can be eX-rig. 6. DRIFT spectra of chemisorbed ®@n sulfided samples: (a)
plained by the presence of OH groups that remained on theAl20s, (b) 15% Mo/AbOs, (c) 3% Ni-15% Mo/AbOg.

surface even at higher Mo loading levels, but disappeared
readily upon CQ adsorption. A new band at 1619 ch
appears at Mo®loading beyond 15% and the intensity of
this band increases sharply with increase in Md@ading.
This new band can be assigned to £%pecies adsorbed on

1970 1770 1570 1370 1170

Wavenumber (cm™)

tained following CQ adsorption exhibit bands similar to
those observed for oxidized samples. The major bands ob-
served are 1652, 1439, and 1225dmwhich are similar
to those observed for oxidized samples. The intensities of
small crystallites of Mo@ since the bidentate carbonates adsorbed C@bands are similar for sulfided and unsulfided
on the surface of crystalline of MaCappears at 1619 cmi Al,03 support. However, the intensity of adsorbed L£LO
[22]. These results are consistent with the observationsbands are stronger over the sulfided catalysts compared to
made through XRD and LRAS5]. the oxidized catalysts. The intensity of the £a@dsorption
bands over bi-metallic NiMo catalyst, on the other hand, is
much lower than that over the mono-metallic Mo catalyst,
suggesting that the presence of Ni may be enhancing the
3.2.1. CQ TPD dispersion of Mo on the surface. This observation is con-
CO, TPD profiles over bare support, mono-, and sistent with our earlier results obtained through TPD, X-ray
bi-metallic samples which are sulfided in situ, are shown in diffraction, laser Raman spectroscopy and X-ray photoelec-
Fig. 5. CO, is seen to desorb showing a broad temperature tron spectroscopy studig¢$5].

3.2. Characterization of sulfided catalysts

maximum in the 80-180C range. The amount adsorbed
is seen to decrease sharply with Mp®ading on AbO3
support up to 15% (see inset (ii) Fig. 5. The data point
that corresponds to the bi-metallic (3% Ni-15% Mo) is
also included for comparison (blank point). There is not a
significant change with further increases in Mploading,
which is a trend similar to that observed for oxidic sam-
ples through IR studies. With NiO addition, adsorbed,CO
amount on sulfided bi-metallic catalyst somewhat decreases
Sulfided samples have significantly larger £&dsorption
capacity compared with oxidic samples (inset (i)Fig. 5).

3.2.2. DRIFT spectra of Cfadsorption on sulfided
samples

Fig. 6 shows DRIFT spectra of adsorbed &£an sulfided
support, mono-, and bi-metallic samples. DRIFT spectra ob-

As will be discussed in the next articles of this seriespCO
can be used as a probe molecule for specific sites on the sur-
face and its uptake can be correlated with selectivity trends
observed in aldehyde hydrogenation reacti{@@. Since
CO, adsorption is related to the surface hydroxyl groups,
any changes in the surface OH group concentration is likely
to affect the product distribution in these reactions.

3.3. Hydrogenation of hexanal

The products observed in hexanal hydrogenation reaction
are grouped as hexanol, which is the major product, the
lights, and the heavies. Hexanol forms from hydrogenation
of the G=0O double bond of hexanal. “Lights” refers to prod-
ucts with carbon number lower than that of the feed hex-
anal, such as paraffins, CO, and/or methanol, which form
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100 10 constant (pressure 1000 psig, concentration of hexanal
L N | C-hexanal 0.09 mol%, hydrogen flow rate 250 &(STP)/min, catalyst
2 g /,,1_:_ﬁ4:_ﬁ:_. I loading in the reactor 25 n?). It can be seen that conver-
2 -« S%-hexanol sion of hexanal increases gradually with increasing MoO
£ = loading up to 15%. Further increase in the loading shows
é 80 - S%.heavies 6 g a slight decrease in conversion. The selectivity to alcohol
T ad 4 . A ., § increases with increasing Ma@Qoading up to 15%, where
g 70 43 it reaches a plateau. The selectivity to light products con-
B " . tinuously increases with increasing Mg®@ading. The se-
E 6 - S%-lights ) lectivity to heavy products decreases with increasing MoO
o loading. No significant changes were observed after the Mo
loading level reached 15%. In summary, hydrogenation of
50 - , , 0 hexanal over sulfided monometallic MeAl O3 catalysts
0 5 10 1520 25 30 35 shows optimum performance with 15% Mg®ading.
Time-on-stream, h As expected, higher reaction temperature yields higher
Fig. 7. Performance of sulfided 3% Ni-15% Mo#8); catalyst in hexanal qo_nver5|on of he)_(anal' With mc_reasmg t_emperature’_SE|_ec'
hydrogenation at 18GC, 1000 psig, and 0.09% hexanal in 250%min tivity to hexanol increases, while selectivity to heavies is
Ha, 2017 catalyst. depressed. Although much smaller than alcohol or heavy se-

lectivities, the selectivity to lights also increases with tem-

from hydrogenation, decarbonylation, and C-C bond cleav- perature. The same trend holds for all catalysts.

age. “Heavies” refers to products heavier than hexanol, such
as dimers, trimers, acetals, and ethers, which result from
several side reactions including polymerization, aldol con-
densation and dehydration. Hydrogenation of hexanal in a
blank reactor (without catalyst) showed no detectable reac-
tion. Initial experiments performed to determine the time
needed to reach steady state showed that the conversion an
selectivity levels remained steady after SHg( 7). All of

the reaction data presented in this article were collected af-
ter steady state was reached.

3.3.2. Hydrogenation of hexanal over sulfided bi-metallic
catalyst

Table 3shows the results of hydrogenation of hexanal
over sulfided bi-metallic catalysts where Mo loading is kept
constant at 15% Mo®and the Ni loading is varied. The
Beaction runs were performed using the same reaction pa-
rameters as mentioned above. It is seen that conversion of
hexanal increases with increasing NiO loading up to 5%.
Further increase in the addition of NiO induces a slight de-
crease of conversion. The selectivity to alcohol goes through
a maximum with increasing Ni, maximum taking place at
3% NiO. The selectivity to light products continuously in-
creases with increasing NiO addition. Especially with NiO
loadings beyond 3%, a significant increase is observed. The
selectivity to heavy products first decreases with increasing
NiO addition, but levels off at loading levels higher than

3.3.1. Hydrogenation of hexanal over sulfided
monometallic catalyst

The effect of Mo loading on conversion and product distri-
bution in mono-metallic catalysts is presentedatle 2 The
reaction experiments were performed at temperatures rang
ing from 140 to 180C, keeping other reaction parameters

Table 2 Table 3
Variation of hexanal conversion and product selectivity with reaction Variation of hexanal conversion and product selectivity with reaction
temperature over sulfided mono-metallic MeXl,O3 catalysts temperature over sulfided bi-metallic Ni-MeAI O3 catalysts
Catalyst Temperature C (%) S (%) Catalyst TemperatureC (%) S (%)
°C °C
C) Hexanal Hexanol Lights Heavies ) Hexanal Hexanol Lights Heavies
Sulfided 140 13.5 29.6 0.4 70.1 Sulfided 140 21.7 69.1 1.6 293
(4% Mo) 160 29.2 55.9 0.6 435 (1% Ni-15% Mo) 160 50.3 815 26 159
180 50.3 65.5 2.0 325 180 87.1 86.6 3.0 104
Sulfided 140 17.4 57.6 0.6 41.7 Sulfided 140 22.6 74.4 3.0 226
(10% Mo) 160 39.6 72.4 1.7 26.0 (3% Ni-15% Mo) 160 57.3 85.3 32 115
180 70.2 80.1 2.4 175 180 99.2 87.6 4.1 8.3
Sulfided 140 17.8 66.1 15 324 Sulfided 140 25.3 72.8 45 227
(15% Mo) 160 44.9 80.8 2.1 17.0 (5% Ni-15% Mo) 160 58.2 82.7 56 117
180 80.1 84.9 25 12.6 180 98.1 87.2 7.1 5.7
Sulfided 140 18.0 63.8 1.3 34.9 Sulfided 140 24.5 71.9 6.8 213
(20% Mo) 160 43.7 79.9 2.2 17.9 (7% Ni-15% Mo) 160 57.2 79.1 9.2 117

180 77.0 83.7 2.8 135 180 97.5 86.0 11.0 3.0
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Table 4

Effect of HbO on hexanal hydrogenation over sulfided 3% Ni-15%

Mo/y-Al,03 catalyst

Condition C (%) S (%)

Hexanal Hexanol Lights Heavies
Without H,O 82.8 92.3 1.9 5.8
With H2O 60.3 98.9 0.9 0.2

3%. A comparison of the yields for hexanal shows that a
Mo loading level of 15% and a Ni loading of 3-5% give the

optimum catalyst performance. The effect of reaction tem-
perature on conversion and product distribution is similar to

that observed for mono-metallic catalysts.

3.4. Effect of HO in feed

3.4.1. Hexanal hydrogenation in the presence e®OH

The effect of HO on reaction performance and catalyst

properties was studied by introducing®l as co-feed. A

comparison of conversion and selectivities obtained over

sulfided 3% Ni-15% Mo/AdO3 catalyst with and without

water is presented iffable 4 The reaction experiments

were performed at 160C and 1000 psig using hexanal and

water concentrations of 0.5 and 0.2%, respectively. The
presence of water was seen to suppress the heavy and light
product formation and improve the hexanol selectivity. The
overall conversion was also suppressed. Effect of water on
the long-term performance of the catalyst was examined by

keeping the catalyst on-line for 300 kig. 8. The water

concentration was kept at a rather high value so that an
“accelerated” deactivation effect could be observed. The
conversion of hexanal showed some decrease with increas-

ing time on-stream. The selectivity to hexanol, on the other &
hand, appeared to be relatively stable after a transient period.

3.4.2. Post-reaction TEM/EDX experiments

Fig. 9 shows pre- and post-reaction TEM micrographs

of a sulfided 3% Ni-15% Mo/AlO3; catalyst. The dark
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hydrogenation in the presence oj® over sulfided 3% Ni-15% Mo/AO3

catalyst.

Fig. 9. TEM micrographs of sulfided 3% Ni-15% Mo/&D3 catalyst: (a)
pre-reaction, (b) post-reaction with,B.

lines observed in the TEM micrographs are likely to be
the edge planes of MeSslabs, as reported earlier in the
literature[32], showing primarily a stacking degree of two
(Fig. Ya)). The slabs that are parallel to the surface of the
oxide support would not show on these images, so these
micrographs do not necessarily provide conclusive infor-
mation about the orientation of M@Slabs. However, they
are consistent with earlier studies that report a single layer
thickness of about 0.6 nm and a typical length of about
2.5nm for Mo$ slabs. They are also seen to “bend” when
the slab length becomes longer. The TEM images taken af-
ter hexanal hydrogenation reaction in the presence of water
show a higher density of these dark lines, with a higher
stacking order, suggesting a possible rearrangement on
the surface due to reactiofif. 9b)). However, since the
number of TEM images is not large enough to be statisti-
cally significant, it is difficult to draw definitive conclusions
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Table 5 there was a small amount of Mo(VI) present. Quantification
Atomic ratios of major elements on pre- and post-reaction sulfided 3% ragylts show about 6% Mo being in Mo(VI) state, which
i- 0, - . . ’. .
NI-15% Mok-Al205 catalyst from XPS and TEM/EDX measurements g 14 correspond to Mo atoms in a strong interaction with

Atomic ratio Pre-reaction Post-reaction the suppor33,34] Sulfidation of those Mo atoms occur
XPS EDX XPS EDX only at temperatures higher than the one used in this pro-

NTA 0.04 0.03 0,01 0.0 cess. The percentage of Mo(IV) (94%) after sulfidation lies

1 . . . . .

Mo/Al 010 007 005 006 in the range of 72.—100% reported by qutela ef3d]. The

OJAl 1.45 1.93 1.86 1.95 Mo 3d-S 2s region for the post-reaction catalyst is very

SIA 0.26 0.18 0.12 0.16 different from that for pre-reaction catalyst. In addition to

C/Al 0.86 2.36 the peak intensities being lower due to deposition of car-

SMo 2.63 2.56 238 2.55 bonaceous species, the peaks are much broader than those

Ni/Mo 0.40 0.43 0.20 0.42 .

Mo®* (%) 6 13 for pre-reaction catalyst and shoulders appear on the peaks.

Mo5+ (%) _ 20 Deconvolution results show a distribution of Mo species

Mo*+ (%) 94 67 among three different oxidation states (67% Mo(lV), 20%

Mo(V), and 13% Mo(VI)). Surface atomic ratio of O/Al
increased after reaction from 1.45 to 1.8&lfle 5, which
about the surface orientation of the slabs based on theindicates Mo$ species being oxidized by J@ or other
TEM data. oxygen containing components under reaction conditions.
EDX analysis results are summarizedTiable 5 For the The oxidation of active phases by oxygen-containing sub-
pre-reaction catalyst, EDX data show that average Ni/Mo stances and water during hydrotreating of low sulfur con-
ratio (0.43) is close to the theoretical value (0.40). S/Mo ra- tent feeds as a probable cause of catalyst deactivation was
tio is 2.56, which could indicate the presence of Ni sulfide reported in the literaturf86—40]
species. Comparing post-reaction catalyst with pre-reaction The Ni 2p signal is relatively weaker compared with other
catalyst, EDX results show no significant difference in av- elements. Spectra for pre-reaction catalyst show clearly

erage elemental ratios. 2p3/2 and 2p/2 peaks at ca. 853 and 870 eV, which corre-
spond to the Ni in Ni-Mo-S structur@5]. The spectra for

3.4.3. Post-reaction XPS experiments post-reaction catalyst showed a much weaker signal for Ni

The X-ray photoelectron spectra of the bayeAl,O3 species. Although a loss of signal from the surface due to

support were taken before and after sulfidation (not shown). its “rearrangement” as shown by the TEM images remains a
Under the high vacuum operating conditions of XPS mea- possibility, the loss of signal could also be due to deposition
surement (10° Torr), sulfur was not detected after sulfi- of carbon species on the surface. Atomic ratio of Ni/Mo

dation, indicating that there is no bonding between pure from XPS measurement is lower for post-reaction catalyst

alumina and sulfur. than for pre-reaction catalyst, while they are very similar
Fig. 10 presents representative spectral regions for indi- from EDX analysis, suggesting that observed signal loss is
vidual elements over sulfided 3% Ni-15% Moj&l; cata- specific to the surface. The fact that Ni signal appears to

lyst before and after reaction in the presence of water. The be lost preferentially suggests that deposition of C-species
atomic ratios of major elements on pre- and post-reaction occur more selectively over the Ni sites.

sulfided 3% Ni-15% Mo/AdOs catalysts obtained through Spectrum of Al 2p region for post-reaction catalyst shows
XPS are listed inTable 5combined with the results from a broad peak and a shoulder at the higher binding energy
TEM/EDX experiments. The calculation was based on the side. The shoulder can be assigned to boehmite species
integrated peak intensities of Ni 2p3/2, Mo 3d5/2, S 2p3/2, from the partial crystallization of-Al,03 support after hy-

Al 2p, and C 1s corrected by the atomic sensitivity factors. C drogenation of hexanal for 300 h reaction in the presence
1s spectrum (not shown) for the post-reaction sample showedof H,O. This observation is consistent with earlier find-
a much higher intensity compared to the pre-reaction sam-ings from the literature, which reportegralumina being

ple. This is likely to be due to deposition of carbonaceous metastable under hydrothermal conditions and transform-
species. A pronounced increase in atomic ratio of C/Al for ing into beohmite in the temperature range of 140-380
post-reaction catalyst was also observEab(e 5. [41,42]

In Mo 3d-S 2s region for pre-reaction catalyst, the  The S 2p region of the spectrum for the post-reaction
peaks are attributed to Mo(IV) species (ca. 229 and 232 eV catalyst is very different from the pre-reaction one. In
for the 3@, and 3d&,,, respectively) and & species addition to intensities being lower mainly due to carbon de-
(226 eV for the 2s). However, deconvoluting spectra by position, peaks are also much broader at the higher binding
Gaussian—Lorentzian curve-fitting method using the con- energy side. Considering two possible sulfur species for the
straints of having 3.15eV spin-orbit splitting of Mo 3d post-reaction catalyst when deconvoluting the spectra, two
peak, the area ratio of Mo 3@ to Mo 3ds/, being constant  different binding energies emerge for the S species, one
at 1.5 and keeping the full width at half maximum (FWHM) with 2p3/> at 162 eV due to S in MoSor NiS phases, and
of Mo 3ds,> and Mo 3d3; peaks constant, showed that a second one with 2p, at 164eV. This second binding
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Fig. 10. Pre- and post-reaction X-ray photoelectron spectra of sulfided 3% Ni-15% M/Ahtalyst: (a) Mo 3d-S 2s region, (b) Ni 2p region, (c) Al
2p region, (d) S 2p region.

energy can be assigned as to sulfur inpG&med from level is shown to correspond to a minimum in £0ptake
deposition of carbonaceous species. as well as the lowest hydroxyl group concentration on the

surface. The presence of,8 in the feed suppresses the

heavy product formation, possibly by passivating the OH
4. Summary sites. Post-reaction characterization following exposure to

H>O showed Mo to be in three different oxidation states

Studies on hydrogenation of hexanal over sulfided (IV, V, VI), suggesting partial oxidation of the surface.

Ni-Mo/Al ;03 catalysts have shown a composition of 15% There was also a decrease in surface Ni concentration after
MoO3 and 3-5% NiO loading to be optimum for highest 300 h of time on-stream. Selective coverage of Ni sites with
hexanol selectivity. C®can be used as a probe molecule carbonaceous species or a “rearrangement” of Ni on the
for quantification of the OH groups on the bare alumina surface in the presence of,8 remain as possibilities. A
surface, which in turn, can correlate with the yield of heavy more detailed discussion of the reaction networks involved
products. A monolayer coverage of Mo is essential for min- in aldehyde hydrogenation and the nature of active sites is
imizing the formation of “heavy” products. This loading presented in the next articles of this serfig8,31]
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