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Abstract.

The ammoximation of cyclohexanone using preformed hydrogen peroxide is currently applied
commercially to produce cyclohexanone oxime, an important feedstock in Nylon-6 production.
We demonstrate that by using supported AuPd alloyed nanoparticles in conjunction with a
titanium silicate-1 catalyst, hydrogen peroxide can be generated in situ as needed, producing
cyclohexanone oxime with >95% selectivity, comparable to the current industrial route. The
ammoximation of several additional simple ketones is also demonstrated. Our approach
avoids the need to transport and store highly concentrated, stabilized hydrogen peroxide,
potentially achieving substantial environmental and economic savings. This approach could
form the basis of an alternative route to numerous chemical transformations that are currently
dependent on a combination of preformed H.O. and TS-1, while allowing for considerable

process intensification.



Cyclohexanone oxime is a key precursor in the production of caprolactam, a commodity
chemical used in the production of the polyamide Nylon-6. With global production of Nylon-6
predicted to reach 8.9 million tons per annum by 2024 (1), there is a concurrent increase in
demand for cyclohexanone oxime. The traditional route to cyclohexanone oxime production
involves the reaction of cyclohexanone with hydroxylamine sulfate, producing ammonium
sulfate, a low-value fertilizer with limited applications, as a major by-product (2). Alternative
routes (fig. S1 and accompanying text) are hampered by the need to continually maintain a
low reaction pH, by complex and energy-intensive extraction steps, or by low selectivity
towards the desired product. A single-step ammoximation process, which overcomes these
challenges, has been developed using titanium silicate-1 (TS-1) as the catalyst and
cyclohexanone, ammonia and pre-formed H;O. as reactants (3). In this process
hydroxylamine is formed catalytically in situ by TS-1 (4), with this intermediate species
subsequently reacting, non-catalytically, with cyclohexanone to produce the oxime (fig. S.1
and accompanying text) (5). The catalytic activity of TS-1 with H>O,, which has been crucial
in the development of numerous selective oxidation processes (fig. S2), is often attributed to
the ability of Ti'V sites to readily co-ordinate multiple species which, in the case of
cyclohexanone ammoximation, is crucial in the formation of hydroxylamine (6). Despite
extensive advances in catalyst design leading to the development of a range of titanosilicates
that are highly selective towards cyclohexanone ammoximation and offer greater catalytic
stability (including Ti-MOR (7), Ti-Beta (8), TS-2 (9) Ti-MWW (10)), TS-1 is still widely

considered the industrial standard for reactions involving H,O2 (11).

Although the industrial ammoximation process based on H.0,/TS-1, which accounts for
approximately 6 million tons per annum of global oxime production (12), offers excellent
catalytic selectivity, an excess of H;O: is typically required, due to the low stability of the
oxidant under the associated reaction conditions (elevated temperatures and high pH), leading
to elevated process costs (13). In addition, the pre-formed H.O, that is used requires
transportation from a centralized point of production, where it is manufactured at
concentrations greatly exceeding that needed in the ammoximation process; the requisite
dilution wastes the energy previously used in distillation and concentration steps. Furthermore,
the instability of H,O» necessitates the addition of acid and halide stabilizing agents to prevent
its degradation during transport and storage, which in turn can limit catalyst stability, decrease
reactor lifetime through corrosion, and generate substantial costs associated with removal of
these stabilizers from product streams (14). Likewise, all chemical transformations that use

pre-formed H,O, suffer from these drawbacks to a certain degree.

We have previously developed catalysts for the direct synthesis of H.O, from the elements

that offer high synthesis rates and >99% H, utilization (15, 16). However, to date the direct



method has been unable to rival the current industrial route to H>O, production, primarily
because the dilute H, and O2 streams necessary to avoid explosion risks limit the attainable
product concentrations of H»O,. This disadvantage no longer pertains if the H.O5 is produced
and then rapidly consumed in situ. Indeed, the application of in situ generated H,O- has been
a long-standing goal in the valorization of many chemical feedstocks, with investigations into
a range of selective oxidation reactions reported, including propene epoxidation (17), alcohol
oxidation (18) and the partial oxidation of methane (19). However, to date earlier works are
yet to demonstrate a viable alternative to the current respective industrial processes and are
typically hindered by low rates of conversion or poor selectivity towards desired products.
Indeed, in many cases the in situ approach has often led to unforeseen complications, such
as the generation of potentially hazardous by-products, often largely driven by competing
hydrogenation reactions (20). Additionally, issues associated with catalyst deactivation and
the requirement for unfavorable solvent systems or costly additives has hampered the

adoption of an in situ generated H.O> route to selective oxidation (17).

At first sight the application of such an in situ approach to cyclohexanone ammoximation is
not only hampered by the potential drawbacks outlined in these earlier studies but also by the
substantial conditions gap between the two key processes of the reaction sequence. Direct
H.O, formation is favored at low pH and sub-ambient temperatures, whereas both the high
reaction temperature and basic conditions associated with the ammoximation process are
detrimental to H,O; stability. Herein we report that it is possible to bridge this conditions gap
and pair the direct synthesis of H.O, with cyclohexanone ammoximation to produce the oxime
in yields comparable to those observed in the current commercial process that uses preformed
H.0- (Fig. 1 and accompanying text). This is achieved through the in situ generation of H,O,

over AuPd nanoparticles in conjunction with a commercial TS-1 catalyst.

The immobilization of chloride-based Au and Pd salts onto a range of support materials, via a
wet co-impregnation procedure and subsequent calcination, has been extensively reported to
produce alloyed nanopatrticle catalysts that are highly active towards the direct synthesis of
H.0O- (21). Using this industrially viable route to catalyst preparation, we initially prepared a
series of AuPd catalysts, with a range of total metal loading, supported on TiO2, which we
exposed to an oxidative heat treatment (denoted AuPd/TiO2(Chloride-O)). We observed a
correlation between total metal loading and catalytic performance towards the direct synthesis
of H>O», under reaction conditions that are optimal for H.O» production (i.e., low pH and sub-

ambient temperatures) (fig. S3).

We subsequently established the high efficacy of the in situ approach to cyclohexanone

ammoximation using a physical mixture of the AuPd/TiO2(Chloride-O) catalysts, of varied total



metal loading, in conjunction with commercial TS-1 (fig. S4, table S1). With an optimal catalyst
formulation of 0.33%Au-0.33%Pd/TiO»(Chloride-O) (metal loading reported as wt.%), we
observed an oxime yield and selectivity based on H; (i.e., mol of H, consumed that lead to the
formation of the oxime via H;O,) of 77% and 71%, respectively. We did not observe the
formation of wunwanted organic by-products, such as nitrocyclohexane or
cyclohexenylcyclohexanone (analysis detection threshold for by-products equivalent to
approximately 0.005M). Detailed characterization of the TS-1 material is presented in fig. S5,
with further characterization via scanning transmission electron microscopy (STEM) presented
in figs. S6A-D. Analysis of the 0.33%Au-0.33%Pd/TiO2(Chloride-O) catalyst by high-angle
annular dark-field scanning transmission electron microscopy (HAADF-STEM) imaging and
X-ray energy dispersive spectroscopy (XEDS) mapping (fig. S7) revealed a bi-modal particle
size distribution and distinct particle size/composition relationship: smaller particles (3-10 nm)
were found to be Pd-rich alloys, whereas the larger (10-30 nm) particles were found to be Au-
rich, often adopting a Au-rich core / Pd-rich shell morphology. Similar observations have
previously been reported for AuPd catalysts prepared by this wet co-impregnation synthesis
route (22).

Significant improvements in cyclohexanone oxime yield were obtained by using a gaseous
reactant mixture consisting of H, and O, with an N2 diluent, compared to that observed when
using either component alone (fig. S8 and accompanying text). Indeed, the in situ approach
also offers increased cyclohexanone oxime yields (77%) compared to that observed when
using preformed H,0; (41%), at concentrations of H,O, comparable to those that could be
present if all the H; in the in situ reaction was converted to H2O,. The relatively limited activity
observed when using commercial H,O; can be attributed to the complete addition of H,O- at
the start of the reaction; continual incremental addition of H,O, over the course of the reaction
is well known to influence the catalytic performance of the current industrial process (fig. S8
and accompanying text). Further investigation demonstrated that high catalytic performance
(selectivity towards cyclohexanone oxime >95%) could be achieved regardless of the support
(TiO3, SiO2, CeO,, Al203, Nb2Os, ZrO,) used to immobilize the AuPd nanoparticles (fig. S9).

Enhanced cyclohexanone oxime production was observed when both Au and Pd were
immobilized onto the same support, with the activity of the 0.33%Au-0.33%Pd/TiO,(Chloride-
0O) and TS-1 system (77% oxime yield) markedly outperforming analogues consisting of either
mono-metallic catalysts or a physical mixture thereof (Fig. 2A, fig. S10). Indeed, the alloying
of Au with Pd is known to be highly effective in both suppressing O-O bond dissociation
(inhibiting H2O production) and promoting the release of H.O, from catalytic surfaces (23, 24).
It is therefore plausible to consider that the role of Au is to facilitate the desorption of H>O, (or

peroxy species) from the precious metal surface, enabling subsequent diffusion to Ti" sites



present within the TS-1 framework. TS-1 in turn catalyzes the formation of the hydroxylamine
intermediate, with limited ammoximation activity observed in the absence of either the
titanosilicate or AuPd supported catalyst (< 15% oxime selectivity) (fig. S11). Further analyses
of the 0.33%Au-0.33%Pd/TiO2(Chloride-O) and TS-1 dual catalyst system demonstrated that
high H: selectivity can be achieved when the reaction is not limited by cyclohexanone
availability, with a H selectivity of 98% observed at a reaction time of 1 h and a cyclohexanone

conversion of 30% (Fig. 2B).

We have also extended our studies to assess the ammoximation of a small range of other
ketones (cyclopentanone, cycloheptanone, cyclooctanone and acetophenone), with many of
the corresponding oximes finding application in the synthesis of pharmaceuticals (25, 26).
Using the 0.33%Au-0.33%Pd/TiO,(Chloride-O) and TS-1 catalysts (Fig. 2C), oxime
selectivities >95% were observed for all substrates, demonstrating the versatility of the in situ
approach to oxime formation. The variation in the rate of ketone conversion is considered to
be primarily related to the differing intrinsic reactivity of the ketones with hydroxylamine, in
addition to the limited ability of the larger ketones to access the interior of the titanosilicate

pore structure (27).

Further optimization of the Au: Pd ratio revealed an optimal composition, with a physical
mixture of the 0.55%Au-0.11%Pd/TiO,(Chloride-O) and TS-1 catalysts exhibiting a
cyclohexanone oxime yield of 96% and an apparent turnover frequency (TOF) (223
MOloximeMOlmeta*h!)  far greater than the physical mixture of the 0.33%Au-
0.33%Pd/TiO2(Chloride-O) catalyst and TS-1 (143 moloximemolmetath™?), in a 3 h reaction (Fig.
2D, apparent TOFs shown in table S2). The improved catalytic performance may in part be
due to a decrease in the number of contiguous Pd sites, which are known to be highly active
towards O-O bond cleavage (28), and enhanced H:O: utilization. Our determination of H>
selectivity supports this hypothesis, with the combination of Au-rich catalysts in addition to TS-
1 offering enhanced selectivity in comparison to the corresponding Au-lean analogues (table
S2). In a similar manner, Au-rich compositions are observed to offer reduced rates of H.O>

degradation, under ideal direct synthesis conditions (fig. S12).

Although high yields of cyclohexanone oxime can be achieved using the co-catalyst system,
for application on an industrial scale the use of a composite catalyst that can both synthesize
H,O. and catalyze the formation of hydroxylamine would be highly desirable. Hence, we
investigated the efficacy of AuPd nanoparticles supported on a commercial TS-1 for the
ammoximation of cyclohexanone, with the catalyst prepared by wet co-impregnation of PdClI.
and HAuCI, onto TS-1 followed by calcination (denoted 0.33%Au-0.33%Pd/TS-1(Chloride-

0)). The rate of H,O, formation by this catalyst was comparable to that observed when using



a range of oxide supports (fig. S13) (characterization of 0.33%Au-0.33%Pd/TS-1(Chloride-O)
is presented in fig. S14), with the bifunctional catalyst offering >95% selectivity towards the
oxime (fig. S15). However, the rate of cyclohexanone conversion (44%) was lower than that
observed for the co-catalyst system, which comprised the 0.33%Au-0.33%Pd/TiO,(Chloride-
O) catalyst in conjunction with TS-1 (80%). This difference in catalytic performance is ascribed
to the blocking of Ti'V sites, as previously observed by Holderich and co-workers (29) and the
poor mixing of the Au and Pd metallic components upon immobilization onto the titanosilicate

support, as evidenced by STEM-HAADF imaging and XEDS mapping (fig. S16).

We subsequently demonstrated that it is possible to further enhance catalytic performance
through preparation of the titanosilicate supported catalyst via a sequential wet impregnation
procedure, using Pd(OAc). and HAuUCIs precursors, followed by calcination (0.33%Au-
0.33%Pd/TS-1(Acetate-O)) and a subsequent reductive heat treatment (2 h, 400 °C, 5%H_/Ar)
(0.33%Au-0.33%Pd/TS-1(Acetate-O+R) (characterization of the 0.33%Au-0.33%Pd/TS-
1(Acetate-O+R) catalyst is reported in fig. S17). Catalytic performance towards
cyclohexanone ammoximation was found to be markedly improved compared to the 0.33%Au-
0.33%Pd/TS-1(Chloride-O) or 0.33%Au-0.33%Pd/TS-1(Chloride-O+R) analogues, with the
yield of oxime achieved by the 0.33%Au-0.33%Pd/TS-1(Acetate-O+R) catalyst comparable to
that observed when using the 0.33%Au-0.33%Pd/TiO,(Chloride-O) and TS-1 physical mixture
(Fig. 3A, with comparison of apparent TOFs shown in table S3). Indeed, our optimal results
using in situ synthesized H;O: rival those reported in the literature for a range of commonly
used oxidants, including preformed H,O; (table S.4), demonstrating the potential of this

approach to supersede the current industrial route to cyclohexanone oxime.

With the nature of the catalyst surface, in particular the oxidation state of the active metals,
crucial in obtaining high catalytic performance, we analyzed the titanosilicate supported AuPd
catalysts via X-ray photoelectron spectroscopy (XPS) (fig. S18). Exposure of the 0.33%Au-
0.33%Pd/TS-1(Acetate-O) catalyst to a reductive heat treatment (2h, 400 °C, 5%H2/Ar)
resulted in a complete shift in the Pd oxidation state to Pd® coinciding with an observed
increase in catalytic performance towards both H>O. synthesis (fig. S19) and cyclohexanone
ammoximation (Fig. 3A). Detailed STEM analysis of the 0.33%Au-0.33%Pd/TS-1(Acetate-
O+R) catalyst (Fig. 3B, additional analysis shown in fig S.20) identified significant metal
decoration on both the TiO, minority and TS-1 majority phases. HAADF-STEM imaging and
corresponding XEDS elemental mapping revealed that the metal nanopatrticles present on the
minority TiO, phase consist predominantly of larger (5-20 nm) AuPd alloys, in addition to some
smaller (1-3 nm) Pd-only particles. By comparison analysis of the TS-1 majority phase shows
the preferential immobilization of Pd onto the titanosilicate majority phase, with the absence

of Au or AuPd alloys notable.



Time-on-line studies conducted using the 0.33%Au-0.33%Pd/TS-1(Acetate-O+R) catalyst
showed high H: selectivity (94%) was possible when cyclohexanone availability is not limited,
indicating that at extended reaction times H, is non-selectively consumed via H20:
degradation or non-catalytic pathways (fig. S21), while regardless of reaction time, ammonia

selectivity was found to be relatively high (ca. 75%).

Analysis of post-reaction solutions by inductively coupled plasma mass spectrometry (ICP-
MS) (table S5) revealed the high stability of Au over a standard 3 h cyclohexanone
ammoximation reaction. However, a significant loss of Pd (18.6%) was observed over this
same time period. Further studies established the stability of the 0.33%Au-0.33%Pd/TS-
1(Acetate-O+R) catalyst over multiple uses and found that there was some minimal additional
leaching of Pd upon second use (table S5). Notably, no metal loss was observed following the
third use and indeed the efficacy of the catalyst was retained over three consecutive

ammoximation reactions (oxime yield = 80%) (Fig. 3C).

Detailed STEM-HAADF analysis of the catalyst over three uses (Fig. 3D, figs. S22-24)
identified that the observed Pd leaching was associated with the loss of the smaller non-
alloyed Pd nanoparticles, which were found predominantly on the TS-1 majority phase in the
as-prepared material. The composition and dispersion of the AuPd nanoalloys present on the
minority TiO, component were retained after multiple uses. Hot filtration experiments, where
the 0.33%Au-0.33%Pd/TS-1(Acetate-O+R) catalyst was replaced by bare TS-1, revealed
there was no contribution of leached species towards the formation of cyclohexanone oxime
(fig. S25 A-B and accompanying text). However, in the absence of the immobilized precious
metals, i.e. when bare TS-1 alone was used, some additional conversion of the ketone was
observed (7%), which in keeping with our previous observations (fig S.11) and can be
attributed to the ability of TS-1 to promote the formation of unwanted by-products in the
absence of H,0- (30). Further studies, using reagent concentrations much greater than those
used during the catalytic studies and comparable to those used under the industrial process,
revealed the increased stability of the 0.33%Au-0.33%Pd/TS-1(Acetate-O+R) catalyst
compared to a monometallic Pd analogue and indicated that a combination of NHz and H2O>
is responsible for promoting dissolution of active metals (table S6). In keeping with our STEM-
HAADF analysis (Fig. 3D, figs. S22-24), the alloying of Au with Pd was found to significantly
inhibit metal leaching, even under these harsh reaction conditions. These observations, when
coupled with our earlier studies comparing the activity of supported AuPd catalysts with
monometallic analogues (Fig. 2A) and the negligible activity of homogeneous Pd species (fig.
S25 A-B and accompanying text) suggest that the AuPd alloy nanopatrticles supported on the
TiO2 minority component of the TS-1 are key to achieving high catalytic performance, while

the unalloyed Pd nanopatrticles are largely spectator species.



A major challenge of the current industrial route to cyclohexanone oxime is associated with
the deactivation of the TS-1 catalyst, through formation of TiO,-SiO, domains, induced by the
presence of relatively high concentrations of ammonia in reactant streams (31). In keeping
with these observations our analysis by XPS (fig. S26, table S.7) indicated a minor shift in Ti
speciation over sequential reuse in the ammoximation reaction, indicative of the formation of
TiV (TiO2-like) surface species, although no loss in catalyst activity was observed. In recent
years hollow titanium silicates (HTS-1) have been developed through the post-synthesis
treatment of TS-1(32), with these materials found to offer far greater stability when used in the
ammoximation reaction than the parent material (33). As such we consider that upon potential
industrial application any deactivation of the TS-1 component can be readily overcome through

the adoption of HTS-1 or alternative titanosilicate support.

We have previously demonstrated that supported AuPd nanoparticles offer high stability
towards H>O; production in a flow regime under conditions optimized for H,O- selectivity (34).
With these observations in mind and with the independence of the in situ route to the ammonia
source established (table S.8), we next evaluated the stability of the 0.33%Au-0.33%Pd/TS-
1(Acetate-O+R) catalyst towards the ammoximation of cyclohexanone via in situ H>O-
production, using a continuous flow reactor (fig S.27) and concentrations of cyclohexanone
and ammonia comparable to those used in the industrial ammoximation process. In this case,
the catalyst was exposed to an oxidative heat treatment (16 h, 110 °C, static air) prior to
reduction (2 h, 200 °C, H,), and exhibited comparable catalyst performance to analogous
materials exposed to higher temperature heat treatments (Fig. 3A), under batch conditions (fig
S.28). These continuous flow studies demonstrated that the high catalytic stability observed
under batch conditions (Fig. 3C) can be readily translated to a flow system (Fig. 4.A), where
liquid (cyclohexanone and ammonia (NHs; ag.) and gaseous (H:, and O) reagents are
continuously introduced into the reactor. Indeed, using this continuous flow reactor,
cyclohexanone oxime yield and H; selectivity were observed to be steady over several hours
on-stream, at 48 and 70%, respectively, with no observable loss in catalytic stability detected
over 40 h on-stream. Moreover, given the limited availability of ammonia (cyclohexanone: NHs
(ag.) 1: 0.5), a near complete selective utilization of this reagent was observed (96% ammonia
selectivity), which would avoid the substantial costs associated with reagent separation and
recycling upon any potential industrial application of the in situ process. Further investigations
revealed that the cyclohexanone oxime yield can be increased considerably through reaction
condition optimization (87%) (fig S.29), although in keeping with our earlier studies (Fig. 2.B)

H> selectivity was found to be inherently linked to cyclohexanone availability.



In an attempt to establish the industrial viability of the in situ route to cyclohexanone
ammoximation and with a focus on the 0.33%Au-0.33%Pd/TS-1(Acetate-O+R) catalyst, we
conducted extended lifetime studies, under industrially relevant reaction conditions and over
248 h on-stream (fig S.30, flow reactor schematic shown in fig S.31). While analysis of the
post-reaction catalyst via x-ray diffraction (XRD) did not indicate any substantial loss in TS-1
crystallinity (figs S.32 i-ii), our XPS evaluation revealed a slight shift in Ti speciation (figs S.32
iii-iv), possibly indicative of the formation of TiO, domains within the titanosilicate component
as previously observed during industrial application (30). Our analysis by STEM revealed no
significant agglomeration of precious metal nanoparticles (figs S.32 v-vii) and the
maintenance of the AuPd nanoalloys over the course of the reaction. This is in keeping with
the high stability of the AuPd species previously observed under batch conditions (fig S.22-
24) and further highlights the long-term stability of the catalyst, under prospective industrial

conditions.

Finally, we conducted a detailed techno-economic evaluation, comparing the in situ approach
and the current industrial process, which uses preformed H,O,, based on previous evaluations
made by Zhu et al. (35) (fig S.33, based on flow data provided in Fig. 4.A, with further detail
provided in table S.9). Assuming that the lifetime of the 0.33%Au-0.33%Pd/TS-1(Acetate-
O+R) catalyst is comparable to that reported for TS-1 in the current industrial route and a
comparable activity of the TS-1 component (i.e., 0.3 kg of TS-1 catalyzes 1 ton cyclohexanone
oxime production (36)), our calculations demonstrate the economic viability of the in situ
approach and we estimate a saving of 13 % based on material costs alone, assuming a
catalyst lifetime of 2.3 years. Indeed, even assuming a far more limited catalyst lifetime (0.75
years) our economic evaluation reveals that the materials cost of the in situ approach is
comparable to the current industrial process. This evaluation does not account for the
substantial savings associated with in situ H>O2 production, namely those associated with
transport and storage of H,O, and increased reactor longevity, as reactor corrosion is known
to result from the presence of the stabilizing agents present in preformed H.O. (37).
Additionally, a significant environmental saving is associated with a less carbon-intensive
manufacturing process of this key platform chemical. As such, the in situ route represents a
positive step towards more sustainable selective chemical transformations and in particular
has the potential to supersede the current industrial route to cyclohexanone oxime. More
broadly we consider that this approach may find wider application in other industrial oxidation
reactions that at present are currently dependent on the use of TS-1 with pre-formed H>O,.

Figure 1. Proposed key reaction pathways in the ammoximation of cyclohexanone-to-
cyclohexanone oxime, via in-situ H,O, synthesis.



Figure 2. Catalytic activity of supported 0.66%AuPd/TiO,(Chloride-O) catalysts, used in
conjunction with TS-1, towards the ammoximation of cyclohexanone via the in situ production
of H202. (A) The synergistic effect of alloying Au and Pd. (B) Time-on-line activity of the 0.33%Au-
0.33%Pd/TiO2(Chloride-O) catalyst. (C) Catalytic activity of the 0.33%Au-0.33%Pd/TiO2(Chloride-O)
catalyst towards the ammoximation of a range of ketones. (D) The effect of Au:Pd ratio on catalytic
activity of 0.66%AuPd/TiO2(Chloride-O) towards cyclohexanone ammoximation. Ammoximation
reaction conditions: Ketone (2 mmol), NHsHCOs (4 mmol), 5% H2/N2 (420 psi), 25% O2/N2 (160 psi),
catalyst (0.075 g), TS-1 (0.075 g), t-BuOH (5.9 g), H20 (7.5 g), reaction time 3 h, reaction temperature
80 ©C, stirring speed 800 rpm. Key: Ketone conversion (black bar), selectivity towards oxime (red bar),
oxime yield (blue bar), selectivity based on Hz (green bar), selectivity based on NHzs (purple bar), carbon
balance (black circles). Note for Fig 2C: Au refers to 0.66%Au/TiOz(Chloride-O), Pd to
0.66%Pd/TiO2(Chloride-O), Au+Pd to a physical mixture of the two monometallic catalysts and AuPd
to 0.33%Au-0.33%Pd/TiO2(Chloride-0).

Figure 3. Performance and stability of composite AuPd catalysts supported on TS-1towards the
ammoximation of cyclohexanone viain situ production of H,O.. (A) Catalytic activity, as a function
of Pd precursor and heat treatment regime. (B) Microstructural analysis of the unused 0.33%Au-
0.33%Pd/TS-1(Acetate-O+R) sample, which had been calcined (flowing air, 400 °C, 3h) and then
reduced (5%Hz/Ar, 400 °C, 2 h). (i) Low and (ii) higher magnification HAADF-STEM images of the
titanosilicate majority component. (iii) XEDS map showing Pd metal attachment only and absence of
Au on TS-1 (iv) XEDS overlay map showing Si (yellow), Pd (red) and low concentration Ti (blue). (v)
HAADF-STEM images of the TiO2 minority component showing much more significant metal attachment
with (vi) corresponding XEDS elemental mapping (Si (yellow), Ti (blue), Pd (red) and Au (green))
showing that the larger metal particles on the TiO2 particles are AuPd alloys. (vii and viii) HAADF-
STEM and corresponding XEDS maps of the smaller Pd only particles. (C) Catalytic reusability of the
0.33%Au-0.33%Pd/TS-1(Acetate-O+R) catalyst in a batch regime. (D) Microstructural analysis of the
0.33%Au-0.33%Pd/TS-1(Acetate-O+R) catalyst after three consecutive ammoximation reactions. Low
(i) and high (ii) magnification HAADF-STEM images of TiO2 minority component and STEM-XEDS
elemental mapping of Au (green) (iii) and Pd (red) (iv), showing stability and retention of the AuPd alloy
nanoparticles post reaction. Ammoximation reaction conditions: Cyclohexanone (2 mmol),
NH4HCOs3 (4 mmol), 5%H2/N2 (420 psi), 25%02/N2 (160 psi), catalyst (0.075 g), t-BuOH (5.9 g), H20
(7.5 g), reaction time 3 h, reaction temperature 80 °C, stirring speed 800 rpm. Key: Cyclohexanone
conversion (black bar), selectivity towards oxime (red bar), oxime yield (blue bar) carbon balance (black
circles). Note for Fig. 3C: 0.33%Au-0.33%Pd/TiO2 (Chloride-O) used in conjunction with TS-1 (0.075
), all other conditions as stated.

Figure 4. Optimization of reaction parameters for the 0.33%Au-0.33%Pd/TS-1(Acetate-O+R)
catalyst in a continuous regime. Ammoximation reaction conditions: Cyclohexanone (20 wt.%):
NHz (26 wt.%) (1: 0.5), 3.6% Hz, 6.4% Oz, 90 % N2 (580 psi, 20 mLmin-1), catalyst (0.41 g), 0.33%Au-
0.33%Pd/TS-1(Acetate-O+R): Al203 (4: 1) t-BuOH: H20 (9: 1, 0.01 - 0.10 mLmint), residence time 76
min at 0.01mLmin! liquid flow rate, reaction temperature 80 °C. Key: Cyclohexanone oxime yield (blue
squares), Hzconversion (orange circles), Hz selectivity (green triangles) Reaction conditions between
0 and 1.5 h: as above with liquid flow of 0.1 mLmin-i(green background). Reaction conditions
between 1.5 and 12.1 h: as above with liquid flow of 0.02 mLmin-* (purple background). Reaction
conditions between 12.1 and 24.4 h: as above with liquid flow of 0.01 mLmin-! (orange background).
Reaction conditions between 24.4 and 34.0 h: as above with liquid flow of 0.01 mLmin-? and total
pressure of 290 psi (blue background). Reaction conditions between 34.0 and 41.4 h: as above with
liquid flow of 0.01 mLmin? and total pressure of 145 psi (yellow background). Note: Given the ratio of
cyclohexanone: NHz used in this study (1: 0.5) it is possible to conclude that under optimal reaction
conditions (orange background) NHs selectivity approaches 100% (96%), given the near 50% (48%)
oxime yield observed and the stoichiometry of the ammoximation reaction.
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