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Production of butylamine in the gas phase
hydrogenation of butyronitrile over Pd/SiO2

and Ba-Pd/SiO2

Y. Hao, M. Li, F. Cárdenas-Lizana and M. A. Keane*

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

Scotland

Abstract The gas phase (1 atm, 473–563K)

hydrogenation of butyronitrile has been studied over

Pd/SiO2 and Ba–Pd/SiO2. Catalysts characterization

involved temperature-programmed reduction (TPR),

H2/NH3 chemisorption/temperature programmed

desorption (TPD), X-ray diffraction (XRD), and TEM

measurements. The incorporation of Ba with Pd resulted in the formation of smaller metal nano-particles (7 vs 28 nm)

with a resultant (seven-fold) higher H2 chemisorption and decreased total surface acidity (from NH3 chemisorption/TPD).

Temperature-related activity maxima were observed for both catalysts and are associated with thermal desorption of the

nitrile reactant. Exclusivity to the target butylamine was achieved at T $ 543K where Ba–Pd/SiO2 delivered higher

selective hydrogenation rate (91mol h21molPd
21) than Pd/SiO2 (54mol h21molPd

21), attributed to greater availability of

surface-reactive hydrogen. Lower surface acidity served to minimize condensation to higher amines. The rate and

selectivity to butylamine exceed those previously reported for gas phase operation.

Keywords Selective hydrogenation, Butyronitrile, Butylamine, Pd/SiO2, Ba–Pd/SiO2
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Introduction

Primary aliphatic amines are widely used in the textile,
pharmaceutical, fine chemical, and agrochemical sectors.1

Industrial amine production is based on nitrile hydrogen-
ation where undesired formation of secondary and tertiary
amines is difficult to avoid.1,2 Taking the hydrogenation of
butyronitrile (Fig. 1), partial reduction (step (I)) generates an
imine (butylidenimine) as reactive intermediate that is con-
verted (step (II)) to the target butylamine. The latter can
participate in a condensation (step (III)) with the imine and
reduction (step (IV)) to produce the secondary amine
(dibutylamine) with NH3 elimination. Additional conden-
sation of dibutylamine and imine (step (V)) and subsequent
hydrogenation (step (VI)) generate the tertiary amine
(tributylamine).3 Nitrile hydrogenation has been pre-
dominantly conducted in batch liquid phase at elevated H2

pressures (20–45 bar).4–8 A range of supported transition
metal (Ru,5,9 Ni,4,10–12 Co,8,13,14 Rh,5 Cu,6 Pd,5,15 and Pt5,15)
catalysts has been used, where Ru, Ni, and Co favored pri-
mary amine formation, Rh and Cu generated the secondary

amine, and Pd and Pt promoted amine mixtures.2

There is evidence that reaction rate is dependent on the
catalytic metal where the following sequence of decreasing
activity has been reported in batch liquid phase hydro-
genation of butyronitrile over SiO2 supported catalysts:16

Ni . Co . Pt . Ru . Cu . Pd. A move from batch to con-
tinuous processes has been highlighted by the fine chemical
industry as a priority to reduce downtime and increase
throughput.17 Supported Ni catalysts have been applied in
gas phase operation but low selectivity to the target primary
amine and loss of activity with time on-stream are decided
drawbacks.10,11,18–21 Use of Pd/ZnO has delivered high
selectivity (99%) to ethylamine but low activity (conversions
,6%) in acetonitrile conversion where (PdZn) alloy for-
mation served to inhibit condensation to higher amines.22

Selectivity in nitrile reduction is affected by the acid–base
properties of the support4 and electronic character of the metal
site23 which, in turn, is influenced by the use of additives and/or
promoters.24 An increase in carrier basicity (bynitrogendoping10

or LiOH treatment13) inhibits condensation in thehydrogenation
of butyronitrile (Fig. 1, steps (III) and (V)). Moreover, use of
ammonia provides a basic reaction medium that can enhance
primary amine selectivity.2 Modifications to the electron density*Corresponding author, email m.a.keane@hw.ac.uk
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of supportedmetal sites can also impact on product distribution
where the formation of negatively charged (Cu) nanoparticles
was deemed essential for the selective synthesis of n-propyla-
mine.24 Although supported nano-scale Pd has been widely
adopted in catalytic hydrogenation,25,26 application in nitrile
conversion is limited. This is most likely due to the observed low
activity and selectivity to primary amines.2,7,15,16

-
In previous

work, we reported the formation of a supported Pdd-- phase on
Ba–Pd/SiO2 with greater H2 uptake capacity relative to
Pd/SiO2.

27 Authors explore here the promoting effect of Ba in
Pd/SiO2 as an approach to enhanced butylamine production in
gas phase butyronitrile hydrogenation.

Experimental

Catalyst preparation, activation, and
characterization

A 5% w/w Pd/SiO2 was prepared by impregnation of fumed
SiO2 (Aldrich) with Pd(OAc)2 in dimethylformamide (DMF).
The DMF was removed from the impregnated sample under
vacuum over 12 h at ambient temperature. The Ba–Pd
complex ((DMF)xBaPd(CN)4)1 bimetallic precursor was pre-
pared as described elsewhere.28 The SiO2 support was added
to a solution of the precursor in DMF to deliver a 5% w/w Pd
loading (Pd/Ba ¼ 1molmol21). Samples were sieved (ATM
fine test sieves) into batches of 75 mm mean particle diam-
eter and activated by reduction in flowing (60 cm3min21)
dry H2 (BOC, 99.99%) at 10 Kmin21 to 573 K, flushed in
N2/He, cooled to ambient temperature, and passivated in 1%
v/v O2/He for ex situ analysis. Metal loading was determined
by inductively coupled plasma-optical emission spectro-
metry (ICP-OES, Vista-PRO, Varian Inc.        (Palo    Alto, USA)    )
from the diluted extract of aqua regia (25% v/v HNO3/HCl).
Nitrogen adsorption/desorption, temperature programmed
reduction (TPR), H2 (and NH3) chemisorption, and temperature-

desorption (TPD)wereperformed using the com-
CHEM-BET 3000 (Quantachrome) unit equipped with

on-line thermal conductivity detector (TCD) and data
acquisition using the TPR Wine software. Samples
(0.05–0.1 g) were loaded in a U-shaped Quartz cell (3.76mm
i.d.), outgassed for 30min, and the total specific surface area
(SSA) recorded in a 30% v/v N2/He flow with undiluted N2

(BOC, 99.9%) as internal standard. Two cycles of N2 adsorp-
tion–desorption were employed using the standard single-
point BET method. Temperature-programmed reduction
analysis was conducted in 17 cm3min21 (Brooks mass flow
controlled) 5% v/v H2/N2 at 10 Kmin21 to 573 K. The reduced
sample was maintained at 573 K in H2/N2 until the signal
returned to baseline, swept with 65 cm3min21 N2/He for
1.5 h, cooled to ambient temperature, and subjected to an
undiluted H2 (BOC, 99.99%) or NH3 (BOC, 99.98%) pulse
(50–1000 mL) titration procedure. A contribution due to Pd
hydride formation can be discounted as H2 partial pressure
(,2 torr) in the sample cell was well below that (.11 torr)
required to generate the hydride.29 Samples were thoroughly
flushed in N2/He (65 cm3min21) to remove weakly bound
H2 (or NH3) and subjected to TPD (at 10–50 Kmin21) to
1000–1273 K with a final isothermal hold until the signal
returned to baseline. The resultant profile was corrected
using the TPD recorded in parallel directly following TPR to
explicitly determine H2 (or NH3) release. Powder X-ray dif-
fraction (XRD) analyses were conducted on a Bruker/Siemens
D500 incident X-ray diffractometer using Cu Ka radiation;
samples were scanned at 0.028 step21 over the range
208 # 2h # 908. Diffractograms were identified using
JCPDS-ICDD reference standards (Pd (05-0681) and BaSiO3

(04-0504)). Palladium particle size was obtained from the
Scherrer equation,30

dc ¼ Kl
b cos h

(1)

where dc is the mean size of the ordered (crystalline) domains,
K is a dimensionless shape factor (0.9), l the X-ray wavelength
(1.5056 Å),b linebroadening athalf themaximum intensity, and
h the Bragg angle (2h ¼ 40.18). Palladium particle morphology
(size and shape) was determined by transmission electron
microscopy analysis, conducted on a JEOL-2000 TEM/STEM
microscopeequippedwith aUTWenergydispersiveX-ray (EDX)
detector (Oxford Instruments), and operated at an accelerating
voltage of 200 kV. Samples were prepared by ultrasonic
dispersion in 2-butanol, evaporating a drop of the resultant
suspension onto a holey carbon/Cu grid (300mesh). Up to 800
individual particles were counted for each catalyst and the
mean metal diameter (dTEM) calculated from

dTEM ¼ i

P
nidi

i

P
ni

(2)

where ni is the number of particles of diameter di.

Hydrogenation of butyronitrile
Catalytic system

The hydrogenation of butyronitrile (Sigma-Aldrich, $99%)
was conducted in situ following catalyst activation at 1 atm
and 473–563 K in a fixed bed vertical glass reactor

Figure 1 Reaction scheme for the hydrogenation of

butyronitrile
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(i.d. ¼ 15mm). Reactions were conducted under operating
conditions that ensured negligible internal or external mass
and heat transfer limitations. The nitrile reactant was deliv-
ered at a fixed calibrated flowrate (0.6 cm3 h21) via a glass/
teflon air-tight syringe and teflon line using a microprocessor
controlled infusion pump (Model 100 kDa Scientific). A layer
of borosilicate glass beads served as preheating zone,
ensuring that the reactant was vaporized and reached
reaction temperature before contacting the catalyst.
Isothermal conditions (^1 K) were maintained by diluting
the catalyst bed with ground glass (75 mm); the ground glass
was mixed thoroughly with the catalyst before insertion in
the reactor. Reaction temperature was continuously mon-
itored using a thermocouple inserted in a thermowell within
the catalyst bed. A co-current flow of butyronitrile and H2

(,1% volume by volume nitrile in H2) was maintained at
GHSV ¼ 1.0 £ 104 h21. The inlet nitrile flow (F) was constant
(6.9mmol h21) where the H2 content was in excess (by a
factor of 12 relative to the stoichiometric requirement for
butylamine formation) and monitored using a Humonics
(Model 520) digital flowmeter. Molar palladium (n) to F ratio
spanned the range 3.4 £ 1024–3.4 £ 1023 h. The reactor
effluent was frozen in a liquid N2 trap for subsequent
analysis, which was made using a Perkin-Elmer Auto System
XL chromatograph equipped with a programed split/splitless
injector and a flame ionization detector, employing a DB-1
capillary column (i. d. ¼ 0.33mm, length ¼ 50m, film
thickness ¼ 0.20 mm). Data acquisition and manipulation
were performed using the TurboChrom Workstation Version
6.1.2 (for Windows) chromatography data system. Fractional
butyronitrile conversion (X) was obtained from

X ¼ ½Butyronitrile�in 2 ½Butyronitrile�out
½Butyronitrile�in (3)

and nitrile consumption rate from

Rate (h21) ¼ X £ F
n

(4)

where selectivity to product “i” (Si) is given by

Si(%) ¼ NixiP
Nixi

£ 100 (5)

[Butyronitrile]in and [Butyronitrile]out represent inlet and
outlet concentration, respectively, and Ni is the stoichio-
metric coefficient for product ªi. In blank tests, passage of
butyronitrile in a stream of H2 through the empty reactor or
over the SiO2 support alone did not result in any detectable
conversion. Repeated reactions with different samples of
catalyst from the same batch delivered raw data reproduci-
bility and carbon mass balance better than ^6%.

Thermodynamic analysis

Application of thermodynamics provides an important guide
to the maximum conversion/selectivity possible under a
given set of reaction conditions. Butyronitrile, hydrogen, and
all products (butylamine, dibutylamine, tributylamine, and
NH3) were considered. Setting the inlet nitrile at 1mol,
product distribution at equilibrium was determined over
473–563 K at a total pressure of 1 atm, where the
H2/butyronitrile molar ratio was kept constant ( ¼ 24) to
mimic catalytic reaction conditions. Equilibrium calculations

were made using CHEMCAD (Version 6) where the Gibbs
reactor facility was applied to obtain product composition
under conditions of minimized Gibbs free energy. The
equation of state for fugacity employed the Soave–Redlich–
Kwong approach.31 The total Gibbs function is given by

G t ¼
XN
i¼1

ni �Gi ¼
XN
i¼1

ni �mi ¼
X

niG
0
i þ RT

X
ni ln

f i
f 0i

(6)

For gas phase reaction equilibrium, f i ¼ ^
wiyiP, f

0
i ¼ P 0 and

DG 0 ¼ DG0
fi and the minimum Gibbs free energy of each

gaseous species and total for the system can be expressed by

DG0
fi þ RT ln

^
wiyiP
P 0

þ
k

X
lkaik ¼ 0 (7)

XN
i¼1

ni DG0
fi þ RT ln

^
wyiP
P 0 þ

k

X
lkaik

0
@

1
A ¼ 0 (8)

according to the Lagrange undetermined multiplier method
with the elemental balance constraint

XN
i¼1

niaik ¼ Ak (9)

Results and discussion

Catalyst characterization

Critical physico-chemical characteristics of Pd/SiO2 and
Ba–Pd/SiO2 are given in Table 1. The SSA of Pd/SiO2 was
close to that of the SiO2 support (200m2 g21). In contrast,
Ba–Pd/SiO2 exhibited a significantly lower SSA, which can be
ascribed to partial pore blockage as observed for silica
supported Pd/lanthanide bimetallics prepared from
analogous precursors.32 The TPR profile for Pd/SiO2

(Fig. 2(I)) exhibited a negative peak (H2 release) at 368 K that
can be attributed to Pd hydride decomposition.33 The profile
for Ba–Pd/SiO2 (Fig. 2(II)) is also characterized by H2 release
with Tmax at 354 K and an associated Pd hydride composition
(H/Pd ratio ¼ 0.19) that differed from Pd/SiO2 (0.34). The
lower H/Pd suggests inhibited hydride formation due to the
incorporation of Ba with the possible formation of smaller Pd
particles as size governs hydride composition with an upper
H/Pd ¼ 0.76 for bulk Pd.34 A shift in hydride decomposition
temperature to a lower value also correlates with a decrease

Table 1 Physico-chemical properties of SiO2-supported Pd
and Ba–Pd catalysts

Pd/SiO2 Ba–Pd/SiO2

SSA (m2g21) 191 154
TPR Tmax (K) 368a 354a, 573b

Pd hydride (H/Pd, molmol21) 0.34 0.19
H2 chemisorption (mmol g21) 7 46
H2 TPD (mmol g21) 19 91
NH3 chemisorption (mmol g21) 0.49 0.34
NH3 TPD (mmol g21) 0.48 0.32
dTEM (nm) 28 7
dc (nm) 33 9

aH2 release.
bH2 consumption.
TPD: temperature programmed desorption; TPR: temperature
programmed reduction; SSA: specific surface area.
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in Pd particle size.35 Hydrogen consumption at 573 K for
Ba–Pd/SiO2 suggests a temperature-induced reduction step,
which may result from stabilization of surface Pd oxide with
the addition of Ba.27 Supported Pd morphology was deter-
mined by TEM analysis, and representative images (with
associated size distributions) are presented in Fig. 3. Both
catalysts display quasi-spherical Pd nano-particles with a
narrower distribution of smaller particles for Ba–Pd/SiO2

(mean size ¼ 7 nm) compared with Pd/SiO2 (28 nm). This
result is in good agreement with Pd size obtained from
application of the Scherrer equation to XRD line broadening
(Table 1) and is inline with the work of Liu et al.36 who
observed an increase in metal dispersion for zeolite
supported Pt following Ba exchange. The incorporation of Ba
has been shown to minimize Pd agglomeration with the
formation of smaller Pd particles.27,37 Piacentini et al.38

reported increased Pt dispersion at higher Ba loadings in
Ba–Pt/Al2O3. Enhanced Pd dispersion can account for the
greater H2 chemisorption on Ba–Pd/SiO2 relative to Pd/SiO2

(Table 1), where smaller Pd particles facilitate dissociative
H2 adsorption.39 Hydrogen release from both catalysts
during TPD (Table 1) exceeded that adsorbed in ambient
temperature pulse titration, diagnostic of spillover hydrogen
during TPR.40 Hydrogen TPD from Pd/SiO2 generated the
profile given in Fig. 4(I), characterized by a two-stage release
with Tmax ¼ 775 and 1273 K (final isothermal hold). Drawing
on available literature, the lower temperature peak can be
ascribed to loss of chemisorbed hydrogen from Pd.41 This is
consistent with the equivalence of H2 desorbed over 720–
980 K (6 mmol g21) and that chemisorbed (Table 1).
Hydrogen release at higher (1050–1273 K) temperatures has
been attributed to desorption from the support and metal/
support interface.27,42 The TPD profile for Ba–Pd/SiO2

(Fig. 4(II)) also showed two desorption peaks with a greater
(by a factor of 5) amount of H2 desorbed compared with
Pd/SiO2 (Table 1). This can be linked to the presence of
smaller Pd particles that facilitate higher H2 uptake and
diffusion/spillover to the support.43 The shift of the second
H2 desorption peak for Ba–Pd/SiO2 to a lower temperature
suggests that the incorporation of Ba impacts on spillover
release.27 Panagiotopoulou and Kondarides44 recorded a
displacement of H2-TPD to a lower temperature (by 50 K) for

Ca-promoted Pt/TiO2 that they attributed to a modification of
the metal-support interface with the formation of Pt–Ca–Ti3þ

sites that exhibit weaker Pt–H bond strength.
Surface acidity was probed by NH3 chemisorption/deso-

rption where TPD (Fig. 5a) from the silica support (I) exhib-
ited NH3 release with Tmax ¼ 343 K that can be attributed to
weak acid sites.45,46 Both Brønsted (hydroxyl groups acting
as proton donors)46 and weak Lewis acid sites45,46 have been
detected on silica surfaces by FTIR spectroscopy. Tempera-
ture programmed desorption              from Pd/SiO2 (II) and Ba–Pd/SiO2

(III) exhibited a common Tmax ( ¼ 357 K) with NH3 desorption
(0.15mmolg21) close to that observed for SiO2

(0.19mmolg21). Integration of NH3 desorption signals gave a
total release that correlated well with the chemisorption
measurements (Table 1). A secondary higher temperature
(600–1000K) NH3 release was in evidence that must be linked
to surface acidity generated during metal incorporation and
sample treatment. Gao et al.47 recorded an additional NH3

desorption peak at 475–775K for Ni/SiO2 that was not
observed for SiO2. Moreover, Jiang et al.48 reported an increase
inNH3 release at ca. 773Kduring TPDof Pd/SBAwith increasing
Pd content (0.005 ! 0.01wt%) Ammonia chemisorption/des-
orption was lower for Ba–Pd/SiO2 compared with Pd/SiO2

(Table 1). X-ray diffraction analysis of Ba–Pd/SiO2 (Fig. 5b) has
revealed peaks characteristic ofmetallic Pd and a BaSiO3 phase.
The formation of BaSiO3 can result in a consumption of surface
acid sites. Labalmeandco-workers49 also reportedadecrease in
total surface acidity as a result of Ba addition to Pt/Al2O3 based
on NH3 TPD, which was attributed to neutralization of surface
hydroxyl groups.                                                                 X-ray                                                      photoelectron                 spectroscopy                                    (XPS)
analysis has established the formation of an electron-rich Pd
phase in Ba–Pd/SiO2.

27 This is consistent with Labalme's
conclusionof electron donation from electro positive Ba to Pt on
Al2O3

50,51 and is inline with reports, whic hh ave concluded that
addition of Ba increases the electron density of Pd sites.52,53

Butyronitrile hydrogenation: thermodynamic
considerations

A thermodynamic analysis of butyronitrile hydrogenation
was performed to determine system behavior at equilibrium.
Under thermodynamic control, the nitrile reactant was fully
converted under the reaction conditions employed in this
study. The calculated equilibrium selectivity as a function of
reaction temperature is presented in Fig. 6 where it can be
seen that the tertiary amine is the predominant product
(S ¼ 83–90%). Production of equivalent amounts of butyla-
mine and dibutylamine as by-products is favored by
increasing temperature. Preferential tertiary amine pro-
duction indicates that there is no thermodynamic barrier
for the coupled reduction and condensation steps shown
in Fig. 1.

Butyronitrile hydrogenation: catalytic
activity/selectivity (at 473K)

Taking 473 K as a benchmark temperature, fractional butyr-
onitrile conversion (X) was time invariant over Pd/SiO2 (I) and
Ba–Pd/SiO2 (II) where the latter exhibited higher nitrile
conversion (Fig. 7a). This is significant given the
temporal decline in activity reported in liquid4–7,9,54–56 and
gas phase10,11,18,20 nitrile hydrogenation over supported

Figure 2 Temperature-programmed reduction (TPR)

profiles for (I) Pd/SiO2 and (II) Ba–Pd/SiO2
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Pd,5–7,9,55,56 Pt,7,57 Ru,7 and Ni.11,19,20 Catalyst deactivation
has been ascribed to metal particle agglomeration,7,10 active
site occlusion by amine product(s),7,10,15,57,58 and catalyst
coking associated with the formation of dehydrogenated
surface species and carbides.11,15,19,21 The greater levels of
H2 uptake/release exhibited by Ba–Pd/SiO2 (Table 1) can
account for the observed higher nitrile hydrogenation
activity. Product distribution was invariant with conversion
(Fig. 7b and c) where butylamine was the major product. This
differs from predominant tertiary amine formation under
thermodynamic equilibrium (Fig. 6) and demonstrates cata-
lytic control. Nitrile transformation to amines via the path-
ways shown in Fig. 1 requires catalyst bifunctionality59

where the metal phase serves to promote hydrogenation
(steps (I), (II), (IV), and (VI)) and condensation of the imine
intermediates with butyl- (step (III)) and dibutyl-amine

Figure 3 Representative transmission electron microscopy (TEM) images of (I) Pd/SiO2 (W) and (II) Ba–Pd/SiO2 (†) with

(III) associated particle size distributions

Figure 4 Hydrogen temperature-programmed desorption

(TPD) profiles for (I) Pd/SiO2 and (II) Ba–Pd/SiO2
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(step (V)) proceeds on surface acid sites.2,4,18,19,59 Selectivity
to the target butylamine was higher over Ba–Pd/SiO2

(Fig. 7c) than Pd/SiO2 (Fig. 7b). This can be partly attributed
to the lower surface acidity of the bimetallic catalyst that
served to suppress condensation to secondary and tertiary

amines. Moreover, weaker butylamine interaction with
electron-rich Pd sites on Ba–Pd/SiO2 resulting from repul-
sion with the –NH2 function can favor desorption of the
primary amine without further reaction. Branco et al.24

reached a similar conclusion for the conversion of

Figure 5 a Ammonia temperature-programmed desorption

(TPD) profiles for (I) SiO2, (II) Pd/SiO2, and (III) Ba–Pd/SiO2;

b X-ray diffraction (XRD) pattern for Ba–Pd/SiO2 with peak

assignments for Pd (W) and BaSiO3 (A) phases. JCPDS-

ICDD reference diffractograms for Pd (05-0681) and BaSiO3

(04-0504) are also included

Figure 7 a Time on-stream butyronitrile fractional conver-

sion (X ) for reaction over (I) Pd/SiO2 and (II) Ba–Pd/SiO2

and selectivity (Si) to butylamine (B), dibutylamine (†), and
tributylmine (O) as a function of fractional conversion over

b Pd/SiO2 and c Ba–Pd/SiO2; Reaction conditions:

P 5 1 atm, T 5 473K, n/F 5 3.4 3 1024–3.4 3 1023 h

Figure 6 Product selectivity (Si) as a function of reaction

temperature at the thermodynamic equilibrium: butylamine (A);

dibutylamine (W); tributylamine (D)
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propionitrile over lanthanide-promoted Cu where electron
enriched Cu sites exhibited weaker adsorption of primary
amine, limiting subsequent condensation.

Butyronitrile hydrogenation: temperature
effects

Reaction temperature is a critical variable that impacts on reac-
tant/intermediate activation and desorption dynamics, which in
turn influence hydrogenation rate and product distribution.60

The nitrile consumption rate deliveredbyPd/SiO2 (I) and Ba–Pd/
SiO2 (II) passed through maxima at 523 and 493K, respectively,
as shown in Fig. 8. Nieto-Márquez et al.11 reported a maximum
rate of butyronitrile hydrogenation over (carbon nanosphere)
supported Ni at comparable temperatures (463K , T , 583K)
that they linked to reactant thermal desorption that decreased
surface coverage. Reaction over Ba–Pd/SiO2 delivered higher
nitrile consumption rates with the maximum at a lower
temperature (493K). The latter can be linked to weaker butyo-
nitrile interaction via the nitrogen electron lone pair at electron
rich Pd sites, resulting in more facile desorption. There is
evidence in the literature11 for a higher Tmax in butyronitrile
hydrogenation rate over Ni particles with lower electron density
that can be attributed to stronger –C ; N adsorption and the
requirement for higher desorption temperatures. The higher
selectivity to primary amine over Ba–Pd/SiO2 (Fig. 8) can be
ascribed to the lower surface acidity that limited condensation.
Butylamine selectivity over both catalysts increased with
increasing temperature to 100% at T $ 543K. This is quite
distinct from the thermodynamic equilibrium composition

(Fig. 6) where tri-butylamine was the major product over the
entire temperature range. An increase in temperature must
induce desorption of the butylamine product, circumventing
condensation. Cristiani and co-workers61 have recorded an
increase in primary amine formation (S ¼ 16–41%) at higher
temperatures (453–563K) in stearonitrile conversion over
CuO–Cr2O3. In contrast, Braos-García and co-workers21 noted
decreasing primary amine selectivity and preferential secondary
amine formation with increasing temperature (378–418K) for
acetonitrile hydrogenation over mixed alumina/gallium oxide
(16% w/w Ga2O3) supported Ni. Nieto-Márquez et al.11 have
proposed that selectivity maxima are the result of contributions
due to mass transfer, thermodynamic limitations, and thermal
poisoning. The higher butyronitrile consumption rate delivered
by Ba–Pd/SiO2 coupled with reaction exclusivity translates into
higher butylamine productivity (91mol h21molPd

21) than that
achieved over Pd/SiO2 (54mol h21molPd

21) at 543K. Authors
attribute this to greater availability of surface reactive hydrogen.
It is important to note that in previous reports, reaction over Ni
deliveredhigher activity andprimary amine selectivity thanPd in
liquid phase nitrile hydrogenation.6,16 Authors have achieved an
order of magnitude higher rate over Ba–Pd/SiO2 with full
selectivity to the target butylamine when compared with
reportedgasphasecontinuous reactionover supportedNiunder
similar reaction conditions (T ¼ 493K, 1 atm).10 Our results
demonstrate that the combinationof an alkaline earthmetal (Ba)
with Pd facilitates enhanced cleaner primary amine production.

Conclusions

Authors have attained a higher selective butyronitrile hydro-
genation rate (91mol h21molPd

21) to the target butylamine in
the gas phase hydrogenation of butyronitrile over Ba–Pd/SiO2

relative to Pd/SiO2 (54mol h21molPd
21). The increased rate can

be attributed to greater available surface reactive hydrogen
(from H2 chemisorption coupled with TPD) on Ba–Pd/SiO2

bearing smallermetal nanoparticles (7 vs 28nm). Lower surface
acidity (from NH3 adsorption/TPD) served to minimize side
condensation and the formation of higher amines over Ba–Pd/
SiO2. Temperature-related activity maxima (Tmax) are attributed
to thermal desorption that limits surface coverage by reactant
where Tmax for Ba–Pd/SiO2 (493K) was lower than Pd/SiO2

(523K) reflecting weaker surface interaction for the former.
Authors have provided the first reported evidence for (i) full
selectivity to primary amine in nitrile hydrogenation over
supported Pd; (ii) enhanced selective hydrogenation rate for a
Pd-alkaline earth metal formulation that was 10 times higher
than that reported previously for supported Ni.
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