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lAbstract

The catalytic continuous gas phase hydrogenation of
p-chloronitrobenzene (P=1 atm; T=423 K) has been
investigated over a series of oxide (AL,O,, TiO_, Fe,O,
and CeO,) supported Au (1 mol %) catalysts. The
application of two catalyst synthesis routes, i.e.
impregnation (IMP) and deposition-precipitation
(DP), has been considered where the DP route
generated smaller mean Au particle sizes (1.5-2.8

nm) compared with the IMP preparation (3.5-9.0 nm).

The catalysts have been characterised in terms H,
chemisorption and BET area measurements where
the formation of metallic Au post-activation has
been verified by diffuse reflectance UV-Vis, XRD and
HRTEM analyses. p-Chloroaniline was generated as
the sole reaction product over all the Au catalysts
with no evidence of C-Cl and/or C-NO, bond scission
and/or aromatic ring reduction. The specific
hydrogenation rate increased with decreasing

Au particle size (from 9 to 3 nm), regardless of the
nature of the support. This response extends to a
reference Au[TiO, catalyst provided by the World
Gold Council. A decrease in specific rate is in
evidence for smaller particles (< 2 nm) and can be
attributed to a quantum size effect. The results
presented establish the basis for the design and
development of a versatile catalytic system for the
clean continuous production of high value amino
compounds under mild reaction conditions.
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I Introduction

Hydrogenation promoted by gold has emerged as one of the
most challenging topics in gold catalysis, as reflected in the
reviews by Claus [1] and Hashmi [2]. The lower hydrogenation
activity associated with Au when compared with traditional
metals (e.g. Pt, Pd) [3,4] is compensated for in terms of the
high selectivity that Au can deliver in hydrogenation
applications [1]. In order to develop viable processes based
on Au catalysis, an explicit correlation of activity/selectivity
with catalyst structure is required. One issue that must be
resolved is the difference in catalytic performance observed
for Au supported on different oxide carriers [1,3,5-9]. The
nature of the support can affect the morphology and
dispersion of Au particles via metal-support interactions
[3,10,11] and it is established that smaller (< 10 nm) supported
Au particles exhibit electronic properties that are quite
distinct from bulk Au [12]. This feature is critical in that the
catalytic response of Au in hydrogenation reactions may be
dependent on changes in the electronic character of the
supported metal [13]. Furthermore, while the carrier can
impact on the properties of the Au component, the supported
Au phase has been reported to induce changes in the oxide
support, notably by promoting the reduction of (reducible)
oxides, including Fe,O, [14], CeQ, [15] and TiO, [16,17].
Considering the complex nature of Au-support interactions,
it is not surprising that the effect of the support on the
hydrogenation response still remains largely unresolved.

The selective reduction of aromatic nitro-group
substituents in the presence of other functional groups (e.g.
carbonyl, cyano, chloro or alkenic groups) is difficult as the
reduction/substitution of these groups (by H,) can be more
facile than the target -NO, group [18,19]. In the selective
reduction of nitroarenes, promising results have been recently
published for supported gold catalysts in batch liquid
operation [20-26], although the formation of highly toxic
by-products (azoxy-derivates) and the requirement of high
hydrogen pressures (3-4 MPa) are drawbacks that require
further consideration. p-Chloroaniline (the target product in
this study) is a high production volume compound [27]
extensively used as an intermediate in the synthesis of a
broad range of fine chemicals, e.g. pharmaceuticals and
agrochemicals [28]. The traditional production route from
p-chloronitrobenzene involves the use of Fe in acid media
(Béchamp process) but the generation of large amounts
(5-20 times greater than that of the target product) of toxic
waste (Fe hydroxide sludge) and low overall product yields
have limited its applicability [29]. Catalytic hydrogenation in
batch liquid systems over transition metal catalysts provides a
cleaner alternative [30]. However, the challenge is to achieve
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selective hydrogenation of the nitro group and avoid scission
of the C-Cl bond [30,31] and/or cleavage of -NH, [32] from
the product. The hydrogenolysis of the ClI substituent can
lead to the formation of aniline either (a) via the reduction of
nitrobenzene or (b) as a result of the further transformation
of p-chloroaniline as shown in Figure 1, with both steps
reported in the literature for catalytic operation (in gas and/
or liquid phase) over supported metals [32-40].

We have recently demonstrated exclusivity in the
hydrogenation of a series of halonitrocompounds to the
respective halogenated aromatic amine in continuous gas
phase operation over supported Ni [41] and Au [33,42]. In
those studies, we recorded a higher catalytic activity for the
Ni catalysts but significant time on-stream deactivation was
in evidence. In this contribution, we have extended that work
to probe the effect of the support in modifying the catalytic
action of a well dispersed Au phase. We have considered four
oxide supports (ALO,, TiO,, CeO, and Fe,O,) that present a
range of acid-base and redox surface properties. In addition,
we have compared the catalytic behaviour of these systems
with a AufTiO, reference catalyst supplied by the World
Gold Council.

l Experimental

Catalyst preparation and activation

The effect of the support on Au catalytic hydrogenation
performance was investigated by selecting a group of
reducible (CeO,, TiO, and o-Fe,0,) and non-reducible
(v-AlLO,) oxides. The CeO, (HSA5, Rhodia), TiO, (P25, Degussa)
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and y-ALO, (Puralox, Condea Vista Co.) supports were used as
received. Hematite (o-Fe,O,) was prepared by precipitation
in basic media according to [43-45]

2[Fe(NO),9H,0]+3Na,CO, —» 2Fe(OH),+6NaNO,+3C0,+15H,0 (1)

100 cm?® aqueous Na,CO, (1 M) were placed in a three-
necked round-bottom flask and heated in a water bath to
358+5 K under constant agitation (300 rpm). An aqueous
solution of Fe(NO,)9H,O (300 cm?, 1 M) was then added
drop wise (300 cm® h') by means of a microprocessor-
controlled infusion pump (100 kd Scientific). Basic conditions
(pH > 7.3) were maintained during precipitation by adding
Na,CO, (five additions of 10g). The solid hydroxide was
subsequently aged for 2 h to enhance the BET area [45],
washed with warm distilled water until the wash water
approached neutral pH and dried for 3 days at 353 K
(2 K min?) in ultra pure He (60 cm?® min') to produce
hematite:

2Fe(OH), — Fe,0,+3H,0 ()

The X-ray diffractogram pattern for the as prepared Fe,O,
(not shown) presented signals at 26 = 24.1°, 33.2°, 35.6°,
40.9°,49.5°,54.1°,57.6°, 62.4° and 64.0° corresponding
to the (012), (104), (110), (113), (024), (116), (018), (214) and
(300) characteristics planes of a-phase Fe,O, (hematite,
JCPDS-ICDD card number 33-0664). A series of 1 mol % oxide
supported Au was prepared by deposition-precipitation (DP)
and impregnation (IMP). These synthesis routes were chosen
as it has been demonstrated that catalyst synthesis can
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significantly influence metal dispersion where DP has been
shown to generate small Au particles (< 5 nm) (46,47). In
contrast, even at low Au loading (1-2 wt. %), catalysts
prepared by the less controlled IMP procedure normally
exhibit larger (10-35 nm) Au diameters (5). In the case of the
DP samples, urea (used as the basification agent) was added
(ca. 100-fold urea excess) to a solution of HAuCI, (300 cm?,
5 x 10* M). The support (3-5 g, y-ALO,, TiO,, CeO, and
o-Fe,0,) was introduced and the suspension was stirred and
heated to 353 K for 16 h. The pH of the suspension
progressively increased to reach ca. 7 after 16 h as a result of
the thermally-induced urea decomposition [48]

T=353K

NH,-CO-NH,+3H,0 —— 2NH,+20H +CO, (3)

The solids obtained were separated by centrifugation, washed
three times with deionized water and dried under vacuum at
298 K for 12 h. In the case of the IMP synthesis, the support
was dispersed in appropriate volumes of HAuCl, solution
(Aldrich, 25 x 10 g cm?, pH = 2) and the resulting slurry was
vigorously stirred (600 rpm) and heated (2 K min™) to 353 K
in a He purge. The solid residue was dried in a flow of He at
383 K for 3 h. After preparation, the samples were sieved to
75 um average particle diameter and  stored
(in the dark) at 298 K. The Au loading was determined
(to within £2 %) by inductively coupled plasma-optical
emission spectrometry (ICP-OES, Vista-PRO, Varian Inc.) from
the diluted extract of aqua regia. The catalytic behaviour of a
1 mol % Au[TiO, reference catalyst supplied by the World
Gold Council (type A, lot number Au-TIO, #02-7, sample
number 110) was also investigated. The preparation and
characterization details of this reference sample have been
recorded elsewhere [49,50]. Prior to use in catalysis, the
samples were activated in 60 cm® min™ H, at 2 Kmin™ to 423-
603+1 K and maintained at final reduction temperature for 1
h. The requirements for the reduction of the Au precursor to
metallic Au for catalysts prepared by IMP and/or DP have
been established elsewhere [33,42,51]. Samples for off-line
analysis were passivated in 1% v/v O,He at room
temperature.

Catalyst characterization

H, chemisorption and BET surface area were determined
using the commercial CHEM-BET 3000 (Quantachrome) unit.
The samples were activated as above, swept with a 65 cm?
min” flow of N, for 1.5 h, cooled to room temperature and
subjected to H, chemisorption using a pulse (10 ul) titration
procedure. BET areas were recorded with a 30% v/v N_/He
flow using pure N, (99.9%) as internal standard. At least
2 cycles of N, adsorption-desorption in the flow mode were
employed to determine total surface area using the
standard single point method. BET surface area and H, uptake
values were reproducible to within £5%. Powder X-ray
diffractograms were recorded on a Bruker/Siemens D500
incident X-ray diffractometer using Cu Ko radiation. The
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samples were scanned at 0.02° step™ over 20° < 26 < 90°
(scan time = 5 s step”). Diffractograms were identified using
the JCPDS-ICDD reference standards, i.e. y-AL,O, (10-0425)
and Au (4-0784). Diffuse reflectance (DRS UV-Vis)
measurements were conducted using a Perkin Elmer Lambda
35 UV-Vis Spectrometer with BaSO, powder as reference;
absorption profiles were calculated from the reflectance data
using the Kubelka-Munk function. Au particle morphology
and size were determined by transmission electron
microscopy analysis; JEOL JEM 2011 HRTEM unit with a UTW
energy dispersive X-ray detector (Oxford Instruments)
operated at an accelerating voltage of 200 kV. Specimens
were prepared by dispersion in acetone and deposited on a
holey carbon/Cu grid (300 Mesh). Up to 1000 individual Au
particles were counted for each catalyst and the surface

area-weighted metal diameter (d ;) was calculated from

Zni di3
d - |
TEM E n’_diZ ( 4)

where n is the number of particles of diameter d.. The size
limit for the detection of Au particles is ca. 1 nm.

Catalysis procedure

Reactions were carried out under atmospheric pressure at
T=423 K, in situ immediately after activation, in a fixed bed
vertical plug-flow glass reactor (I = 600 mm; i.d. =15 mm).
The catalytic reactor and operating conditions to ensure
negligible heat/mass transport limitations, have been fully
described elsewhere [52] but some features, pertinent to
this study, are given below. A layer of borosilicate glass
beads served as preheating zone, ensuring that the
p-chloronitrobenzene reactant was vaporized and reached
reaction temperature before contacting the catalyst.
Isothermal conditions (+1 K) were ensured by diluting the
catalyst bed with ground glass (75 pm) [53]. The reactant
was delivered to the reactor via a glass/teflon air-tight
syringe and teflon line using a microprocessor controlled
infusion pump (Model 100 kd Scientific) at a fixed calibrated
flow rate. A co-current flow of p-chloronitrobenzene
and ultra pure H, (< 1% vjv -NO,/H,) was maintained at
a GHSV'= 2 x 10* h'" with an inlet -NO, molar flow (F) in the
range 15x107 - 38x10*mmol_yp, h", where the H, content
was up to 350 times in excess of the stoichiometric
requirement (R,= 0.92 atm), the flow rate of which was
monitored using a Humonics (Model 520) digital flowmeter.
The molar metal (n, ) to inlet molar -NO, feed rate (F) ratio
spanned the range 5x10“-169x10* h. In a series of blank
tests, passage of p-chloronitrobenzene in a stream of H,
through the empty reactor or over the support alone, i.e. in
the absence Au, did not result in any detectable conversion.
The reactor effluent was frozen in a liquid nitrogen trap for
subsequent analysis, which was made using a Perkin-Elmer
Auto System XL gas chromatograph equipped with a
programmed split/splitless injector and a flame ionization
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detector, employing a DB-1 50 m x 0.20 mm i.d., 0.33 ym
film thickness capillary column (J&RW Scientific), as described
elsewhere [54]. Any possible HCI produced was monitored by
passing the effluent gas through an aqueous NaOH trap
(7.0 x 10* mol dm?, kept under constant agitation at 400
rpm) with continuous pH (Hanna HI Programmable Printing
pH Bench-Meter) analysis. p-Chloronitrobenzene (Aldrich,
299.9% w/w purity) and the 7-butanol solvent (Riedel-de
Haen, = 99.5 %) were used without further purification.
Hydrogenation performance is quantified in terms of the
degree of nitro-group reduction (x _No,)

_ [_NHZ]out
>(-NO2 - [_NOZ]m (5)

The percentage selectivity with respect to p-chloroaniline
(Sy.can) Is given by

S _ [p_CAN]OUI

POV [p-CNBJ, -[p-CNB]

out

(6)
Repeated reactions with samples from the same batch of

catalyst delivered activity values that were reproducible to
within £ 6 %.

l Result and discussion

Catalyst characterization

Hydrogen chemisorption, BET surface areas and (surface
weighted mean) Au particle size obtained by TEM (d,,,) for
the catalysts considered in this study are recorded in Table 1.

Hydrogen uptake post-activation for all the supported Au

Table 1

Gold particle size obtained from TEM (d ) analysis, H, uptake, BET
surface area and pseudo-first order p-chloronitrobenzene hydrogenation
rate constant (k) obtained for oxide supported Au (1 mol %) prepared by
deposition-precipitation (DP) and impregnation (IMP)

Catalyst d_, (nm) H,uptake BET area
(pmolg, ) (m?g.,") k(h7)

Au/ALO,-DP 238 33 112 95
Au/CeO,-DP 1.5 63 195 147
AufFe,0,DP 26 21 57 89
Au/TiO,-DP 2.4 28 48 80
Au/TiO,-Ref 3.3 46 50 45
Au/ALO,-IMP 9.0 22 161 1
AufFe,OIMP 3.5 27 56 35
AU[TiO,-IMP 6.0 16 47 1
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catalysts was considerably lower (< 63 pmol g, ) than that
obtained for conventional transition metals on oxide supports,
e.g. Pd/ALO, (353 pymol g,,") [33], Ni/SiO, (843 umol g,
[55] and Ni[TiO, (702 pmol g,") [56]. Hydrogen/gold
interaction is still not well understood but it appears that Au
coordination number is a critical factor in determining
adsorption capability [1]. While molecular hydrogen does not
chemisorb on bulk Au at room temperature [57], there is
evidence for dissociative chemisorption on Au films containing
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XRD patterns associated with (A) Au/Al,O-DF, (B) Au/ALO,-IMP and
JCPDS-ICDD reference diffractograms for (C) y-ALO, (10-0425) and (D)
AU (4-0784)
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(A1)

Representative TEM images of (A) Au/AlLO-DP and (B) Au/ALLO -IMP:
(1) low magnification images; (I) high magnification image of a single
Au particle (with associated diffractogram pattern (lll))

defect sites [58-60]. Indeed, some consensus emerges from
the literature that smaller Au particles [61-63] with a higher
number of defects (steps, edges and corners) exhibit a
greater facility for dissociative hydrogen uptake. X-ray
diffraction analysis can provide important bulk structural
characteristics. Figure 2 shows the diffraction patterns for
two representative samples, i.e. Au/ALO,-DP (profile (A)) and
AU/ALO-IMP (profile (B)). The markers included illustrate
the position and relative intensity of the XRD peaks for
Y-ALO, (profile (C)) and cubic Au (profile (D)) taken from the
JCPDS-ICDD standards (card numbers 10-0425 and 4-0784,
respectively). The XRD patterns for both catalysts exhibit
signals over the range 26 = 30-70° that can be associated
with the (311), (222), (400) and (440) planes of cubic
Y-ALO, (see profile (C)), where the broadness of the peaks is
indicative of short range order. In addition, the XRD pattern
for Au/ALO_-IMP (see profile (B)) also shows strong reflections
at 20 = 38.1°, 44.4°, 64.7° and 77.5° corresponding to
(111), (200), (220) and (311) planes of Au metal (see profile
(D)), with an extracted (from standard line broadening
analysis (41)) mean Au particle size = 18 nm. In contrast,
there are no distinguishable peaks characteristic of metallic
gold in the Au/ALO,-DP spectrum (see profile (A)), suggesting
a highly dispersed Au phase. The DRS UV-Vis spectra of the
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alumina support, Au/ALO_,-DP and Au/ALO_-IMP, in the range
400-800 nm, are presented in Figure 3. The spectrum for
ALO, (profile (A)) is featureless, consistent with results
presented elsewhere [64]. The absorption band between
500-540 nm present in the spectrum of AujAlL,O,-DP (profile
(B)) is characteristic of metallic gold [64,65]. The signal
associated with Au/ALO,-IMP (profile (C)) exhibits a greater
intensity with a displacement to a higher wavelength, a
response that has been ascribed in the literature [66] to the
presence of larger Au particles, which is in agreement with
the XRD analysis.

Representative TEM images of Au/ALO.-DP (Al) and
AU[ALO,-IMP (B and BIl) are presented in Figure 4, which
show quasi-spherical Au particles dispersed on the support.
The diffractogram pattern for an isolated single gold particle
in the case of Au/ALO_-IMP is shown in image BIll where the
d-spacings (0.20/0.23) are consistent with the (111) and
(200) planes of metallic gold (JCPDS-ICDD 4-0784), confirming
precursor reduction to Au® post-activation, in agreement
with XRD and DRS UV-Vis data. The images indicate that Au is
present as smaller particles in Au/ALO,-DP when compared
with Au/ALO,-IMP, a trend that extends to the other samples,
i.e. for the same support, the IMP samples exhibit larger Au
particles (= 3.5 nm, see Table 1). The sequence of increasing
mean Au particle size for the samples prepared by DP,
Au/CeO-DP < Au[TiO,-DP < AufFe,O,-DP < Au/ALO,-DP,
suggests a dependency on the reducibility of the carrier,
where the largest Au particle size is associated with the least
reducible support (ALO,). Alumina is well established as an
irreducible support and an insulator material due to its wide
band gap (9 eV) [67,68] whereas CeO,, TiO, and Fe,0, are
reducible carriers with semiconductor nature (2-3 eV) [69,70].
The same trend is also in evidence for the IMP samples where
the Au particle size on AlLO, is appreciably higher than that
for reducible TiO, or Fe,0, (see Table 1). Our observations
find some support in the literature (10) where a partial
reduction of the oxide carrier has been shown to result in
metal-support interactions that impact on Au dispersion.
Indeed, Min et al. (11), using scanning tunnelling microscopy,
demonstrated that reducible oxides provide more nucleation
sites, leading to the formation of Au clusters with a smaller
particle size.

Catalyst activity/selectivity

The gas phase hydrogenation of p-chloronitrobenzene over
each supported Au catalyst generated p-chloroaniline as the
sole product, i.e. exclusive reduction of the nitro-group with
no evidence of hydrodechlorination, hydrodenitrogenation
or aromatic ring reduction. It is significant that the exclusive
formation of p-chloroaniline was a feature of each catalyst,
demonstrating that the support did not influence reaction
selectivity, which was governed by the Au phase. In
contrast, in the hydrogenation of chloronitrobenzene over
conventional transition metals, support effects have been
deemed responsible for differences in selectivity. Xiong and
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co-workers [71] studied the reaction of o-chloronitrobenzene
over a series of oxide (SiO,, ZrQ,, TiO, and AL,O,) supported
Ni catalysts and attributed the highest selectivity to
o-chloroaniline over Ni/TiO, to strong polarization of the N=0
band induced by the oxygen vacancies of TiO,. Han et al. [72]
investigated the hydrogenation of p-chloronitrobenzene
over Pt on TiO,, y-AL,O, and ZrO, and associated the highest
p-chloroaniline yield, obtained using Pt/TiO,, with strong
metal/support interactions. While Hugon et al [73] have
recently reported that the selectivity response in the
hydrogenation of 1,3-butadiene over Au supported on TiO,,
ALQ,, CeQ, and ZrQ, was independent of the nature of the
support, there is evidence in the literature (6,7) of support
effects in terms of hydrogenation selectivity for supported
Au systems. Campo and co-workers (3) have reported that
Au/CeQ, is highly selective in the gas phase hydrogenation of
crotonaldehyde to crotyl alcohol whereas Au/Nb,O, is non-
selective and proposed that niobia promoted the formation
of non-selective Au particles with a distinct morphology.
Milone et al. (8) reported a strong support effect with respect
to C=0 hydrogenation in the case of benzalacetone where
electron-enriched Au particles generated via electron transfer
from a reducible support (iron oxide) resulted in higher
selectivities to the corresponding o,B-unsaturated alcohol.
The level of reaction exclusivity reported in our study, notably
the avoidance of C-CI bond scission, is unique when
compared with the catalytic batch liquid systems tested to
date (30) and represents a critical advancement in the
development of a sustainable continuous production of
aromatic haloamines.
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The activity of these catalysts was assessed by fitting
the temporal X\, (see Figure 5) response to an empirical
relationship described in detail elsewhere [33] in order to
obtain a measure of initial activity. As a general observation,
smaller Au particles (< 3.5 nm) generated higher initial
activities but exhibited a temporal decline, whereas catalysts
with a lower Au dispersion did not show any significant
time-on-stream variation in conversion. This is demonstrated
by the two representative cases presented in Figure 5:
Au/ALO-IMP (d,,,= 9.0 nm) delivered an invariant conversion
with time-on-stream (up to 5 h), while a decline in conversion
is observed for Au/Fe,0.-DP, which bears smaller Au particles
(d,,,= 2.6 nm). These results suggest a higher activity but a
susceptibility to deactivation for smaller Au clusters. Metal
catalyst deactivation is a feature of gas phase -NO, group
reduction as a result of H,O formation [74] and/or coke
deposition [31,75-77]. The latter has been suggested as
responsible for the loss of activity during hydrogenation
over supported Au [78,79]. We have previously established
the applicability of a pseudo-first order kinetic treatment

[42,80],

'”F/U—(X.No)o)]:k(n%] (7)

where n, /Fhas the physical meaning of contact time. The
linear  relationship  between In (1-(xyo_),)" and
n,,/F (forced through the origin) is shown in Figure 6, taking
AufFe,0,-DP as a representative case. The resultant raw
pseudo-first order rate constants (k) are given in Table 1. In
order to explicitly demonstrate structure sensitivity in terms
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Variation of p-chloronitrobenzene fractional conversion (x, ) with
time-on-stream over () Au/Fe,0,-DP (p-CNB/Au =463 mol, ,,, mol,
) and () Au/ALO.-IMP (p-CNB/Au = 75 mol, ., mol," h)

B
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Pseudo-first order kinetic plot for the hydrogenation of
p-chloronitrobenzene over AuffFe,O,-DP
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Relationship between specific rate constant (k’) and Au particle size
(d.,,) for reaction over Au/AlO.-DP (1), Au/CeO-DP (2), Au/Fe,0 -DP
(3), Au/TiO,-DP (4), Au/TiO,-Ref (5), Au/ALO -IMP (6), AufFe,O,-IMP (7)
and Au/TiO,-IMP (8): DP catalysts represented by open circles; IMP
catalysts represented by solid circles

of Au particle size, it is necessary to determine the relationship
between Au size and the specific rate constant (k') in terms of
the exposed Au surface area (as estimated from mean TEM
particle size, see Table 1). The results are shown in Figure 7,
which reveals that the catalysts prepared by DP with smaller
Au particles (1.5-3.3 nm) delivered higher specific activities
when compared with the IMP samples that bear larger Au
particles (3.5-9.0). The observed decrease in k’ with increasing
Au particle size is consistent with structure sensitivity where
Au particles < 4 nm are intrinsically more active for nitro-
group reduction. The particle size/specific rate response
for seven catalyst systems (laboratory synthesised and the
World Gold Council Reference sample) fall on a common
trend line. This suggests that the nature of the support does
not impact significantly on hydrogenation rate, which is
controlled by the Au particle size. Indeed, taking a common
support (ALO,, see points 1 and 6 in Figure 7) Au/ALO,-DP
(d,, = 2.8 nm) delivered a specific rate that was over
40 times greater than that obtained for Au/ALO,-IMP
(d,,=9.0nm), representing the upper and lower rate values
recorded in this study. Moreover, systems with similar
Au dispersion on different oxides present similar activity, as
illustrated by points 3 (AufFe,0,-DP, d, = 2.6 nm) and
4 (AufTiO,-DP, d,,,, = 2.4 nm) in Figure 7. It should be noted
that Au/CeO,-DP which presented the smallest Au particle
size (1.5 nm) deviates somewhat from the general trend. We
tentatively attribute this response to the small Au particle size
which falls into the region (< 2 nm) where catalytic activity is
severely modified by electronic and quantum size effects
[81]. Indeed, the electronic character of Au can
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affect the catalytic response in hydrogenation reactions (13)
and for particles sufficiently small (< 2 nm) a transition in the
electronic state of gold from metal to non-metal has been
suggested [82,83]. Moreover, Claus and co-workers [84],
studying the gas phase hydrogenation of acrolein over
nanosized AufTiO, catalysts, associated the decrease in
activity (400 — 41 mmol g, " s7) with decreasing Au particle
size (2.0 = 1.4 nm) to the loss of metallic character for the
smaller Au particles. In this study, we have established a
significant Au particle size effect for the gas phase selective
hydrogenation of p-chloronitrobenzene with an optimum
mean Au particle size of ca. 3 nm that is independent of the
nature of the oxide support. Future work will focus on
alternative polyfunctional nitroarenes with the goal of
achieving the product selectivity that we report in this study.

IConcIusions

The results presented in this study support the following

conclusions:

i) The continuous gas phase hydrogenation of
p-chloronitrobenzene over Au supported on ALO,, TiO,,
Fe,0, and CeO, under mild reaction conditions (P = 1
atm; T = 423 K) results in the exclusive formation of
p-chloroaniline.

ii) At a common Au loading (1 mol %), catalyst preparation
by DP generates smaller (surface area weighted) mean Au
particle sizes (< 3.3 nm) when compared with IMP (> 3.5
nm). Moreover, Au particle size was greater on the non-
reducible (ALO,) carrier for both preparation methods.

i) The nature of the support does not impact directly on
the rate of nitro-group reduction, which is governed by
Au particle size. An increase in specific hydrogenation
rate is observed with a decrease in mean Au size from
9 to 3 nm. A lower specific rate recorded for smaller
particles (< 2 nm) can be attributed to a quantum size
effect. A temporal loss of activity was observed for
reaction over smaller Au particles whereas those catalysts
with a mean particle size >4 nm displayed a time invariant
conversion.

iv) Our results can serve as a proof concept, demonstrating
the feasibility of gold catalysis as a viable sustainable
route for the production of aromatic amines.
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