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Support effects in the gas phase
hydrogenation of butyronitrile over palladium

Yufen Hao, Xiaodong Wang, Noémie Perret, Fernando Cárdenas-Lizana and
Mark A. Keane*

Chemical Engineering, School of Engineering and Physical Sciences, Heriot-Watt University, Edinburgh EH14 4AS,

Scotland, UK

List of symbols
dH2 Pd particle size diameter from H2 chemisorp-

tion measurements, nm
dTEM mean Pd particle size diameter from TEM

analysis, nm
F reactant inlet flow rate, mmol h21

GHSV gas hourly space velocity, h21

i.d. internal diameter, mm
n moles of palladium, mol

Ni stoichiometric coefficient for product ‘i’
Si selectivity to product ‘i’, %

SSA specific surface area, m2 g21

Tmax temperature maximum for H2 (or NH3)
released during H2 (or NH3) TPD, K

xi molar fraction of reactant/product ‘i’
XBT fractional butyronitrile conversion
s mean deviation

Introduction

The catalytic hydrogenation of nitriles is an established route
to amines, widely used as intermediates in the production of
agrochemicals and pharmaceuticals.1 This reaction is typi-
cally conducted in batch liquid phase at elevated H2

pressure (20–45 atm)2–6 with alkane solvents (e.g. hexane,5,7

heptane3,4,6 and octane7,8). A move from batch to con-
tinuous processes has, however, been highlighted by
the fine chemical/pharmaceutical sector as a priority to
achieve higher throughput and sustainable production.9

Nitrile hydrogenation has been conducted over supported
metal (Ni,2,8,10 Co,5,8,10 Ru,3,4,6,10 Cu,4,10 Rh,3,4 Pt3,4,10 and
Pd3,4,7,10,11) catalysts where primary amines are preferentially
produced over Ru, Ni and Co, whereas Cu and Rh promote
the formation of secondary amines, and Pd and Pt exhibit
higher selectivity to tertiary amines. It is striking that Pd,
although extensively used in hydrogenation applications,
has not been employed to any significant extent in nitrile
reduction and the work to date has primarily considered the
performance of bimetallic (Pd–Ni,3,4 Pd–Ag,4 Pd–Cu,4 Pd–
Pt12) or (PdZn, PdGa5, Pd5Ga2 and Pd0.48In0.52) alloy11 catalyst
formulations.

Metal oxides have been used as support in the hydro-
genation of butyronitrile (BT),3–6,10,13 benzylcyanide,3 acet-
onitrile4–6,12 and lauronitrile.2 Use of carbon as metal carrier
has focused on reactions promoted by Ni14–16 with limited
work on supported Pd.13,17 Catalytic hydrogenation has
been shown to be influenced by support acid-base
character18 with conflicting results for nitrile reduction. In
the hydrogenation of acetonitrile19–22 over oxide (MgO,19,20

Al2O3,19–21 Cr2O3,19 SiO2,19,20,22 TiO2,19 ZrO2,19 ThO2
19 and

Abstract The role of the support in the gas phase hydrogena-

tion of butyronitrile over Pd/Al2O3 and Pd/C (2.5–3.0 nm mean

Pd size) has been studied, taking bulk Pd as benchmark.

Catalyst activation by temperature programmed reduction was

monitored and the metal and acid functions characterized by H2

and NH3 chemisorption/temperature programmed desorption and electron microscopy (STEM/TEM). Butyronitrile

hydrogenation was stable with time on-stream to deliver butylamine where consecutive condensation with the intermediate

butylidenimine generated dibutylamine and tributylamine. Condensation can occur on bulk Pd but selectivity is influenced

by the support and reaction over Pd/Al2O3 generated dibutylamine as principal product. Preferential tertiary amine

formation was observed over Pd/C and attributed to greater surface acidity that favors the condensation step. Increased

hydrogen spillover and acidity (associated with Pd/C) elevated butyronitrile consumption rate.
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UO2
19) supported Ni, surface acidity was proposed to

contribute to condensation step(s). In contrast, no apparent
selectivity dependence on support acidity was observed for
reaction over oxide23 (Al2O3, TiO2, SiO2–Al2O3 and SiO2) and
zeolite (NaY6) supported Ru,6 Ni,6,23 Rh6 and Pt.6 Given the
available literature, it is difficult to establish any explicit link
between catalyst performance and surface acid properties. In
this report, we set out to decouple the effect of metal and
support in determining catalyst performance and evaluate
the role of surface acidity in the gas phase continuous
hydrogenation of BT, as a model aliphatic nitrile reactant,
over Pd/C and Pd/Al2O3, taking bulk Pd as benchmark.

Experimental methods

The alumina support (Puralox, Condea Vista Co.) was used as
received, (1 wt-%) Pd/C, (1.2 wt-%) Pd/Al2O3 and PdO were
obtained from Sigma-Aldrich. The samples were sieved into
a batch of 75 mm average diameter and activated in
60 cm3 min21 H2 (BOC, .99.99%) at 10 K min21 to 573 K,
which was maintained for 1 h. Reduction conditions to
convert PdO to zero valent Pd have been established
elsewhere.24 Samples for off-line analysis were passivated in
1% v/v O2/He at ambient temperature.

Catalyst characterization

Palladium content was measured by inductively coupled
plasma optical emission spectrometry (Vista-PRO, Varian Inc.)
from the diluted extract in HF. Temperature programmed
reduction (TPR), H2 and NH3 chemisorption/temperature
programmed desorption (TPD) and specific surface area
(SSA) measurements were conducted using the commercial
CHEM-BET 3000 (Quantachrome) unit. The samples were
loaded into a U-shaped Quartz cell (3.76 mm i.d.) and heated
in 17 cm3 min21 (Brooks mass flow controlled) 5% v/v H2/N2

at 10 K min21 to 573¡1 K. The effluent gas passed through
a liquid nitrogen trap and changes in H2 consumption
monitored by a thermal conductivity detector with data
acquisition/manipulation using the TPR Win software. The
reduced samples were maintained at the final temperature
in H2/N2 until the signal returned to baseline, swept with
65 cm3 min21 N2 for 1.5 h, cooled to ambient temperature
and subjected to H2 (or NH3) chemisorption using a pulse
(50–1000 mL) titrations. Samples were thoroughly flushed in
N2 with TPD at 10–50 K min21 to 923–1173 K. The resultant
profile was corrected using the TPD recorded in parallel
directly following TPR to explicitly determine H2 (or NH3)
release. Specific surface area was determined in a 30% v/v
N2/He flow using undiluted N2 as internal standard. At least
two cycles of N2 adsorption–desorption were employed
using the standard single point BET method. Specific surface
area and H2/NH3 uptake/desorption were reproducible to
¡5% and the values quoted represent the mean. Supported
Pd particle morphology (size and shape) was determined by
transmission (TEM, JEOL JEM 2011 unit) and scanning
transmission (STEM, JEOL 2200FS field emission gun
equipped unit) electron microscopy, employing Gatan
DigitalMicrograph 1.82 for data acquisition/manipulation.
The samples were crushed and deposited (dry) on a holey
carbon/Cu grid (300 Mesh). Up to 800 individual Pd particles

were counted for each catalyst to determine the surface area
weighted Pd diameter as described elsewhere.25

Catalysis procedure

Reactions were conducted (1 atm, 473 K) in situ, following
catalyst activation, in a fixed bed vertical glass reactor
(i.d.515 mm) under conditions that ensured minimal mass
or heat transfer limitations. The BT reactant was delivered at
a fixed calibrated flow rate via a glass/teflon air tight syringe
and teflon line using a microprocessor controlled infusion
pump (Model 100 kd Scientific). A layer of borosilicate glass
beads served as preheating zone where the reactant was
vaporized and reached reaction temperature before con-
tacting the catalyst. Isothermal conditions (¡1 K) were
maintained by diluting the catalyst bed with ground glass
(75 mm) and the temperature was continuously monitored
by a thermocouple inserted in a thermowell within the
catalyst bed. A co-current flow of butryronitrile (,1% v/v)
and H2 was maintained at GHSV51.06104 h21 with an inlet
flow rate (F) of 6.9 mmol h21 where H2 was in excess (by a
factor of 24) of the stoichiometric requirement for the
formation of the butylidenimine intermediate. The molar
palladium (n) to F ratio spanned the range 0.361024–
1.361023 h. The reactor effluent was frozen in a liquid
nitrogen trap for subsequent analysis, which was made
using a Perkin–Elmer Auto System XL chromatograph
equipped with a flame ionization detector, employing a
DB-1 capillary column (i.d.50.33 mm, length530 m, film
thickness50.20 mm). Data acquisition/manipulation was
performed using the TotalChrom Workstation Version 6.1.2
(for Windows) chromatography data system and reactant/
product molar fractions (xi) were obtained using detailed
calibration plots (not shown). Fractional BT hydrogenation
(XBT) was obtained from

XBT~
½BT�in{½BT�out

½BT�in
(1)

where selectivity to product i (Si, %) is given

Si~
Nixi

½BT�in{½BT�out
|100 (2)

where, [BT]in and [BT]out represent inlet and outlet BT con-
centration, respectively, and Ni is the stoichiometric coeffi-
cient for product ‘i’. Repeated reactions with different
samples from the same batch of catalyst delivered raw data
reproducibility better than ¡6%.

Results and discussion

Catalyst characterization

The critical physicochemical properties of the catalytic
systems considered in this study are recorded in Table 1.

Pd/Al2O3

The TPR profile generated for Pd/Al2O3 is presented in
Fig. 1(A) where the occurrence of a negative peak (H2

release) at 355 K can be attributed to Pd hydride decom-
position.26 The hydride is generated by H2 absorption, which
is known to proceed at H2 partial pressures .0.02 atm;27 a
pressure of 0.05 atm during TPR was used in this work. The
absence of any H2 consumption (positive signal) before
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hydride decomposition suggests the presence of metallic Pd
in advance of the temperature ramp. Palladium particle size
was determined by electron microscopy and verified by H2

chemisorption on the basis of dissociative adsorption (Pd/H
stoichiometry51 : 1).28 Representative TEM images pre-
sented in Fig. 2(A) and (B) reveal pseudo-spherical Pd
particles at the nanoscale. The associated Pd size distribution
histogram (Fig. 2(C)) delivered a mean diameter
(dTEM53.0¡1.3 nm) in good agreement with the value
obtained from H2 chemisorption (dH252.4 nm). We should
note that chemisorption titration measurements were
conducted at H2 partial pressure50.001 atm, circumventing
any contribution due to hydride formation. Subsequent TPD
generated the profile presented in Fig. 3(Aa) with H2 release
over 665–890 K. Hydrogen desorption far exceeded the
amount chemisorbed (Table 1). This suggests the involve-
ment of spillover hydrogen, i.e. migration of atomic

Table 1 Specific surface area (SSA), Pd mean particle size (from TEM/STEM (dTEM) and H2 chemisorption (dH2)
measurements), H2 uptake and release during TPD (with associated temperature of maximum release (Tmax)) and
NH3 uptake and release (with Tmax)

Catalyst
SSA/
m2 g21

Pd size/nm

H2

uptake/
mmol gPd

21

H2 TPD

NH3

uptake/mmol g21

NH3 TPD

dTEM¡s dH2

H2 desorbed/
mmol gPd

21 Tmax/K
NH3 desorbed/
mmol g21 Tmax/K

Pd/Al2O3 145 3.0¡1.3 2.4 2.1 9.6 767 0.52 0.51 464
Al2O3 160 … … … … … 0.71 0.69 450
Pd 3 131 0.04 0.05 782
PdzAl2O3 133 0.04 0.09 782
Pd/Al2O3zAl2O3 152 2.3 46.6 767
Pd/C 870 2.5¡1.1 2.2 2.5 79.8 785, 1173 0.94 0.92 480

Figure 1 Temperature programmed reduction (TPR) pro-

files for (A) Pd/Al2O3 (solid line), (B) PdO (dashed line)

and (C) Pd/C (dotted line)

Figure 2 Representative (A,D) medium and (B,E) higher magnification TEM and STEM images with associated (C,F) Pd

particle size distributions for (A–C) Pd/Al2O3 and (D–F) Pd/C

Hao et al. Support effects in gas phase hydrogenation of butyronitrile over Pd Catal. Struct. React., 2015, 1, 4-10
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hydrogen to the support following dissociation on Pd sites
during TPR.29 Alumina has been demonstrated to accom-
modate spillover through the action of surface hydroxyl
groups.30 The temperature related maximum H2 release
(Tmax5767 K) is consistent with publications demonstrating
spillover desorption from alumina at T>503 K.24,31

There is some controversy regarding the predominant role
of metal or support in nitrile hydrogenation, particularly
regarding condensation steps.4,21,22,32 In order to decouple
these effects, we examined bulk Pd (generated by reducing
PdO) and a PdzAl2O3 physical mixture, where the Pd
content was equivalent to that in Pd/Al2O3. We should note
that there was no detectable H2 uptake or release on or from
Al2O3, a response that is expected and in agreement with
the literature.26 The SSA recorded for PdzAl2O3 (Table 1) is
a composite with additive contributions from both compo-
nents. Temperature programmed reduction of PdO also
generated a negative peak (Fig. 1(B)) with a Tmax (5373 K)
and associated hydride composition (H/Pd50.67) which
differed from that measured for Pd/Al2O3 (Tmax5355 K; H/
Pd50.05). This agrees with the reported shift in hydride
decomposition to higher temperatures and increased H/Pd
for larger Pd particles.26 The appreciably lower (by a factor
greater than 50) H2 uptake on bulk Pd relative to Pd/Al2O3

can be related to the lower specific Pd surface area. While H2

chemisorption was unchanged with Al2O3 addition, TPD

from the physical mixture was measurably higher (twofold)
than that from Pd alone, suggesting the occurrence of
spillover, as noted elsewhere.29 Hydrogen spillover in
catalystzsupport physical combinations where the two
components are well mixed33 or present as discrete layers34

has been demonstrated with a reported35 spillover transport
across non-contiguous surfaces. This effect was also
observed for the Pd/Al2O3zAl2O3 mixture (see TPD profile
in Fig. 3(Ab)) where H2 released was (5 times) greater than
that recorded for Pd/Al2O3 (Table 1).

Surface acidity was probed by NH3 adsorption coupled
with TPD; the TPD profiles for Al2O3 (a) and Pd/Al2O3 (b) are
given in Fig. 3(B). The conventional approach (as documen-
ted in the literature) to quantifying acidity has been based
solely on a measurement of NH3 desorption.22,36,37 This can,
however, be subject to inaccuracy, notably as a result of
contributions due to thermal degradation of surface
functionalities, particularly dehydroxylation.38 In this study,
total acidity obtained from integration of the TPD signal
matched NH3 uptake measured in pulse chemisorption
(Table 1). The reported acid site data for alumina show some
disparity depending on sample pre-treatment and experi-
mental desorption conditions, e.g. gas flow and heating
rates.39 The NH3 TPD profile for Al2O3 (Fig. 3(Ba)) is
characterized by Tmax5450 K where the profile shape is
similar to that recorded by Skotak et al.40 Surface acidity
associated with Al2O3 is predominantly attributable to Lewis
sites (Al3z)41,42 with a secondary -OH group contribution.42

The TPD profile generated for Pd/Al2O3 (Fig. 3(Bb)) exhibited
a similar maximum (at 464 K) but the NH3 adsorbed (and
released) was measurably lower than Al2O3 (see Table 1). A
similar effect has been reported previously40 and explained
on the basis of Pd interaction with surface acid sites, following
Pd incorporation on Al2O3, that results in a decrease in total
acidity. The NH3 measurements recorded in this study for Pd/
Al2O3 (0.51¡0.01 mmol g21, see Table 1) are very close
(0.54 mmol g21) to that reported by Nam et al.37

Pd/C

In order to assess further the possible role of the metal
carrier, Pd/C was examined where the SSA (870 m2 g21,
Table 1) far exceeded that of Pd/Al2O3 and is typical of
activated carbon supported metal catalysts.25 The TPR profile
of Pd/C (Fig. 1(C)) exhibits a Pd hydride decomposition peak
at 353 K with associated H/Pd50.04, close to that obtained
for Pd/Al2O3 and suggesting an equivalent Pd size.26 The
STEM images (Fig. 2(D) and 2(E)) reveal near spherical Pd
particles with a mean diameter (dTEM52.5¡1.1 nm) from the
size distribution (Fig. 2(F)) that agrees with the H2 chemi-
sorption (dH252.2 nm, Table 1) measurement. We must
stress the convergence of Pd loading (1.1¡0.1 wt-%), size
distribution and mean (dTEM52.9¡0.1 nm) for Pd/Al2O3 and
Pd/C, which facilitates an explicit analysis of support effects.
Hydrogen desorption from Pd/C was significantly greater (by
a factor of over 30) than that chemisorbed (Table 1), again
suggesting spillover contributions. The H2 TPD profile for Pd/
C Fig. 3(Ac) shows two stages of H2 desorption with
associated Tmax at 785 and 1173 K and a greater total H2

release (8-fold) relative to Pd/Al2O3. Differences in the
amount of spillover hydrogen associated with the same

Figure 3 (A) Hydrogen temperature programmed deso-

rption (TPD) profiles for (a) Pd/Al2O3 (solid line), (b) Pd/

Al2O3zAl2O3 (dashed line) and (c) Pd/C (dotted line); (B)

Ammonia TPD profiles for (a) Al2O3 (dashed line), (b) Pd/

Al2O3 (solid line) and (c) Pd/C (dotted line)
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metal (and size) on different carriers have been noted in the
literature.43 Spillover can be influenced by the concentration
of initiating and acceptor sites and degree of contact
between the participating phases.44 We can link increased
H2 desorption from Pd/C to the greater SSA that can
accommodate more spillover. Surface carboxylic and phe-
nolic groups associated with carbonaceous materials can act
as spillover acceptor sites.34 A wide variation in acidity of
carbon supported transition metal catalysts has been
observed and is sensitive to carbon source and pre-
treatment conditions.45,46 The total acidity of Pd/C from
NH3 chemisorption matched the desorption measurement
(0.93¡0.1 mmol g21) and exceeded that of Pd/Al2O3

(Table 1). The NH3 TPD profile for Pd/C (Fig. 3(Bc)) is
characterized by a Tmax5480 K, equivalent to that (473–
483 K) reported elsewhere for carbon supported systems45

and ascribed to the presence of weak acid sites.47,48

Gas phase hydrogenation of butyronitrile

Reaction pathways in BT hydrogenation that have been
reported in the literature3,49 are presented in Fig. 4. Nitrile

reduction generates a reactive aldimine (butylidenimine, BI)
intermediate that is hydrogenated to the primary amine
(butylamine, BA, step (A)). Butylamine can undergo con-
densation with the imine in the presence of hydrogen,
releasing ammonia to generate a secondary amine (dibuty-
lamine, DBA, step (B)) which, in turn, can be transformed into
a tertiary amine (tributylamine, TBA, step (C)). The reactivity
of BI, in terms of hydrogenation or condensation, governs
product selectivity. Fractional BT conversion (XBT) over Pd/
Al2O3 was time invariant and representative time on-stream
plots are shown in Fig. 5(A). This response is significant given
that (liquid and gas phase) hydrogenation of nitriles over
supported Pt,6,50 Ru6 and Ni14,16,22 was accompanied by
catalyst deactivation and a temporal decline in activity. This
was attributed to:

(i) agglomeration of metal particles during
reaction6,15

(ii) occlusion of active sites by the amine pro-
duct(s)6,12,15

(iii) catalyst coking due to the formation of dehydroge-
nated surface species and carbides.14,22

Figure 4 Reaction pathways for hydrogenation of butyronitrile (BT) to (A) primary (butylamine, BA), (B) secondary (dibu-

tylamine, DBA) and (C) tertiary (tributylamine, TBA) amine products

Figure 5 (A) Temporal dependence of butyronitrile fractional conversion (XBT) at varying n/F (0.861023 h, ¤;

1.361023 h, w; 0.461023 h, e; 0.861023 h, q) and (B) Selectivity (Si, %) to butylamine (BA, &, %), dibutylamine (DBA,

N, #) and tributylamine (TBA, m, n as a function of XBT for reaction over Pd/Al2O3 (solid symbols) and Pd/C (open sym-

bols). Reaction conditions: T5473 K, P51 atm

Hao et al. Support effects in gas phase hydrogenation of butyronitrile over Pd Catal. Struct. React., 2015, 1, 4-10
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These deleterious effects do not appear to apply in our
system. Selectivity as a function of conversion over Pd/Al2O3

is shown in Fig. 5(B). The secondary amine was the principal
product with TBA as byproduct and negligible BA formation
(SBA,2%); selectivity was independent of conversion. The
results suggest that once formed, BA participates in a
condensation step with the aldimine to generate DBA as
the main product. The secondary amine that is produced
undergoes further reaction with BI to give the tertiary amine
but this step was not promoted to the same extent. Our
findings are in line with the work of Huang and Sachtler4

who reported the formation of secondary amine as the main
reaction product in the conversion of BT over Pd/NaY in both
liquid and gas phase operation. We should, however, note
that Iwasa and co-workers11 have reported preferential
tertiary amine formation in gas phase acetonitrile hydro-
genation over Pd/Al2O3.

An unambiguous correlation of metal and support in
governing nitrile hydrogenation selectivity has yet to be
established. It has been proposed that support acidity can
affect product distribution16,19,22 and Lewis and Brønsted
acid sites on alumina are known to contribute to condensa-
tion reactions.19,49 Weak adsorption of BT on Al2O3 with
surface coordination through the nitrogen (of the -C;N
group) has been demonstrated by infrared spectroscopy.51

Hegedűs and Máthé52 proposed that the Pd phase
determines selectivity while the alumina carrier only
influences activity. In order to decouple these contributions,
we conducted the reaction over Al2O3 and bulk Pd. There
was no detectable conversion using the alumina support
alone, which can be ascribed to the inability of Al2O3 to
dissociate H2

26 and generate the reactive intermediate. The
nitrile consumption rate over bulk Pd was appreciably lower
(by a factor of 65) than Pd/Al2O3 (Table 2), which can be
attributed to lower H2 uptake/release (Table 1). Comparison
of selectivity is only meaningful at a common conversion
and the selectivity data presented in Table 2 were obtained
at XBT50.15. Bulk Pd generated near equivalent butylamine
and DBA with no detectable tertiary amine formation. This
suggests that the condensation reaction to generate
secondary (but not tertiary) amine can proceed over Pd
sites without the involvement of the support. Drawing on
the pathway in Fig. 4, the nitrile can be activated on bulk Pd,
react with the available surface hydrogen to form imine with
further hydrogenation to BA and condensation to DBA. In

contrast to Pd/Al2O3, the secondary amine formed on bulk
Pd must desorb without further reaction. Enhanced selectiv-
ity to DBA (and formation of TBA) exhibited by Pd/Al2O3

suggests a contribution due to the support and/or metal/
support interface to promote condensation. Gluhoi et al.19

have proposed that the metal-support interface is critical in
nitrile hydrogenation. To develop this further, the reaction
was conducted over a PdzAl2O3 physical mixture, which
delivered a measurably higher reaction rate than Pd alone
(Table 2). The H2 TPD results presented in Table 1 establish
the occurrence of spillover hydrogen on Al2O3 in the mixture
which can account for the increased rate. Moreover,
selectivity to DBA was enhanced with the isolation of TBA
in the product stream. This suggests a direct contribution
of Al2O3 to primary (and secondary) amine condensation,
where activated nitrile reacts with spillover hydrogen
generated by Pd. Any contribution due to hydrogen spillover
in Pd/Al2O3zAl2O3 was negligible and reaction rate/product
distribution was essentially the same as that obtained with
Pd/Al2O3 (Table 2). The intrinsic activity of Pd/Al2O3 is such
that spillover due to addition of Al2O3 (Table 1) did not
influence performance.

Pd/C delivered a significantly higher nitrile consumption
rate than Pd/Al2O3 (Table 2), which can be linked to greater
available surface reactive hydrogen (Table 1), given the
equivalency of Pd particle size in both catalysts. Structure
sensitivity has been proposed for gas phase nitrile hydro-
genation over supported Ni14,15 and Pt50 with higher specific
activity for larger metal particles in the 10–18 nm range. The
basic character of BT (electron lone pair on nitrogen in
-C;N) must be considered in possible nitrile interaction(s)
with the support.49,51 The greater surface acidity exhibited
by Pd/C favors nitrile/amine activation and can contribute to
higher reaction rate. This is consistent with literature that has
linked activity to support acidity.16,52 Catalyst stability with
time on-stream also applies to Pd/C (Fig. 5(A)) where
selectivity was independent of conversion (Fig. 5(B)) with
TBA as predominant product, DBA as byproduct and no
detectable BA. This deviates from the selectivity response for
Pd/Al2O3 and enhanced tertiary amine selectivity over Pd/C
can be ascribed to greater surface acidity that promotes
condensation.19,49 Chen et al.2 reported increased conver-
sion of lauronitrile over more acidic catalysts (Ni/SiO2,
Ni/Al2O3 and Ni/SiAlO) with low selectivity to the primary
amine. Moreover, given the decreasing amine basicity, in
the order TBA.DBA.BA,53 increased surface acidity
enhances amine interaction, facilitating sequential reaction
(BARDBARTBA, see Fig. 4) leading to predominant tertiary
amine formation.

Conclusions

This work has set out to decouple the role of metal (Pd) and
support in nitrile hydrogenation. The results presented
support the following:
1. In solvent-free continuous gas phase BT hydrogenation

over Pd/C and Pd/Al2O3 with equivalent mean Pd size,
Pd/C exhibited appreciably higher activity that can be
attributed to increased total surface hydrogen (chemi-
sorbed on Pd and spillover, from H2 TPD) coupled with

Table 2 Butyronitrile consumption rate and product
(butylamine (BA), dibutylamine (DBA) and
tributylamine (TBA)) selectivity (Si) for reaction
over bulk and supported Pd at equal fractional
conversion (XBT50.15); reaction conditions:
T5473 K, P51 atm

Catalyst Rate/mol h21 molPd
21

Si/%

BA DBA TBA

Pd/Al2O3 110 0 84 16
Al2O3 … … … …
Pd 1.7 55 45 0
PdzAl2O3 2.5 43 52 5
Pd/Al2O3zAl2O3 112 0 82 18
Pd/C 183 0 30 70
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greater surface acidity (from NH3 chemisorption/TPD).
Nitrile conversion over both catalysts was constant with
time on-stream.

2. Reaction over bulk Pd generated primary and secondary
amines, indicating that condensation can proceed over
Pd without support. Alumina alone was inactive but in
combination with Pd (physical mixture) an increase in
activity (relative to Pd) was observed and attributed to
the involvement of spillover hydrogen. Addition of Al2O3

to bulk Pd shifted reaction to higher amines, demon-
strating direct contribution of Al2O3 to condensation.

3. Pd/Al2O3 and Pd/C generated distinct product distribu-
tions with secondary amine as principal product over
Pd/Al2O3 and preferential tertiary amine formation over
Pd/C; product selectivity was independent of conver-
sion. The greater surface acidity of Pd/C facilitates
surface interaction(s) with BA and DBA, promoting
sequential reaction with the BI intermediate, favoring
tertiary amine formation.
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26. S. Gómez-Quero, F. Cárdenas-Lizana and M. A. Keane: Ind. Eng. Chem.

Res., 2008, 47, (18), 6841–6853.
27. C. Shi and B. W.-L. Jang: Ind. Eng. Chem. Res., 2006, 45, (17), 5879–5884.
28. G. Prelazzi, M. Cerboni and G. Leofanti: J. Catal., 1999, 181, (1), 73–79.
29. C. Amorim and M. A. Keane: J. Hazard. Mater., 2012, 211–212, 208–217.
30. J. T. Miller, B. L. Meyers, F. S. Modica, G. S. Lane, M. Vaarkamp and D.

C. Koningsberger: J. Catal., 1993, 143, (2), 395–408.
31. B. Lin, R. Wang, X. Yu, J. Lin, F. Xie and K. Wei: Catal. Lett., 2008, 124,

(3–4), 178–184.
32. A. Infantes-Molina, J. Mérida-Robles, P. Braos-Garcıa, E. Rodrıguez-

Castellón, E. Finocchio, G. Busca, P. Maireles-Torres and A. Jiménez-
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