Catalysis Letters Vol. 102, Nos. 3-4, August 2005 (© 2005)
DOI: 10.1007/s10562-005-5860-8

223

Boron nitride supported Pt catalyst for selective hydrogenation
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A novel boron nitride (BN) supported Pt catalyst showed a special catalytic behavior in the selective hydrogenation of a-, fi-
unsaturated aldehyde compared with a traditional Pt/y-Al,O; catalyst. The hydrogenation of crotonaldehyde was carried out using
a mixture of H,/crotonaldehyde molar ratio 59 at temperature range from 30 to 300 °C. Pt/BN gave near 100% selectivity of
butyraldehyde in the temperature range of 30-100 °C while Pt/y-Al,O3; showed a favorable selectivity of crotyl alcohol.
Butyraldehyde was the main product on Pt/BN because the C=C bond of crotonaldehyde was preferentially hydrogenated at low
temperature due to the support effect. BN possess graphite-like structure as an inert support and may repel C=0 end of
crotonaldehyde during hydrogenation. The products distribution transited from kinetic to thermodynamic control with increasing
temperature, and finally the hydrogenation became thermodynamically dominant at 250-300 °C
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1. Introduction

Materials traditionally used as supports are insulating
oxides such as SiO,, y-Al,Os3, silica-alumina, and various
zeolites. These oxides possess large surface area,
numerous acidic/basic sites, and metal-support inter-
action that offer particular catalytic activity for many
reactions. Metal oxides have also been thoroughly
studied and employed in the chemical industry for dec-
ades.

The graphite-like hexagonal boron nitride (BN) is the
most stable BN isomer under ambient conditions [1].
Boron nitride has large thermal conductivity, superior
temperature stability and acid—base resistance. In gen-
eral, BN is inert material for catalytic reaction. In a
supported metal system such as Pt/BN, BN support has
been shown to have a negligible interaction with Pt in
the catalytic oxidation [2,3]. In addition, the hydro-
phobicity of BN is the contrary to the conventionally
used hydrophilic oxide support. Both the absence of Pt—
BN support interaction and the hydrophobicity of BN
may result in a different behavior in the selective
hydrogenation.

The selective hydrogenation of «-, f-unsaturated
aldehyde into unsaturated alcohol is an important pro-
cess in pharmaceutical, fine chemical, and fragrance
industries [4]. Figure 1 depicts the reaction paths of o, f
hydrogenation of crotonaldehyde. The product is either
crotyl alcohol or butyraldehyde via the route of C=0 or
C=C hydrogenation, respectively. Based on Gibbs free
energy calculation, butyraldehyde is favorable product
of crotonaldehyde hydrogenation. Equations 1 and 2
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show the Gibbs free energies and equilibrium constants
of butyraldehyde and crotyl alcohol from crotonalde-
hyde hydrogenation at 298 K, respectively [5]. The
equilibrium constant of butyraldehyde is 11 order of
magnitudes higher than that of crotyl alcohol. Butanol
can be formed with further hydrogenation of either
butyraldehyde or crotyl alcohol. The selectivity of crotyl
alcohol or butyraldehyde depends on the preferential
adsorption of C=0 or C=C on the active sites of a
catalyst. The surface nature of support and Pt should
play important roles in such selective hydrogenation.

CH;CH = CHCHO + H, <. CH;CH,CH,CHO
Gy = —138.6 kJ/mol, K; =2.0 x 10* (1)

CH;CH = CHCHO + H, <2 CH;CH = CHCH,OH
G, = —77.3 kJ/mol, K, =3.6 x 10" (2)

We therefore chose crotonaldehyde hydrogenation as
a probing reaction to investigate the unique catalytic
property provided by a novel BN support. The charac-
teristics of BN supported Pt was examined in relation to
the activity/selectivity of the catalysts for the hydroge-
nation of the C=0 and C=C bonds in the vapor phase
hydrogenation of crotonaldehyde.

2. Experiment
2.1. Catalyst preparation
Hexagonal-BN was obtained from High Performance

Materials Inc., (Taiwan). It was crystallized at roughly
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Figure 1. The reaction routes of crotonaldehyde hydrogenation, (a) crotonaldehyde (b) crotyl alcohol (c) butyraldehyde (d) butanol.

800 °C during synthesis, a temperature lower than the
typical 1000 °C. Gamma alumina (y-AlL,O3), a
commonly used oxide support, obtained from Merck
(USA), was used for comparison. Precursor salt,
H,PtClg - 6H,0, with approximately 40 wt.% platinum
was purchased from Alfa Aesar (USA). Methanol was
chosen as the diluting solvent for improved soaking of
the hydrophobic BN support. The supported Pt cata-
lysts were prepared utilizing the incipient wetness
method. The quantity of methanol required to com-
pletely fill the support’s pore volume was predetermined.
Calculated amounts of Pt precursor salt was dissolved in
methanol to obtain the desired metal loading. After
applying the incipient wetness process, the catalysts were
dried in a hood at room temperature for 24 h, then
reduced at 450 °C in flowing gas mixture (H,/He=10.25)
of 15 ml/min for 2 h referred as fresh catalysts. The
catalysts were prepared as 0.37 wt.% Pt/BN and
0.37 wt.% Pt/y-Al,O3. The detailed incipient wetness
procedure is described in literature [6].

The specific surface area of the support was measured
by N, adsorption in the Micromeritics ASAP 2010.
Fresh catalyst was H, reduced at 300 °C for 2 h before
chemisorption. The H, chemisorption procedure was
similar to that described by Yang and Goodwin [7]. The
amount of irreversible H, chemisorption was taken to
determine the Pt dispersion.

2.2. Hydrogenation Reaction

Figure 2 depicts the schematic of reactor system for
hydrogenation. Fresh catalyst (0.3 g) was charged in the
middle of a straight-tube quartz reactor with a 16-mm
ID. The catalyst was first oxidized in air stream at
300 °C to remove adsorbed VOCs during storage, then
purged with He for 30 min and switched to pure
hydrogen (99.999%). The temperature was increased to
450 °C for 1 h to reduce the catalyst in the reactor, then
cooled to ambient temperature before switching to
reactant mixture. The reactant mixture was composed
by flowing pure hydrogen into a saturator filled
with liquid crotonaldehyde. Crotonaldehyde (98%)
was purchased from Fluka. The concentration of

crotonaldehyde in the reactant mixture can be adjusted
by tuning the saturator temperature, and confirmed by
an on-line GC before reaction. The molar ratio of H,/
crotonaldehyde mixture was maintained at 59 and pas-
sed through the reactor at 50 ml/min under atmospheric
pressure. The reaction temperature increased from 30 to
300 °C in a tubular furnace. A thermocouple was placed
in the center of the catalyst bed to record the reaction
temperature and also control the furnace. All gas lines
were wrapped with heating tapes and maintained warm
to prevent any condensation. The products were mea-
sured by an on-line GC (HP GC6890) equipped with
30 m HP-Innowax capillary column using flame ioni-
zation detector. The activities of catalyst were measured
after achieving steady-state at 30 °C initially. Usually an
entire reaction lasted 4-6 h to evaluate a fresh catalyst
without noticeable deactivation. The conversion and
product selectivity were calculated using Eqs. 3 and 4.

conversion (%)

CcrotonaldehydeInI:)ut - CcrotonaldehydeOu‘[put

- x 100%
Ccrotonaldehydelnp]-lt ¢
3)
selectivity (%)
Cproduct
= % 100%
CcrotonaldehydeInput - Ccro[onaldehydeoutput ¢
(4)

3. Results and discussion

Table 1 lists the physical properties and the amount
of H, chemisorption of Pt/BN and Pt/y-Al,O5 catalysts.
The particle size of Pt/BN was in the range from 0.4 to
90 um, and that of Pt/y-Al,03 was 6-190 um using
laser-light scattering method. The Pt dispersion of cat-
alyst can be expressed by the H/Pt ratio. The Pt dis-
persion of Pt/y-Al,O3 was 0.24 higher than that of Pt/
BN. Figure 3 shows conversions of crotonaldehyde
hydrogenation from 30 to 300 °C on Pt/BN and Pt/
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Figure 2. Schematic of hydrogenation system, A, purge gas; B, hydrogen; C, metering valve; D, crotonaldehyde saturator; E, water bath; F, 6-
way valve; G, tubular furnace; H, valve; I, thermocouple; P, pressure gauge; R, tubular reactor; GC, gas chromatography; TC, temperature

controller.
Table 1
Properties and H, chemisorption of Pt catalysts
Catalyst Specific area (m?/g) Mean particle size of support® (um) H, uptake® (umol/g) H/Pt ratio®
0.37 wt% Pt/BN 48.5 2.8 2.2 0.11
0.37 wt% Pt/y-Al,O; 112.9 66.4 4.5 0.24

# Measured by laser-light scattering method.
® Irreversible hydrogen chemisorption.
¢ Molar ratio of chemisorbed hydrogen to Pt loading.

y-Al,O3. Complete conversions were achieved at 180
and 220 °C on Pt/y-Al,03 and Pt/BN, respectively. The
turnover frequency (TOF) of crotonaldehyde hydroge-
nation could be calculated based on the Pt dispersion.
The TOF of Pt/BN was ranged 0.004-0.09 s™' from 30
to 100 °C, and the TOF of Pt/y-Al,O; was ranged 0.02—
0.19 s7!' from 30 to 100 °C. Thus the activity of Pt/y-
Al,O3 was higher than that of Pt/BN over the same
temperature range. The apparent activation energies of
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Figure 3. Conversion of crotonaldehyde hydrogenation.

crotonaldehyde hydrogenation on Pt/BN and Pt/y-
AlL,O; were 42.44+3.4 and 48.3+2.0 kJ/mol, respec-
tively, estimated by using the data of reaction conver-
sion less than 10% via the Arrhenius equation.

Figures 4 and 5 show the product selectivities of
crotonaldehyde hydrogenation from 30 to 300 °C on
Pt/BN and Pt/y-Al,O;, respectively. All hydrogenated
products, crotyl alcohol, butyraldehyde, and butanol
were found over the reaction temperature range on
both catalysts. The products distribution was signifi-
cantly different between Pt/BN and Pt/y-Al,O;. At
low conversion, near 100% butyraldehyde was pro-
duced on Pt/BN while Pt/y-Al,O3 gave mostly crotyl
alcohol. Almost no crotyl alcohol was produced on
Pt/BN over the whole temperature range. Butanol was
produced with further hydrogenation of either butyr-
aldehyde or crotyl alcohol (as shown in figure 1), and
was found on both catalysts. However, butanol was
diminished due to thermodynamic unfavorable at high
temperature. Butyraldehyde became the ultimate
product of hydrogenation on both catalysts at higher
temperature (>250 °C) because of thermodynamic
equilibrium.

Butyraldehyde is thermodynamically and kinetically
favored over crotyl alcohol in crotonaldehyde hydro-
genation [8]. Most Pt catalysts were found to simulta-
neously produce both butyraldehyde and crotyl alcohol.
Many efforts have been to fight thermodynamic and
kinetic barriers to make more crotyl alcohol. These
include changing the electronic property of Pt, alloying
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Figure 4. Conversion and product selectivity of crotonaldehyde on
Pt/BN.

Pt, and/or inducing certain metal-support interaction.
Support effect was reported in many earlier studies to
boost the selectivity toward crotyl alcohol [9-13]. BN, as
the support in this study, shows a support effect toward
the other extreme. It almost completely shut off the
formation of crotyl alcohol. Coloma et al. [14] reported
that Pt/Carbon can show a selectivity to crotyl alcohol
below 5% if carbon support had no oxygen groups.
However, these authors attributed such an observation
to a Pt dispersion effect because that a higher Pt dis-
persion was achieved when the same carbon support
contained oxygen groups and that a higher crotyl alco-
hol selectivity was found with these Pt/Carbon(oxi-
dized). The Pt dispersion effect in crotonaldehyde
hydrogenation is somewhat controversial. Vannice and
coworkers [8,9] considered that the Pt dispersion had
little effect on the product selectivity; whereas,
Englisch er al. [10] reported that a higher crotyl selec-
tivity was found when Pt dispersion was lower. Never-
theless, neither indicates that at a low Pt dispersion as
0.11 as our Pt/BN can shut off the formation of crotyl
alcohol. Therefore, the low crotyl alcohol selectivity in
our Pt/BN and in Pt/Carbon (without oxygen group)
[14] must be due to the unique support property. Both
BN and carbon have their basal planes as graphite
structure. Such surfaces may repel C=O end of cro-
tonaldehyde and help to preserve it during hydrogena-
tion. Such an effect may also explain the lower butanol
selectivity than the butyraldehyde selectivity in our Pt/
BN (figure 4). It can be attributed that the C=0 end was
so protected that the further hydrogenation of butyral-
dehyde to butanol was suppressed.

The difference of products distribution between
Pt/BN and Pt/y-Al,O; was related to the support
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Figure 5. Conversion and product selectivity of crotonaldehyde on
Pt/'}'—A]zOg.

characteristics. Pt/y-Al,O; held a metal-support inter-
action, which was proved to favor C=0 hydrogenation
[13]. The Pt on y-Al,Os3 was slightly positively charged
due to the interaction with support. The C=0 group of
crotonaldehyde molecule would be preferentially closed
Pt site because of its abundant electrons. Thus, crotyl
alcohol was favorably produced via C=O hydrogena-
tion. On the other hand, BN was nearly an inert support
thus Pt/BN favors to hydrogenate C=C. The chemical
state of Pt on BN could be easily maintained at metal
status Pt° [2]. Consequently butyraldehyde was mostly
produced from crotonaldehyde via the easy route of
C=C hydrogenation on Pt site.

At low temperature (<100 °C), reaction routes were
governed by kinetics so that butyraldehyde was the
major product on Pt/BN, and most crotyl alcohol was
produced on Pt/y-Al,O;. When the reaction temperature
increased, the activity of Pt increased so that both
hydrogenation rates of C=C and C=0 gradually exceed
the feed rate of crotonaldehyde under our experimental
conditions. The hydrogenation of crotonaldehyde pro-
gressively transited from kinetic to thermodynamic
control on both catalysts with increasing temperature.
Consequently, the products distribution was then
contributed by both kinetics and thermodynamics at
median temperature range (120-250 °C), so butanol
emerged as one of products. As shown in figures 4 and
5, that Pt/y-Al,Oj5 shifted to higher selectivity of butanol
than that of Pt/BN may be attributed to the higher
specific activity of Pt on y-Al,O3 support. As shown in
figure 3, the specific activity of Pt/y-Al,O; was higher
than that of Pt/BN due to Pt dispersion. The Pt sintering
of Pt/BN was more severe than that on Pt/y-Al,O;
during H, reduction at 450 °C because of negligible
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metal-support interaction on BN. The Pt dispersion of
Pt/y-Al,03 was near twice higher than that of Pt/BN
(Table 1). Therefore, crotonaldehyde was more likely
further hydrogenated to butanol on Pt/y-Al,Os. Finally,
the hydrogenation was thermodynamically dominated
at 250-300 °C. The selective hydrogenation of catalyst
was diminished. Butyraldehyde was the most favorable
product because it was thermodynamically stable
according to the calculated Gibb’s free energy at ele-
vated temperatures [9].

4. Conclusion

The selective hydrogenation of crotonaldehyde was
performed by employing BN supported Pt catalyst.
Boron nitride supported Pt catalyst exhibits a mini-
mum metal-support interaction. In addition, BN
possess basal planes as graphite structure. Active Pt
sites on such surface may repel C=0 end of croton-
aldehyde and help to preserve it during hydrogena-
tion. Therefore, near 100% butyraldehyde was
produced in crotonaldehyde hydrogenation using Pt/
BN catalyst at low temperature range. The products
distribution was shifted from kinetic to thermody-
namic control with increasing temperature resulting in
increasing the selectivity of butanol. The final stable
product was butyraldehyde in both Pt/BN and Pt/y-
Al,O3 catalysts due to thermodynamic governing at
high temperature. Although the specific activity of Pt/
BN was lower than that of Pt/y-Al,O3 due to low Pt
dispersion, BN can provide a special catalytic property
in the selective hydrogenation. Therefore, boron

nitride may be used as unique support material for
industrial hydrogenation in the future.
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