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Abstract

AuPd nanoalloys are shown to offer significantly enhanced catalytic performance for both the direct synthesis of hydro-
gen peroxide (H,0,) and the in-situ oxidative degradation of phenol. Under conditions where limited phenol conversion
is observed using commercial H,0,, the bimetallic Au-Pd system facilitates efficient in-situ generation of H,0, and
associated reactive oxygen species (ROS), enabling phenol conversion rates exceeding 70%. By optimizing key reaction
parameters, near-complete phenol degradation was achieved, alongside the effective breakdown of intermediate phenolic
by-products. Notably, unlike earlier reported systems, the optimized 0.5%Au-0.5%Pd/TiO, catalyst exhibited excellent
stability, maintaining consistent performance over 50 h of continuous operation, highlighting the potential to apply the
in-situ approach for long-term application in advanced water treatment processes.
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ROS
UV/Vis
TCD
PTFE
HPLC
XPS

XRD
ICDD
TEM
AC-STEM

HAADF

EDX
ICP-MS
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Reactive oxygen species
Ultraviolet-visible

Thermal conductivity detector
Polytetrafluoroethylene
High-performance liquid chromatography
X-ray photoelectron spectroscopy

X-ray diffraction

International Centre for Diffraction Data
Transmission electron microscopy
Aberration-corrected scanning transmission
electron microscopy

high-angle annular dark field

Energy dispersive X-ray spectroscopy
Inductively coupled plasma mass
spectrometry

Conc. Concentration
Conv. Conversion

Sel. Selectivity

ppb parts per billion
ppm parts per million

1 Introduction

Phenolic compounds are widespread in industrial waste
streams, including those from oil refineries, chemical and
resin manufacturing, and the agricultural sector [1]. Tradi-
tional remediation methods, such as adsorption and incinera-
tion, produce large volumes of highly contaminated granular
carbon beds, which not only raise handling and disposal
concerns but also contribute significantly to greenhouse
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gas (GHG) emissions [2]. Although there is growing inter-
est in biological treatments [3—5] and advanced oxidation
processes [6—8], their practical application remains ques-
tionable. Indeed, biological methods often have a limited
operating window, especially in complex waste streams
containing multiple pollutants [9, 10], while advanced oxi-
dation techniques involve costly and potentially hazardous
chemical reagents like ozone (O5) [11] and hydrogen perox-
ide (H,0,) [12].

The use of in-situ generated H,0,, along with associ-
ated reactive oxygen species (ROS; -OOH, -OH, and -O,"),
which are formed as intermediates during H,O, generation,
has emerged as a promising strategy for the degradation
of phenolic compounds [13—17]. In contrast to alternative
methods, including traditional Fenton-type systems that
rely on homogeneous salts and commercial H,O, (often
resulting in significant sludge production) [18], the in-situ,
heterogeneous approach enables the controlled formation
of low concentrations of highly reactive oxidative species
[16]. This not only enhances reaction efficiency but also
eliminates the need for downstream treatment associated
with residual metal salts or stabilizing additives commonly
present in preformed H,0O, formulations [12]. Furthermore,
the in-situ approach can be considered to offer greater com-
patibility with decentralized or continuous-flow treatment
setups, reducing the need for chemical storage and mini-
mizing secondary pollution. However, challenges remain
in optimizing catalyst stability, with prior reports highlight-
ing the limited stability of both noble metals (responsible
for H,O, generation) and non-noble, Fenton(-type) species
(responsible for ROS generation), in the presence of highly
oxidised products of phenol degradation (oxalic acid, for-
mic acid, maleic acid, etc.) [14, 15, 17]. With these earlier
works in mind, in this contribution, we explore the efficacy
of AuPd-based catalysts, well reported in the literature for
their efficacy in H,0, synthesis, for the in-situ degradation
of phenol, in a multiphase (gas-liquid-solid) flow system,
with an aim to study key reaction parameters for effective
degradation of this model contaminant.

2 Experimental
2.1 Catalyst Synthesis

A series of mono- and bi-metallic 1%AuPdTiO, catalysts
were prepared (on a weight % basis), by an incipient wet-
ness procedure. Our choice of TiO, support builds on earlier
studies which have established the efficacy of TiO,-based
catalysts towards the direct synthesis of H,O, [19] and the
degradation of chemical pollutants via the in-situ approach

[14, 15]. The procedure to produce 0.5%Au-0.5%Pd/TiO,
(10 g) is outlined below.

The TiO, (P25, Evonik) to liquid mass ratio of 5: 3.8 was
predetermined, corresponding to 7.6 g of total liquid per 10 g
of TiO,. For the preparation of 10 g of 0.5%Au-0.5%Pd/
TiO, catalyst, appropriate amounts of solid HAuCl,-3H,0
(0.1 g, >99.9% trace metals basis, Sigma-Aldrich) and
PdCl, (0.083 g, 99.995% Pd by assay, Sigma-Aldrich),
were first weighed separately into individual vessels. The
precursors were subsequently combined and dissolved in a
solution comprising of HCI (2.0 g, 37%, Fischer Scientific)
and deionised water (5.52 g) to obtain a homogeneous AuPd
precursor solution. Separately, TiO, (P25, 9.9 g, Evonik),
was weighed and placed into a 250 mL glass beaker, and the
precursor solution was gradually introduced, under continu-
ous stirring using a glass rod. The resulting slurry was dried
under at 60 °C for 12 h in a drying oven (under extraction),
gently crushed to break down agglomerated particles and
ground into a fine powder using an agate mortar and pestle.
The powder was then chemically reduced using freshly pre-
pared 5% hydrazine solution (prepared by diluting concen-
trated 35% hydrazine (Fischer Scientific) as required), by
mixing 10 mL of the 5% hydrazine solution in 250 mL of
deionised water. This reducing solution was added to the
powder and stirred until a uniform dark navy or black colour
developed, indicating complete reduction of Au and Pd spe-
cies. The suspension was allowed to settle for 30 min, after
which the supernatant was decanted. The resulting solid was
washed (3 x 250 mL of deionised water), to remove residual
hydrazine. Finally, the material was dried at 100 °C for 12 h,
ground again to a fine powder, and subsequently pelletised
to coarse powder (0.25-0.425 mm) prior to use.

2.2 Catalyst Testing

Note 1: Reaction conditions used within this study operate
under the flammability limits of gaseous mixtures of H, and
0,.

2.3 Direct Synthesis of H,0,

H,0, synthesis was evaluated using a Parr Instruments
stainless steel autoclave with a nominal volume of 50
mL, equipped with a PTFE liner, so that the total volume
is reduced to 33 mL, and a maximum working pressure of
2000 psi. The autoclave liner was charged with catalyst
(0.01 g) and H,O (8.5 g, HPLC grade, Fischer Scientific).
The charged autoclave was then purged three times with
5%H,/N, (100 psi) before filling with 5%H,/N, to a pres-
sure of 420 psi, followed by the addition of 25%0,/N, (160
psi), with the pressure of 5%H,/N, and 25%0,/N, given as
gauge pressures. The reactor was not continually fed with
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reactant gas. The reaction was conducted at room tempera-
ture of 20 °C for 0.5 h with stirring (1200 rpm). It should be
noted that individual experiments were carried out, and the
reactant mixture was not sampled on line.

To determine net H,O, concentration the solid cata-
lyst was removed via filtration and an aliquot (2.0 mL) of
the post reaction solution was combined with as prepared
potassium titanium oxalate dihydrate (Sigma Aldrich) solu-
tion acidified with 30% H,SO, ([H,S0O,]=0.02 M, 2.0 mL)
resulting in the formation of an orange pertitanic acid com-
plex. This resulting solution was analysed spectrophotomet-
rically using an Agilent Cary 60 UV/Vis Spectrophotometer
at 400 nm by comparison to a calibration curve. Catalyst
productivities are reported as moly,q,kg., 'h™.

The catalytic conversion of H, and selectivity towards
H,0, were determined using a Varian 3800 GC fitted with
TCD and equipped with a Porapak Q column.

H, conversion (Eq. 1) and H,0, selectivity (Eq. 2) are
defined as follows:

mmolyy (4(0y) — mmolya (¢(1))

HyConversion (%) =

x 100 (D

mmolH2 (t(0))

H50zdetected (mmol)

H20, Selectivity (%) = Hs consumed (mmol)

x 100 2)

The total autoclave capacity was determined via water dis-
placement to allow for the accurate determination of H,
conversion and H,0, selectivity. When equipped with the
PTFE liner, the total volume of an unfilled autoclave was
determined to be 33 mL, which includes all available gas-
eous space within the autoclave.

2.4 Degradation of H,0,

Catalytic activity towards H,0, degradation was deter-
mined in a similar manner to the direct synthesis activity
of a catalyst. The autoclave liner was charged with solvent
H,0 (7.82 g, HPLC grade, Fischer Scientific) and H,0, (50
wt% 0.68 g, Sigma Aldrich), with the solvent composition
equivalent to a 4 wt% H,0, solution. From the solution, two
0.05 g aliquots were removed and titrated with an acidified
Ce(S0O,), solution using ferroin as an indicator to determine
an accurate concentration of H,0, at the start of the reac-
tion. Subsequently, the catalyst (0.01 g) was added to the
reaction media, and the autoclave was purged with 5%H,/
N, (100 psi) before being pressurized with 5%H,/N, (420
psi). The reaction medium was conducted at a temperature
of 20 °C, and stirred (1200 rpm) for the desired reaction
time, typically 30 min. After the reaction was complete, the
catalyst was removed from the reaction mixture, and two
0.05 g aliquots were titrated against the acidified Ce(SO,),
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solution using ferroin as an indicator. The degradation activ-
ity is reported as moly,o,kg., 'h ™.

In all cases, reactions were run three times, over multiple
batches of catalyst for the optimal formulation, with the data
being presented as an average of these experiments. The
catalytic activity toward the direct synthesis and subsequent
degradation of H,0, was found to be consistent to within
+2% on the basis of multiple reactions.

2.5 Phenol Degradation via the In-situ Synthesis of
HZOZ

Catalytic activity towards the degradation of phenol was
evaluated in our continuous fixed-bed reactor, equipped
with a 1/8inch (3.2 inch outer diameter, with a catalyst bed
of 1/4 inch (6.4 mm). A typical phenol degradation reaction
was carried out using 0.12 g of the 1%AuPd/TiO, catalyst,
which had been pressed (10 T, 30 s) into a disc and sieved
to a particle size of 0.25-0.425 mm. The granulated catalyst
was mixed with SiC powder (4.1 g, approximately 0.37 mm
particle size, Fischer Scientific), and supported at the bot-
tom of the catalyst bed in the reactor tube by glass wool.
The catalyst and diluent were contained within a 10 cm
stainless-steel tube with a 1/4 inch (6.4 mm) outer diameter.
The reactor system was then pressurized, typically to 10 bar,
and at a temperature of 20 °C. When the reactor had reached
the required pressure and the flow through the system had
stabilized, the phenolic solution (10 ppm phenol in H,O,
HPLC grade), was introduced into the reactor, typically
at a flow of 0.2 mL min' using an Agilent 1290 Infinity
HPLC pump. Total gas flow rates (typically 42 mLmin !,
5%H,/N,: 35 mLmin " and 25%0,/N,: 7 mLmin "), were
controlled using mass flow controllers, and one-way valves
were placed after the mass flow controllers to prevent any
liquid from entering them during the reaction. The reactor
pressure was maintained using a back-pressure regulator
at the end of the system, and pressure relief valves were
included at various points throughout the system. Aliquots
of post-reaction solutions were collected and analysed using
high-performance liquid chromatography (HPLC) fitted
with an Agilent Poroshell 120 SB-C18 column.

Where possible, phenol oxidation product distribution
has been grouped into two categories, namely the pheno-
lic derivatives (catechol, hydroquinone, resorcinol, and
benzoquinone) and others, which include the organic acids
(formic acid, acetic acid, fumaric acid, maleic acid, malo-
nic acid, muconic acid, and oxalic acid), water, and carbon
dioxide (i.e., the products of total oxidation). Note that
while it is possible for the completed oxidation of phenol to
occur, the presence of water as a reaction medium prevented
the detection of this product. Further, we were unable to
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analyse post-reaction gas streams due to equipment limita-
tions, which prevented the quantification of CO,.

Phenol conversion (Eq. 3), selectivity towards phenolic
derivatives (PD) (Eq. 4) or others (organic acids, CO, and
H,0) (Eq. 5) are defined as follows:

Phenol Conversion (%)

. HlanIPhenol (£(0)) — Hlm()lphem'\l (1) x 100 (3)
mmOIPhenol (t(0))

mmolpp

Selectivity towards PD (%) = x 100 @)

mmOIPhenol converted

Selectivtiy towards others (%)

- WLmOlphenol(t(l)) - anOlPD(t(l)) %

w00 O

mmozphenol(t(l))

To probe the contribution of alternative pathways to phenol
conversion (i.e., via aerobic or reductive pathways), an iden-
tical procedure to that outlined above for the oxidative deg-
radation of phenol was followed, with the reactor charged
with 5%H,/N, or 25%0,/N, reagent gases. Additionally,
experiments were conducted using preformed H,O, (100
ppm). Further studies were conducted in the presence of the
radical quenching agent t-butanol (TBA), at a concentra-
tions of 100 ppm.

2.6 Catalyst Characterization

X-ray photoelectron spectroscopy (XPS) measurements
were performed on a Kratos Axis Ultra-DLD photoelectron
spectrometer utilising a monochromatic Al K, X-ray source
operating at 144 W (12 mA x 12 kV). Samples were pressed
onto silicone-free double-sized Scotch tape, and analysed
using the hybrid spectroscopy mode, giving an analysis
area of ca. 700 x 300 microns. High resolution and survey
spectra were acquired at pass energies of 40 eV (step size
0.1 eV) and 160 eV (step size 1 eV), respectively. Charge
compensation was performed using low-energy electrons,
and the resulting spectrum was calibrated to the lowest
C(1s) peak from the fitted carbon core-level spectra, taken
to be 284.8 eV. The suitability of the C(1s) referencing was
confirmed by a secondary reference point, taken to be the
Ti(2p;,,) peak with a binding energy of 458.7 eV, character-
istic of that for virgin TiO,. All data were processed using
CasaXPS v2.3.24 using a Shirley background and modified
Wagner factors as supplied by the instrument manufacturer.
Peak fits were performed using a combination of Voigt-type
functions (LA line shape in CasaXPS) and models derived
from bulk reference samples where appropriate.

The bulk structure of the catalysts was determined by
powder X-ray diffraction (XRD) using a (6-6) PANalytical

X’pert Pro powder diffractometer using a Cu K, radiation
source, operating at 40 keV and 40 mA. Standard analy-
sis was carried out using a 40 min run with a back-filled
sample, between 26 values of 20-80°. Phase identification
was carried out using the International Centre for Diffrac-
tion Data (ICDD).

Transmission electron microscopy (TEM) was performed
on a JEOL JEM-2100 operating at 200 kV. Samples were
prepared by powder dispersion and then deposited on 300
mesh copper grids coated with holey carbon film. To allow
for the determination of mean particle size, a minimum of
300 particles was measured. Aberration-corrected scan-
ning transmission electron microscopy (AC-STEM) was
performed using a probe-corrected ThermoFisher Spectra
200 S/TEM operating at 200 kV and a convergence semi-
angle of 29.5 mrad. High spatial resolution STEM imaging
was acquired with a high-angle annular dark field (HAADF)
detector, an inner collection angle of approximately 56 mrad
(outer angle of approximately 200 mrad). Energy dispersive
X-ray spectroscopy (EDX) was performed using a Thermo-
Fisher Super-X detector, and the data were analysed using
Thermo Scientific Velox Software.

Total metal leaching from the supported catalyst under
in-situ phenol degradation conditions, was quantified via
inductively coupled plasma mass spectrometry (ICP-MS).
Post-reaction solutions were analysed using an Agilent 7900
ICP-MS equipped with I-AS auto-sampler. All samples
were diluted by a factor of 10 using HPLC grade H,0 (1%
HNOj; and 0.5% HCI matrix). All calibrants were matrix-
matched and measured against a five-point calibration using
certified reference materials purchased from Perkin Elmer
and certified internal standards acquired from Agilent.

To allow for the quantification of total metal loading
the as-prepared catalysts were digested via an aqua-regia
assisted microwave digestion method using a Milestone
Connect Ethos UP microwave with an SK15 sample rotor.
Digested samples were analysed by (ICP-MS). All calibrants
were matrix-matched and measured against a five-point cal-
ibration using certified reference materials purchased from
Perkin Elmer and certified internal standards acquired from
Agilent.

3 Results and Discussion

The introduction of Au into supported Pd nanoparticles has
been well studied for a range of oxidative transformations,
with the formation of AuPd nanoalloys often offering con-
siderable enhancements in reactivity, selectivity, and stabil-
ity compared to their monometallic analogues. Typically,
these improvements are attributed to ‘synergistic effects,’
a catch-all term that encompasses electronic and structural
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Table 1 Metal loading of the as-prepared Au-Pd/TiO, catalysts, as
established by ICP-MS analysis of aqua-regia digested samples
Actual Au loading/ Actual Pd

Catalyst Formulation

wt% loading/wt%
1%Au/TiO, 1.00 -
0.75%Au-0.25%Pd/TiO, 0.72 0.24
0.5%Au-0.5%Pd/TiO, 0.43 0.46
0.25%Au-0.75%Pd/TiO, 0.28 0.76
1%Pd/TiO, — 0.96

Table 2 Particle size of 1%AuPd/TiO, catalysts as determined by TEM
Particle Diameter/nm (S.D)

Catalyst Formulation

1%AW/TiO, 10.5 (8.3)
0.75%Au-0.25%Pd/TiO, 6.5 (3.9)
0.5%Au-0.5%Pd/TiO, 6.1(2.8)
0.25%Au-0.75%Pd/TiO, 4.5(1.8)
1%Pd/TiO, 4.8(2.1)

Table 3 Au: Pd atomic ratio of 1%AuPd/TiO, catalysts as determined
by XPS analysis

Catalyst Formulation Pd: Au Pd*" : pd’
1%AWTiO, - -
0.75%Au-0.25%Pd/TiO, 1.50 0.13
0.5%Au-0.5%Pd/TiO, 2.40 0.17
0.25%Au-0.75%Pd/TiO, 9.00 All Pd°
1%Pd/TiO, — All Pd°

changes, which result from the formation of bimetallic
species [20-22]. The use of in-situ synthesised H,O, and
associated reactive oxygen species in chemical valorisa-
tion represents areas of growing interest, where the synergy
that results from Au-Pd alloy formation has been exploited
to a considerable degree [23, 24]. Building on these ear-
lier works, we now turn our attention to the application of
a series of AuPd-based catalysts, immobilised on a TiO,
(P-25) carrier, for the in-situ degradation of phenol, a widely
studied model contaminant [25].

Prior to their application in the oxidative degradation of
phenol, the catalyst series was extensively characterised in
order to identify potential structural-reactivity relationships.
As expected with the impregnation method used for catalyst
synthesis, the actual loadings of Au and Pd in the prepared
formulations were close to their nominal values (Table 1).

With a strong correlation between catalytic selectivity
and nanoparticle size well known [26], we subsequently
probed active site dispersion by X-ray diffraction (XRD)
(Figure S.1). No clear reflections associated with Au or
Pd were observed, which may indicate high dispersion or
merely be a result of the relatively low loading of metals
on the catalyst surface. To provide a further indication of
particle size, transmission electron microscopy (TEM) was
employed, with mean particle diameters reported in Table
2 (associated particle size distribution and micrographs are
reported in Figure S.2-3). A clear correlation between mean
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particle size and catalyst formulation was observed, with the
Au-rich formulations consisting of larger species compared
to the Pd-rich analogues, aligning well with earlier studies
into AuPd-based materials prepared by a similar impregna-
tion protocol [27].

Further analysis via X-ray photoelectron spectroscopy
(XPS) (Figure S.4, with elemental surface ratios reported in
Table 3) reveals that the formation of AuPd alloys signifi-
cantly modifies Pd-oxidation state, with a shift towards Pd**
observed with the introduction of relatively large quantities
of Au (i.e. at Au loadings>0.5wt.%). Notably Au is found
to exist purely in the metallic state, with no cationic species
observed (Figure S.5).

With the catalyst series extensively characterised we sub-
sequently set out to investigate the efficacy of these materials
towards the direct synthesis and subsequent degradation of
H,0,, under reaction conditions considered sub-optimal for
H,0, production (i.e. in a batch regime, under ambient tem-
perature and in the absence of the alcohol co-solvent typi-
cally utilised to promote H,O, stability and gaseous reagent
solubility), but relevant to the real world oxidative treatment
of aqueous waste-streams (Table 4). In keeping with earlier
works, the incorporation of Au into a supported Pd catalyst
was found to improve catalytic performance towards H,O,
production [27-29], with accumulated H,0, concentrations
(from 20 to 53 ppm), observed over the bimetallic series,
greater than that offered by the Pd-only (12 ppm) and Au-
only (6 ppm) catalysts after 30 min of reaction. Notably, this
improved performance can be related to enhancements in
catalytic selectivity (6-19% H,0, selectivity in the case of
the bimetallic catalysts), rather than increased reactivity/H,
utilization, as indicated by the near identical H, conversion
rates (between 2 and 5%) observed over these formulations.

H,0, direct synthesis reaction conditions: catalyst
(0.01 g), H,0 (8.5 g), 5% H,/N, (420 psi), 25% O,/N, (160
psi), 0.5 h, 20 °C, 1200 rpm. H,O, degradation reaction
conditions: catalyst (0.01 g), H,O, (50 wt% 0.68 g), H,O
(7.82 g), 5% H,/N, (420 psi), 0.5 h, 20 °C, 1200 rpm.

Building on these studies, we subsequently evaluated
the performance of the catalyst series towards the oxidative
degradation of phenol, via the in-situ synthesis of H,0, and
associated reactive oxygen species (ROS; -OOH, -OH, O, "),
with these latter species considered to be generated as inter-
mediates during H,O, synthesis or via subsequent degrada-
tion of H,0, [16]. A schematic of the flow reactor designed
to evaluate catalytic performance is shown in Figure S.6.A,
with a photograph of the reactor shown in Figure S.6.B. We
first established the negligible ability of the catalyst dilu-
ent (SiC, 4.1 g) to promote the degradation of H,0, (Fig-
ure S.7), or act as a sequestering agent for phenol (Figure
S.8), with a limited degree of phenol adsorption observed
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Table 4 The effect of au: Pdratio  Catalyst  H,0, Productivity/moly,p,kg., 'h™'  H,0, Conc./  H, H,0, H,0, Deg-
on the activity of 1%AuPd/TiO, ppm Conv./% Sel./% radation/
catalysts towards the direct syn- molypookgey !
thesis and subsequent degrada- (%)
tion of H,0, 1%Au/ 03 6 1 6 0(0)
TiO,
0.75%Au- 2.6 53 3 19 683 (33)
0.25%Pd/
TiO,
0.5%Au- 2.5 50 4 14 650 (32)
0.5%Pd/
TiO,
0.25%Au- 1.0 20 4 6 799 (39)
0.75%Pd/
TiO,
1%Pd/ 0.6 12 5 2 595 (28)
TiO,

initially (5% at a reaction time of 0.5 h), with no additional
adsorption (< 1%) at extended reaction times.

Subsequently, we set out to establish the efficacy of the
series of 1%AuPd/TiO, catalysts towards the in-situ oxida-
tive degradation of phenol (Fig. 1A). A clear enhancement
in reactivity was observed upon the formation of AuPd
nanoalloys, with the bimetallic catalysts (68—-80% phenol
conversion) outperforming the monometallic analogues
(58 and 2% for the 1%Pd/TiO, and 1%Au/TiO, catalysts,
respectively) upon reaching steady state. The activity of the
0.25%Au-0.75%Pd/TiO, formulation is particularly note-
worthy, achieving rates of phenol conversion over 80%.
These observations are further supported by our evalua-
tion of a physical mixture of the monometallic materials
(Fig. 1B), which achieves phenol degradation rates (56%)
comparable to the sum of the individual components (54%),
and inferior to the bimetallic analogue (73%), evidencing
the enhanced performance which results from the formation
of AuPd alloys.

With a focus on the bimetallic 0.5%Au-0.5%Pd/TiO,
catalyst we established the significant improvement in oxi-
dative degradation which may be achieved from the in-situ
generation of H,O, (and associated ROS), with relatively
limited conversion observed when using either molecular
H, (20% phenol conversion), or O, (< 1% phenol conver-
sion) alone (Fig. 1C). With the incomplete purging of dis-
solved oxygen from the reaction medium and the resulting
production of low concentrations of H,0,, and related radi-
cal species, considered the primary cause for the observed
conversion under a H, only atmosphere [15]. Subsequent
studies also indicated that a significant improvement in
phenol conversion may be obtained via in-situ H,0, pro-
duction, compared to that observed when using the pre-
formed oxidant (< 0.5% cnversion when co-feeding 100
ppm H,0,), with these latter experiments further implicat-
ing oxidative species other than H,O, as primarily respon-
sible for the observed reactivity (Fig. 1C). Further, support

for the key role of ROS, rather than H,O,, in the oxidative
degradation of phenol is provided from radical quenching
experiments where a substantial decrease in phenol conver-
sion was observed in the presence of #-butanol, a widely
utilized scavenger for O-based radical species (Figure S.9).
Taken alongside our earlier works into the in-situ approach
to water disinfection, which evidenced the release of highly
potent O-based radical species, in addition to H,O,, from
Au-Pd surfaces during H,O, synthesis [16] we are able to
hypothesise that, while there may be a minimal contribu-
tion to phenol degradation from ROS generated from the
catalytic cleavage of H,O, (e.g. via Fenton-type pathways),
H,0, is not the key species primarily responsible for phenol
degradation. Rather we consider that these studies implicate
the intermediates generated on the way to H,O, are primar-
ily responsible for the observed oxidation.

Importantly, for all catalysts, we observe no significant
loss in catalyst performance over several hours on-stream,
which aligns well with our analysis of post-reaction solu-
tions by ICP-MS (Table S.1). The stability of Au in particu-
lar is noteworthy, with a small degree of Pd lost (<0.3 ugL ™)
after 30 min of reaction. However, no further Pd leaching
was observed at extended reaction times. Indeed, with a
particular focus on the 0.5%Au-0.5%Pd/TiO, catalyst, we
have established catalyst stability towards long-term in-
situ phenol degradation, with a phenol degradation rate in
excess of 70% maintained up to 50 h on-stream (Fig. 1D),
with ICP-MS analysis (Table S.2) indicating no detectable
leaching of either precious metal at extended reaction times.
Comparison between fresh and used samples by STEM-
EDX revealed that the bimetallic nanoparticle composition
observed in the fresh material was largely retained after 50 h
on-stream (Fig. 2A, B). Notably, we observe a degree of
aggregation into chain-like structures observed after expo-
sure to reaction conditions (i.e. after 50 h on-stream) and
evidence of the formation of small Pd-only nanoparticles,
after relatively short reaction times (with analysis performed
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Fig. 1 The performance of 1%AuPd/TiO, catalysts towards the degra-
dation of phenol via the in-situ production of H,0O,. A The effect of Au:
Pd ratio on catalytic reactivity. B The requirement for Au-Pd alloys
as established by comparison between bimetallic formulations and a
physical mixture of monometallic analogues. C Control experiment

after 3 h of reaction) (Figure S.10). The aggregation appears
to have very limited effect on catalytic performance, and
we reiterate the continued presence of bimetallic particles
after use. However, such analysis does indicate the need
for further efforts to improve catalyst stability if the in-situ
approach is to find large-scale application. We recognise
that phenol conversion alone is a relatively crude indicator
of catalyst stability and in light of the dynamic nature of the
immobilised species on-stream, as indicated by our analysis
by electron micrscopy, and consider that further efforts are
required to establish how such variation in nanoparticle size
and composition dictate more nuanced indicators of catalyst
stability, including ROS speciation (and quantity) and H,
conversion.
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demonstrating the contribution of the different reactants (H,, O, and
H,0, (100 ppm)). D The long-term stability of the 0.5%Au-0.5%Pd/
TiO, catalyst. Reaction conditions: catalyst (0.12 g), SiC (4.1 g),
phenol solution (10 ppm, in H,0), total gas flow rate: 42 mLmin!
(H,:0,=1), 10 bar, liquid flow rate: 0.2 mLmin ™", 20 °C

Further analysis of the spent catalyst by XPS (Figure
S.11, with elemental surface ratios in Table S.3), shows
no meaningful changes in Pd oxidation state after 50 h on-
stream, with the Pd*"/Pd" ratio comparable to that observed
in the as-prepared catalyst. Similarly, the Au: Pd surface
atomic ratios for the fresh, used (50 h) samples are indis-
tinguishable within quantification uncertainty, implying no
measurable metal leaching which is consistent with our pre-
vious ICP-MS analysis.

In attempt to improve phenol conversion rates, we sub-
sequently set out to optimise reaction conditions, including
gas and liquid flow rates, pressure, substrate concentration,
and catalyst loading (Fig. 3A-D). A clear inverse correla-
tion was found to exist between phenol conversion and
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(A)

(B)

Net Intensity (Counts)

Position (nm)

Fig. 2 HAADF-STEM and corresponding EDX analysis of the
0.5%Au-0.5%Pd/TiO, catalyst (A) before and (B) after use in the oxi-
dative degradation of phenol (50 h). Key: Au (vellow), Pd (magenta).

reagent contact time, as indicated by the higher rates of oxi-
dative degradation observed at slower liquid and gaseous
flow rates (Fig. 3A, B) and the direct correlation between
substrate conversion and reaction pressure (Fig. 3C), which
is consistent with the reported first-order dependence of
H,0, formation rates on H, partial pressures [30]. Impor-
tantly, a direct correlation between catalyst mass and phenol
conversion was observed, with rates of phenol degradation
approaching 100% observed when utilising a catalyst mass
of 0.24 g (Fig. 3D).

Legislation regulating phenolic compounds in water
bodies is becoming increasingly stringent, with legal limits
in the European Union ranging from 0.5 ppb in drinking
water to 8 ppb in surface water [31, 32]. Although our initial
studies demonstrated effective phenol degradation at much
higher concentrations (10 ppm) than those permitted by law,
we were motivated to explore the limitations of this tech-
nology. With an aim to assess its potential for application
in the treatment of chemical waste streams, where phenol
concentrations are significantly higher, we evaluated system
performance (with a fixed catalyst mass of 0.12 g) at levels
of phenol as high as 50 ppm (i.e. 100000 times greater than
that permitted in drinking water) (Fig. 4A). Unsurprisingly,
we observed a reduction in phenol conversion as phenol
concentration increased. However, the in-situ approach was
still able to achieve conversion rates as high as 40% (at a
phenol concentration of 50 ppm), with no loss in catalyst
performance observed on-line. Notably, in the case of these
experiments we were able to quantify the products of phenol

Net Intensity (Counts)

20 30 40 50 60
Position (nm)

o
24
o

Reaction conditions: catalyst (0.12 g), SiC (4.1 g), phenol solution (10
ppm, in H,0), total gas flow rate: 42 mLmin ' (H,:0,=1), 10 bar, lig-
uid flow rate: 0.2 mLmin ™", 20 °C

degradation (Figure S.12), which was not possible for our
earlier studies where a phenol concentration of 10 ppm was
utilised and limits of detection of our analysis equipment
prohibited our establishment of product selectivity. Impor-
tantly, we observe a relatively high selectivity towards the
highly oxidized products (i.e. the combined acids, CO, and
H,O which are grouped as “others” in Figure S.12), rather
than the phenolic derivates (catechol, resorcinol, etc.),
which is highly promising given that many of the phenolic
derivatives pose a greater health concerns than phenol itself.

Building on this observation we subsequently evaluated
catalytic efficacy towards the degradation of phenolic deriv-
atives; hydroquinone, catechol, benzoquinone, and resor-
cinol (Fig. 4B). Relatively high (>85%) rates of conversion
were observed, somewhat higher than those observed for
phenol itself, with such data clearly indicating the relative
variation in the efficacy of reactive oxygen species towards
the degradation of the various derivatives. However, these
observations perhaps reveal the promise of the in-situ
approach to pollutant remediation.

4 Conclusions

We have demonstrated that the introduction of Au into sup-
ported Pd catalysts can enhance catalytic performance, not
only towards the direct synthesis of H,0, but also the oxi-
dative degradation of phenol via in-situ production of H,0,
and associated reactive oxygen species. This is observed
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Fig. 3 Optimisation of reaction conditions for the in-situ oxidative
degradation of phenol over the 0.5%Au-0.5%Pd/TiO, catalyst. (A)
The effect of gas and (B) liquid flow rates as well as (C) total gas pres-
sure and (D) catalyst loading on phenol degradation. Reaction condi-

under reaction conditions where conversion is limited when
using commercial H,O,. Through optimisation of key reac-
tion parameters, phenol degradation rates approaching
100% may be achieved, with high efficacy towards the min-
eralisation of phenolic degradation products also observed.
Importantly, the optimal 0.5%Au-0.5%Pd/TiO, catalyst
was found to be highly stable, with no loss in catalyst
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tions: catalyst (0.03-0.24 g), SiC (4.1 g), phenol solution (10 ppm,
in H,0), total gas flow rate: 30-90 mLmin "', total pressure 2—10 bar,
total liquid flow rate: 0.1-1.0 mLmin~! 20 °C

performance observed over 50 h on-stream, although we
recognise the need for further efforts to prevent the agglom-
eration of active species under prolonged use. We consider
that these catalysts represent a promising basis for further
exploration for the oxidative degradation of a range of
recalcitrants.
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Fig.4 Catalytic activity towards the oxidative degradation of (A) phe-
nol, as a function of phenol concentration and (B), phenol oxidation
products. Reaction conditions: catalyst (0.12 g), SiC (4.1 g), phenol
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