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ARTICLE INFO ABSTRACT

Keywords: Photoreforming is a promising method for the conversion of waste materials with simultaneous production of Ha.
PET The use of waste polyethylene terephthalate (PET) as a photoreforming substrate has been previously investi-
Plastics valorisation gated, however its insolubility in aqueous media and the resistance of the aromatic terephthalate towards
Depolymerization conversion are major obstacles. Commonly an alkaline pretreatment step is used to initiate hydrolysis to ethylene
Photoreforming . . . . . .

Hydrogen production glycol and terephthalic acid which promotes Hy evolution. However, in this work we have found that TPA has
TiO, both promotional and inhibitory effects by modification of the catalyst surface that depend on the relative
concentration of ethylene glycol. Terephthalic acid inhibits the oxidation reactions by scavenging hydroxyl
radicals and blocking complexation sites. This leads to lower Hy evolution compared to the photoreforming of an
equivalent concentration of ethylene glycol. Even in trace amounts, terephthalic acid would still inhibit the
reaction unless the concentration of ethylene glycol was high enough. Surprisingly, at ethylene glycol concen-
trations of > 1.2 M, residual terephthalic acid promoted the reaction which is thought to be due to increasing the
interaction between ethylene glycol and the catalyst surface but also an increased role of water. On the basis of
these results, we suggest that, if PET is to be used as a feedstock for H; generation by photoreforming, an initial
hydrolysis should be performed after which terephthalic acid is separated for re-use. The remaining hydrolysate
may then be used for photoreforming. Furthermore, the ethylene glycol concentration should be maximized in
order to overcome the inhibitory effects of residual terephthalic acid.

Waste-to-energy

1. Introduction exceeded 36 million tons in 2023 and is expected to continue to increase

[4]. Therefore, chemical recycling or depolymerisation strategies are

Plastic waste is one of the foremost environmental concerns of our
time. The issue largely originates from poor management of waste
streams and the resistance of man-made polymers towards natural
degradation. Chemical recycling of plastic waste is a promising route to
addressing the plastic waste issue. This approach involves the chemical
depolymerisation of plastics back to their monomers followed by repo-
lymerisation. This is highly desirable as plastics with “as new” properties
can be produced compared with traditional recycling approaches [1].
Depolymerised waste plastics may also be employed to produce other
value-added products or fuels [2,3]. Polyethylene terephthalate (PET) is
the highest production volume polymer worldwide mostly used in
plastic bottles, food packaging, and textiles. Global production of PET
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indispensable to reduce the environmental impact in terms of plastics
waste produced but also reducing the demand on increasingly limited
crude oil resources. Chemical recycling towards converting PET back to
monomers ethylene glycol and terephthalic acid via hydrolysis type
depolymerisation has been demonstrated. However, large excesses of
water are often needed that may cause difficulty in separation of soluble
products such as ethylene glycol. Conversion to other valuable mono-
mers such as dimethyl terephthalate (DMT) [5] or para-xylene have also
been shown to be possible [6].

As an energy vector, Hy will play a critical role in the net-zero
transition [7,8]. However, new sustainable production methods and
new sustainable feedstocks utilised to produce Hjy that can compete
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economically with steam methane reforming are desperately needed.
Photocatalytic reforming (photoreforming) has been researched exten-
sively to degrade pollutant or waste materials while producing Hy [9,
10]. Typically, this is performed under mild reaction conditions i.e.
ambient temperature and pressure in aqueous solvent. Photoreforming
makes use of semiconductor photocatalysts which oxidise organic ma-
terials via hydroxyl radicals releasing protons which are then reduced to
form Hy From an economic standpoint, waste polymers would be an
ideal feedstock for hydrogen generation through photoreforming [11].
Uekert et al. have studied the photoreforming of PET using CdS/CdOy
and CN|NipP photocatalysts to produce Hy as well as value added
products [12,13]. Other carbon nitride based photocatalysts have also
been the subject of investigation for this application [14-17]. However,
a number of issues with this depolymerisation recycling strategy exist.
Firstly with the polymer being a solid, the incident light, which has to
reach the surface of a photocatalyst for the reaction to proceed, can be
strongly scattered reducing the penetration depth and this drastically
limits the concentration of polymer that can be used. Secondly, when
solid substrates are used, the reaction kinetics are severely limited due to
poor contact between substrate and catalyst. As a result, an alkaline
pretreatment step is often employed to hydrolyse PET to its monomers
(ethylene glycol and terephthalic acid (TPA)) (Scheme 1). Furthermore,
TPA is largely resistant to photodegradation due to its aromatic ring and
contributes very little to the overall Hy produced [12]. As a known
scavenger of hydroxyl radicals, TPA may also inhibit the photoreforming
reaction [18]. In this work we investigate these issues and propose
methodologies to combat them. In particular, we propose that TPA is
separated prior to photoreforming. As TPA has a low solubility
(0.065 g L1 at 25 °C) it is easily separated by filtration from the
post-reaction mixture. Separation of TPA may be a more economically
viable approach as it can then be then re-used for polymerization back to
PET or utilised for other purposes [19,20]. The remaining hydrolysate is
then subjected to photoreforming to eliminate the remaining monomer
and recover energy in the form of H,. By employing this strategy, it is
possible to recover TPA, a valuable product which may be then re-used,
and optimise the production of Hs.

2. Experimental
2.1. Chemicals and materials

PET powder was prepared by grinding of virgin PET granules
(RAMAPET N18, Indorama Ventures) in a coffee grinder and sieved to
achieve a final particle size of 250-425pm. 15 wt% Pt(NO3)4 precursor
solution, hydrochloric acid (37 %), and nitric acid (70 %), were ob-
tained from Alfa Aesar/Thermo Fischer. Terephthalic acid (>99 %) was
purchased from Acros Organics. Ethylene glycol (99.8 %), glyco-
laldehyde, paraformaldehyde (95 %), and platinum standard solution
(1000 mg ml™) were purchased from Sigma-Aldrich®. Formic acid
(99 %) was purchased from Fluorochem. Commercially available TiOo
support Aeroxide® P25 was obtained from Evonik. Paraformaldehyde
was used to prepare formaldehyde solutions by dissolution in deionised
water at 60 °C. All other chemicals were used as received with no further
treatment. Deionised water (18.2 MQ) was used for all experiments
which was obtained from the Direct-Q 3UV ultrapure water system
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Scheme 1. Hydrolysis of polyethylene terephthalate to its monomers: ethylene
glycol and terephthalic acid.
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(Millipore®).
2.2. Catalyst synthesis

The 0.2 wt% Pt/TiO» (P25) photocatalyst for photoreforming re-
actions was prepared by the wet-impregnation method. 2 g of P25 TiOq
was suspended in 20 ml of deionised water with magnetic stirring with
heating at 60 °C. The appropriate amount of Pt(NO3)4 precursor solution
to achieve the target final metal loading was then added dropwise to the
suspension of the TiO support. The mixture was then allowed to
evaporate to dryness over 4 h with continuous stirring. The impregnated
catalyst was then dried at 150 °C for 1 h and then calcined in static air at
500 °C for 2 h with a heating rate of 5 °C min . Finally, the catalyst was
reduced in a flow of pure Hy (99.99 %, BOC) at 200 °C for 1 h with a
heating rate of 5°C min~! using a tube furnace.

2.3. Catalyst Characterisation

The specific surface area of the prepared catalyst was analysed by N»
adsorption/desorption at 77 K using a Micromeritics ASAP 2020 in-
strument and the Brunauer-Emmett-Teller (BET) model. X-ray diffrac-
tion (XRD) patterns were obtained using a Bruker D2 Phaser
diffractometer with a CuK, (A = 0.154 nm) radiation source. Measure-
ments were collected over a range of 26 from 10° to 90° with a step size
of 0.02°. The actual metal loading of the catalyst was measured by
inductively coupled plasma with optical emission spectroscopy (ICP-
OES) using a Analytik Jena PlasmaQuant PQ 9000 Elite instrument.
Emission lines were monitored at 270.2, 283.0, and 299.8 nm corre-
sponding to Pt. The instrument was calibrated using five Pt standard
solutions covering the expected loading range. Prior to measurement the
catalyst was dissolved in a mixture of concentrated HCl and HNOj3 (3:1
ratio) by microwave digestion at 200 °C for 20 min using an ETHOS
EASY system and then diluted to 25 ml.

2.4. Photocatalytic reactions

For PET photoreforming reactions in Section 3.2, 300 mg of PET
powder was suspended in 30 ml of 2 M KOH and stirred for 24 h at 60
°C. This mixture was then either used as a photoreforming substrate as
is, or the undissolved PET was filtered out. In one experiment TPA was
precipitated out using HCl and filtered out of the mixture along with the
undissolved PET. For reactions in Section 3.3, an appropriate volume of
ethylene glycol was diluted to 30 ml with deionised water. To these
mixtures 2.5 mg of TPA was added in certain experiments, as detailed in
Section 3.3. Following preparation of these mixtures, they were trans-
ferred to an 80 ml flat-bottomed borosilicate glass reactor along with
30 mg of Pt/TiO photocatalyst. The reactor was then sealed and purged
with argon for 30 min in order to remove any dissolved gasses. The
reactor was then irradiated with a UV LED array (12 V, SMD3528, A =
365-375 nm). A gas line from the headspace of the reactor was fitted to
allow for venting of the gas during purging and to allow continuous on-
line gaseous sampling at regular time intervals. The gaseous phase
products were analysed using an Agilent 8860 online gas chromato-
graph (GC) system equipped with thermal conductivity detector (TCD)
and flame ionisation detector (FID) using Porapak Q and HayeSep D
columns in series. Liquid phase samples were taken manually at regular
intervals using a syringe through a septum in the reactor. The liquid
samples were then analysed using an Agilent 1220 Infinity II HPLC
system with refractive index (RI) and UV-diode array detection (DAD) (A
= 210 nm) using an Agilent HC-C18(2) column with methanol as the
mobile phase. For HPLC analysis 2 M HCl was added to a 0.5 ml aliquot
of reaction mixture to precipitate TPA. The resultant mixture was then
diluted in a 5 ml volumetric flask with methanol to redissolve the TPA.
For samples without significant TPA (Section 3.3) samples were
measured without any sample preparation using a BioRad Aminex HPX-
87H column with a 5 mM H3SO4 mobile phase. Calibration curves for
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each of the analysed compounds were prepared by measuring standard
solutions of the pure compounds at 5 different concentrations covering
the expected range.

2.5. Fluorescence spectroscopy

Samples of the reaction mixtures (20 ml) were taken at the end of the
reaction and filtered to separate the catalyst. The catalyst was then
washed with dilute NaOH to remove any terephthalic acid bound to its
surface. The filtrate was then made up to a 25 ml standard dilution in
volumetric flasks. Steady state emission and excitation spectra were
recorded on an Edinburgh Instruments FLS-1000 photoluminescence
spectrometer equipped with a 450 W steady state xenon lamp with
double 325 mm focal length excitation and emission monochromators in
Czerny Turner configuration. All spectra were corrected in the excitation
and emission mode using the detector correction files (in built to the
Edinburgh Instruments software) to account for variations in the exci-
tation lamp profile and detector sensitivity across the visible spectrum.
All scan parameters were identical for all samples and all samples were
measured on the same day to minimise errors.

2.6. (-Potential measurements

¢ -potential was measured using a Malvern Zetasizer Nano instru-
ment utilizing electrophoretic light scattering. The Pt/TiO; catalyst was
dispersed in aqueous ethylene glycol solutions of different concentra-
tions in the range 0.3 M to 1.2 M with and without addition of TPA. The
catalyst amount was fixed at 1 mg ml~! to match the amount used in the
photoreforming reactions. The dispersions were injected into disposable
folded capillary cells. Samples were equilibrated for 20 s prior to mea-
surement. Measurements were taken at 25 °C.

2.7. NMR relaxation

'H NMR relaxation measurements were performed using a Magritek
SpinSolve benchtop NMR spectrometer with a 'H frequency of 43 MHz.
All measurements were performed under ambient pressure and tem-
perature. The spin-lattice (T7) and spin-spin (T2) relaxation times were
measured using a T1-T pulse sequence [21]. The samples were prepared
by soaking the catalyst particles in a series of EG solutions with or
without TPA, for 48 h. Then the samples were removed from the liquids
and put on a filter paper and gently dried to remove excess liquids on the
external surface. After that, the samples were transferred to 5 mm NMR
tubes for measurement.

3. Results and discussion
3.1. Characterisation results

The prepared Pt/TiO2(P25) catalyst had a specific surface area of
40.4m? g! calculated using the BET model from low temperature
(77 K) Ny adsorption data. The catalyst was also found to have a BJH
pore volume of 0.11 em® g_l. Adsorption/desorption isotherms can be
found in Figure S2. Analysis of XRD patterns (Figure S2) of the
impregnated catalyst revealed that the TiO»(P25) support contained
19.6 % rutile phase with the remainder anatase phase. Phase composi-
tion was determined on the basis of the relative intensities of the rutile
(110) and anatase (101) reflections using a method that has been
described elsewhere [22]. Using ICP-OES after microwave digestion of
the catalyst in aqua regia, it was determined that the actual platinum
loading was 0.23 wt%, slightly higher than the target loading of 0.20 wt
%.

3.2. Photoreforming of PET

Photocatalytic reforming reactions were performed using PET and
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PET pretreated in 2 M KOH. The H; evolution rates and conversions for
these reactions are shown in Fig. 1. Without any pretreatment, photo-
reforming of PET resulted in only 8.1 % conversion after 8 h irradiation
and low Hy and CO; evolution rates of 0.12 and 0.09 mmol g’1 h!
respectively. This is only marginally higher than the rate of pure water
splitting (Figure S3). No liquid phase products could be detected in the
reaction mixture after irradiation as they are degraded at a much higher
rate than they are produced. Pretreatment for 24 h in 2 M KOH led to a
significant increase in conversion, as expected. After 24 hrs pretreat-
ment in 2 M KOH, 10.9 % of PET was converted, after photoreforming, a
total of 32.2 % was converted after 8 h irradiation. Therefore, during
photoreforming 21.3 % PET was converted, which is significantly higher
than without pretreatment in KOH. This increased conversion during
photoreforming may be due to the reduced particle size after pretreat-
ment or associated with the alkaline conditions making. the surface of
the polymer more susceptible to attack by oxidising species. During the
irradiation the H, evolution rate was increased from 0.12 to
0.6 mmol g~ h™. No CO, was evolved due to the alkaline conditions
where it is sequestered as the carbonate. Prior to irradiation, the pre-
treated PET mixture contained 10 mM ethylene glycol and 16 mM ter-
ephthalic acid and no other hydrolysis products such as 2-hydroxyethyl
terephthalic acid (MHET) or bis(2-hydroxyethyl) terephthalate (BHET)
could be detected. After 8 h of irradiation the ethylene glycol concen-
tration had decreased by 25 % forming glycolaldehyde. The amount of
terephthalate decreased from 16 mM to 11 mM. No Cl oxidation
products such as formic acid or formaldehyde were detected. In com-
parison, the photoreforming of the equivalent concentration of 10 mM
pure ethylene glycol resulted in a Hy evolution rate of 3.2 mmol g~ h™!
(Figure S3). This reduction in photoreforming rate may be due to the
light scattering of undissolved PET or inhibitory effects of TPA.

To investigate the cause of the lower Hy evolution compared to the
equivalent concentration of ethylene glycol two further reactions were
performed. After pretreatment of the PET, photoreforming of the solu-
tion following filtration of undissolved PET was compared with the so-
lution following removal of both PET and TPA by filtration. In the latter
case, the TPA was precipitated with HCl and filtered out together with
the PET. Thus, these reaction mixtures contained ethylene glycol and
TPA (10 mM and 16 mM respectively) and ethylene glycol (10 mM) only
together with other minor hydrolysis products. It can be seen from Fig. 1
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Fig. 1. Evolution rates of Hy and CO, from the photoreforming of PET, pre-
treated PET, and PET hydrolysate (all 10 mg ml~! PET) with TPA removed. %
Conversion of PET is shown above the untreated and pretreated samples gas
evolution bars. Reaction conditions: 30 ml reaction volume, 30 mg Pt/TiO,
photocatalyst, UV (A = 365-375 nm) irradiation, 8 h reaction time.
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that the H; evolution from the sample with PET removed had decreased
to 0.33 mmol g~ h™! compared with the unfiltered solution indicating
that Hy must also be evolved directly from PET during photoreforming
under alkaline conditions as well as from the hydrolysis products.
Furthermore, this shows that the light scattering effect of unreacted PET
is insignificant at this concentration. However, when both PET and TPA
are removed, the Hy evolution increased to 0.80 mmol g’1 h™! Due to
the neutralisation of KOH by HCl, CO, was also evolved at a rate of
0.30 mmol g~ h™!. The neutralisation of alkaline conditions may in
part explain this increase in Hy production as KOH is inhibitory but KCl
is not (Figure S3). However, this does not fully account for the increase
observed. Unlike in previous reactions, formic acid and formaldehyde
were produced with 0.2 and 2 mM of each present in the final reaction
mixture. This shows that when the TPA is removed, the conversion of
glycolaldehyde is able to proceed. This more efficient oxidation is likely
to correspond to a higher rate of Hy production. The reason for the low
reaction rates for the KOH-pretreated PET was not the availability of
reactants or light scattering but primarily due to inhibitory effects of the
TPA. This is also demonstrated in Fig. 2. In the PET hydrolysate where
TPA had been separated by filtration, small quantities of dissolved TPA
remain as it has a solubility of 0.065 g L™!. The effect of this residual
TPA can be observed as the Hj evolution from photoreforming of the
hydrolysate is still significantly lower than that of an equivalent con-
centration of pure aqueous ethylene glycol (Figure. S3). Furthermore, as
TPA itself is relatively unreactive under photoreforming conditions
(Figure. S3), separation of the TPA compared with photoreforming is
more sustainable and economic. The lack of C1 products in the final
reaction mixture indicate that C-C cleavage reactions were not taking
place in the pretreated PET sample. We hypothesise that this was due to
the evolved terephthalate blocking complexation sites on the TiO, sur-
face required for this type of reaction [23,24]. This is supported by the
observation that after photoreforming of the PET hydrolysate with TPA
removed, significant quantities of C1 oxidation products of ethylene
glycol were produced. It must be noted however, that the comparing
concentrations of liquid phase intermediates between reactions that are
under acidic or basic conditions are not fully indicative of mechanism as
different degrees of hydration, dissociation, and binding to the catalyst
can occur.

Il <thylene glycol
- ethylene glycol + TPA
D ethylene glycol + BA
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Fig. 2. H; evolution rate vs. initial ethylene glycol concentration with and
without the presence of TPA and BA after 4 h UV irradiation over Pt/TiO,.
Reaction conditions: 30 ml reaction volume, 30 mg Pt/TiO, photocatalyst, UV
(A = 365-375 nm) irradiation, 4 h reaction time. Arrows represent the change
in rate from the reaction without TPA to the reaction with TPA.
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3.3. Effect of terephthalic acid on ethylene glycol photoreforming

The results in the previous section suggested that even trace amounts
of TPA left in the reaction mixture following separation by filtration
could inhibit the photoreforming reactions. To test this, photoreforming
reactions were performed using ethylene glycol with an amount of TPA
added that was in slight excess of its solubility limit in water (2.5 mg) to
mimic the residual amount that would remain in solution after filtration.
Furthermore, it was also hypothesised that increasing the ethylene
glycol concentration could be used to overcome the inhibitory effect of
the residual TPA. Therefore, photoreforming reactions were also per-
formed with higher ethylene glycol concentrations. The hydrogen evo-
lution rates for these reactions vs the equivalent reactions without TPA
are shown in Fig. 2. As anticipated, the extent of the inhibition decreases
as the ethylene glycol concentration is increased. Remarkably however,
when the ethylene glycol concentration was increased to 1.8 M the Hy
evolution rate was promoted by 29 % when TPA was present from 14.4
to 18.5 mmol g1 h™!. At 2.4 M the reaction was also promoted however
to a slightly lesser extent with a 19 % increase from 15.7 to
18.7 mmol g~' h™!. The small increase in rate between 1.8 M and 2.4 M
suggests that the ethylene glycol is approaching saturation of the cata-
lyst surface. Previous studies have shown that the first oxidation step on
Pt/TiO5 (P25) involves the abstraction of an a-hydrogen from phys-
isorbed ethylene glycol by a hydroxyl radical to form glycolaldehyde as
shown in Scheme 2 [23]. Subsequent reaction steps require chem-
isorption/complexation to occur. Therefore, it is probable that the first
reaction step could be inhibited by TPA scavanging hydroxyl radicals
but subsequent reaction steps may be also inhibited by strongly bound
TPA blocking adsorption sites. In order to gain deeper insight into the
inhibition/promotion mechanism the concentrations of liquid phase
products at the end of the reaction were analysed (Fig. 3). It can be seen
that the concentrations of all intermediates are lower when TPA is
present except for glycolaldehyde when the initial ethylene glycol
concentration is above 1.8 M. In this case the glycolaldehyde increased
by 24 % at 1.8 M and 19 % at 2.4 M which can be correlated with the
increase in Hy evolution rate. Therefore, it can be concluded that the
increase in the rate of the first oxidation step is a source of the promoted
Hj; evolution. The role of water may also be a factor; however this is
difficult to determine from the stoichiometry of the intermediates and
will be address in subsequent sections. When no TPA is present this first
reaction step (Fig. 3(a)) follows a Langmuir-Hinshelwood type rela-
tionship i.e. where the reaction is 1st order at low concentrations;
however, as the concentration is increased the reaction approaches zero
order and the curve begins to plateau. This corresponds to the surface of
the catalyst becoming saturated with reactant molecules [25]. However,
when TPA is present the plateau in the rate-concentration relationship
appears to be shifted towards higher concentrations. This suggests that
the TPA increases the amount of ethylene glycol that the catalyst is able
to adsorb which consequently increases the reaction rate. This behav-
iour was not observed for formaldehyde or formic acid where their
concentrations are not increased, meaning that the promotional effect
relates to the initial conversion of ethylene glycol to glycolaldehyde
only. On the basis of these findings, for Hy production to be maximised
when using PET as a photoreforming substrate, hydrolysis methods that
are capable of higher degrees of conversion are needed. This would
produce higher concentrations of ethylene glycol which could overcome
the inhibitory effects of TPA and potentially even, under the correct
concentration ratios, promote the reaction. Steam hydrolysis is one such
method that can readily convert PET in high yields under mild reaction
conditions [19,20]. Steam hydrolysis was used to produce a hydrolysate
that could be used as a photoreforming substrate. A high conversion of
99 % was achieved; however, when this was photoreformed the Hy
evolution rate was low (Figure S4). It was found that despite the high
degree of PET conversion, there was significant soluble oligomeric
species present that may have inhibited the reaction (Figure S5).
Therefore, the hydrolysis reaction must also be optimised to reduce the
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Scheme 2. Photooxidation pathway of ethylene over Pt/P25 under anaerobic conditions. Step (1) H-abstraction from ethylene glycol by hydroxyl radicals (indirect
mechanism). Step (2) C-C cleavage by direct hole transfer to chemisorbed glycolaldehyde.
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Fig. 3. Concentrations of liquid phase intermediates (a) glycolaldehyde, (b) formaldehyde, and (c) formic acid vs initial ethylene glycol concentration with and
without the presence of TPA and BA. Reaction conditions: 30 ml reaction volume, 30 mg Pt/TiO, photocatalyst, UV (A = 365-375 nm) irradiation, 4 h reaction time.

quantities of these oligomers in order to improve Hy evolution. This is,
however, outside the scope of the present work and will be the subject of
future investigations.

In order to probe the nature of the TPA interaction with the catalyst
surface, the results were compared with those using benzoic acid (BA)
(Fig. 2) as it has a similar structure but a single carboxylic group (vs. two
in TPA). The presence of the same concentration of BA (3.2 mg) had a
lesser effect than TPA. At low ethylene glycol concentration (0.3 M) the
reaction was inhibited but not as much as with TPA. At the intermediate
concentrations (0.6 M and 1.2 M) the was no difference in Hs evolution
compared to the photoreforming of ethylene glycol without BA. At
1.8 M ethylene glycol there was a small promotion in Hy evolution
which then disappeared at 2.4 M. In the presence of BA the concentra-
tions of all reaction intermediates were decreased (Fig. 3). BA is known
to scavenge hydroxyl radicals in a similar manner as TPA however to a
lesser extent [26]. This being the reason why less inhibition occurs
compared to when TPA is present. This supports the hypothesis that TPA
scavenges radicals leading to a lower quantity of oxidising species being
available for degradation of ethylene glycol. While site blocking could
also occur inhibiting later reaction steps. The finding that BA also pro-
motes the reaction at 1.8 M ethylene glycol, but less significantly, sug-
gests that the second carboxylic acid group of TPA is influencing the
reaction in some way. Carboxylic acids will bind strongly to the TiO2
surface through the formation of carboxylates. For BA only one mono-
dentate carboxylate formation is possible; however, in the case of TPA
multiple adsorption modes are possible. The adsorption mode of TPA on
TiO4 has previously been demonstrated to depend on surface coverage
[27]. Atlow surface coverages TPA adsorbs with both acid groups bound
to the TiO, surface whereas at higher coverages it is adsorbed through
only one acid group. As the TPA coverage is in the high coverage range,
therefore, the TPA is likely to adsorb in an upright manner with the
second acid unbound and, therefore, free to influence the reaction via
hydrogen bonding or aiding proton transfer [28].

3.4. Radical scavenging effect of TPA

In order to test the hypothesis that TPA is scavenging hydroxyl
radicals and thus affecting oxidation of ethylene glycol, fluorescence
spectroscopy was employed. Upon reaction with a hydroxyl radical TPA
forms 2-hydroxyterephthalic acid (TPA-OH) which is fluorescent [29].

This method has widely been used as an analytical technique in the
quantitative determination of hydroxyl radial formation [18,30,31].
Therefore, fluorescence spectroscopy can be used to determine the
extent of radical scavenging by TPA which is not itself fluorescent. The
fluorescence spectra from the final reaction mixtures from Section 3.3
are shown in Fig. 4. The emission peak centred at approximately 420 nm
using an excitation wavelength of 325 nm is characteristic of TPA-OH.
This clearly shows that in all reactions studied, hydroxyl radicals are
being scavenged by TPA and therefore less are available for oxidation of
ethylene glycol. Interestingly, as ethylene glycol concentration is
increased, the concentration of TPA-OH decreases and therefore, the
extent of radical scavenging by TPA decreases. This indicates that as the
surface coverage of ethylene glycol increases it begins to out-compete
TPA for the hydroxyl radicals. As ethylene glycol can be completely
mineralized to CO; resulting in the release of all of its protons, this re-
sults in a higher Hy production rate when it is oxidized vs TPA. When
TPA is consuming the radicals, only one proton is released per molecule
as it is not oxidized further than TPA-OH [29]. This finding clearly
shows that the competition for hydroxyl radicals between TPA and
ethylene glycol is the primary cause of the changes in Hy evolution seen
in Fig. 2. However, it does not fully explain the why the reaction is
promoted by TPA above 1.2 M ethylene glycol. Even if ethylene glycol
was able to fully outcompete TPA for radicals it would be expected that
the Hy production would simply return to the level seen without the
presence of TPA. Clearly another mechanism is present. As previously
discussed, it appears that the TPA increases the adsorption of ethylene
glycol on the basis of the rate-concentration relationship of the first
reaction step.

3.5. Surface interaction of ethylene glycol in the presence of TPA

Clearly the presence of TPA bound to the surface of the Pt/TiOq
catalyst has significant impact on the photoreforming reaction. In
particular the interaction of reactants with the catalyst and oxidation
mechanisms are altered. The changes strongly depend on the concen-
trations of both TPA and reactants. Despite inhibiting the reaction at
lower concentrations, surface bound TPA is proposed to increase the
adsorption of ethylene glycol on the catalyst surface. This increased
adsorption results in a promotion of the Hy evolution rate at higher
concentrations of ethylene glycol (>1.2 M). It seems that the increased
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adsorption can overcome the inhibiting effects of TPA seen at lower
concentrations. In other words, when the surface concentration of
ethylene glycol is high enough it can outcompete TPA for hydroxyl
radicals. As the surface concentration of ethylene glycol is likely to be
higher when TPA is present than on the bare catalyst at the same bulk
concentration then the reaction is promoted. In this section we study
these surface interactions in more detail.

Surface charging is one of the most important factors in determining
adsorption [32] therefore we have investigated the effect of TPA on the
surface charging of the Pt/TiO; catalyst. Fig. 5 shows the {-potential of
the catalyst with and without adsorbed TPA in ethylene glycol solutions
(0.3 M-1.8 M) at native pH. It can be seen that {-potential increased
significantly to more positive values when TPA is present indicating
modification of the catalyst surface [33]. The shift of {-potential in the
positive direction can be explained by the transfer of protons from the
second acid group to the surface hydroxyls which are then protonated
[34]. This supports the previous assumption that TPA is bound to the
surface via a single acid group. Furthermore, a positive surface charge
should promote the adsorption of ethylene glycol by electrostatic
interaction with the partial negative charge of the oxygen atoms. This
may in part explain the promotional effect of TPA.

The interaction of the substrates with the catalyst surface can also be
probed using the NMR T;/T ratio, that is, the ratio of the longitudinal-
to-transverse nuclear spin relaxation times, which is indicative of
strength of surface interactions [21]. This method has previously been
applied in a number of studies to determine the relative strength of
interaction between an adsorbate molecule and a catalyst surface
[35-37]. For example, D’Agostino et al. have employed this method
investigate the relationship between the oxidation of diols over oxide
supported metal catalysts and their adsorption strength [38,39].
Therefore NMR relaxation measurements were used here to study the
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Fig. 5. ¢ -potential of Pt/TiO, catalysts in reaction mixture before irradiation
with and without TPA at different ethylene glycol concentrations.

interaction of ethylene glycol and the Pt/TiO; catalyst and assess how
addition of TPA modifies this interaction. Solutions of 0.8, 1.2 and 1.8 M
were used for NMR measurements, below 0.8 M no ethylene glycol peak
could be observed due to the much larger excess of water solvent
dominating the NMR signal in the T;-T5 maps. The T;/T, relaxation
ratios for different ethylene glycol concentrations are shown in Fig. 6.
The smaller of the two peaks (A) represents the aliphatic hydrogen of
ethylene glycol whereas the larger peak (B) represents signal from water
protons and protons of the hydroxyl group of ethylene glycol. Given the
large excess of water, this peak is mostly dominated by water. A minor
tail of this peak can be noted, which is likely to arise from the presence of
ethylene glycol hydroxyl groups.

A first observation is that for the system in the absence of TPA an
increase in ethylene glycol concentration leads to generally higher T1/T5
ratio for such species, a trend that is generally similar to that observed
for the catalytic activity shown in Fig. 2, hence suggesting that the
adsorption of ethylene glycol over the surface plays an important part in
determining the overall catalytic activity in this case. As for the
behaviour of the system without and with TPA, it is possible to note a
major difference between the two systems when considering the T,/T>
ratio of water as a function of ethylene glycol concentration. This is
displayed in Fig. 7, which shows that for the system with TPA an in-
crease in ethylene glycol concentration leads to a sharp increase of the
T1/Ts ratio of water relative to that of ethylene glycol, whereas in the
absence of TPA an opposite trend is observed, that is, the relative T1/T5
ratio decreases with increasing ethylene glycol concentration. In addi-
tion, it is possible to note that for ethylene glycol concentrations of 0.8
and 1.2 M, the T;1/T> ratio of water relative to that of ethylene glycol in
the absence of TPA is higher than the case with TPA; however, at 1.8 M
there is a switch between the two systems and such a ratio becomes
higher for the case with TPA. This trend seems to reflect well the trend
observed for catalytic data in Fig. 2 and suggests that water plays an
important part in the reaction, in particular the results suggest that when
TPA is added to the system a higher affinity of the catalyst surface with
water is beneficial. We hypothesise that the higher affinity for water on
the TiO, surface in the presence of TPA results in a higher degree of
hydroxyl radical production via oxidation of the adsorbed water [40]. A
higher degree of hydroxyl radical production would promote the
oxidation of ethylene glycol to glycolaldehyde which is a radical driven
process [23]. This is clearly seen in Fig. 3(a) where in the presence of
TPA glycolaldehyde is formed in higher quantities when an initial
ethylene glycol concentration of 1.8 M and above is used. This reaction
step is key in determining overall Hy production rate.

The increased interaction for both ethylene glycol and water may in
part be caused by electrostatic effects where dissociative adsorption of
TPA leads to protonation of surface hydroxyls and a more positively
charged catalyst particle indicated by the increased ¢ -potential. How-
ever as the promotional effect with BA occurs to a lesser extent than



L. Roebuck et al.

Catalysis Today 452 (2025) 115242

Increasing Ethylene Glycol Concentration

v

/ // AN
/ / \
/ / /
_/ / /
10 f f 10" t - t 10’ t .
(a) 0.8M EG (b) 1.2M EG (c) 1.8M EG
0L . oL J 0L .
10 T T,=26 10 T/T,=38 10 T/ T,=54
Volume: 1% § A Volume: 3% Volume: 8%
d \
__10'F ’ E 101k ! E 107F 9 3
n
"N
i, _— = P— K
T T,=322 -
103k T1I T2= 26.2 | 103k 12 _ 103E TI/T.=419
-~ aqo, Volume: 97% 12
Volume: 99% Volume: 92%
107 : : 10 L . 107 X !
10 102 10° 107 1072 10° 107 102 10°
T, (s) T, (s) T, (s
,/ \
10" ! 10! f f 10" ,
(d) 0.8M EG + TPA (e) 1.2MEG + TPA (f) 1.8M EG + TPA
100 L J 100 | e 100 . _ -4
IT= T,/ T,=59 TT,=5
T T8 Volume: 7% Volume: 4%
_ 101E Volume: 3% h 10k p i 101k ’ a
n
3 s ¢
~
102 9 E — 102E 1 102 o i
- ‘vg TT=155 T, T,=445
3 T/T,=838 / T \ T,
10°F 3 10°%F Volume: 93% - 107F Volume: 96% 73
Volume: 97% /
10 ' ' 10 : L 107 X :
10 10 10° 10° 10?2 10° 104 102 10°
T, (s) T, (s) T, (s

Fig. 6. 'H NMR T;-T, correlation data for ethylene glycol over Pt/TiO, without TPA (a-c) and with TPA present (d-f) at ethylene glycol concentrations of 0.8, 1.2,

and 1.8 M.

T TH(B) T IT,(A)
(]

29 *----""7 = no TPA
¢ with TPA

0.6 08 10 12 14 16 18 2.0
Ethylene Glycol Concentration (M)

Fig. 7. Ratio of T;/T, values of water peak (B) vs aliphatic ethylene glycol peak
(A) from 'H NMR.

TPA, it seems that the second acid group also has an impact on the
interaction between ethylene glycol and the catalyst. Hydrogen bonding
between the acid group of TPA and ethylene glycol may play a crucial
role. It has been shown elsewhere that modification of catalyst surfaces
with carboxyl or boronic acid groups increase the conversion of cellulose
by hydrogen bonding to the hydroxyl groups of cellulose [41,42].

Furthermore, the formation of hydrogen bonding networks of reactant
molecules at the catalyst surface has been shown to increase the
photooxidation of water and methanol [43-45].

4. Conclusions

In this study it was found that utilising an alkaline pretreatment step
significantly enhanced the Hy evolution from the photoreforming of
PET. However, TPA in the hydrolysate was found to inhibit the reaction.
When alkali pretreated PET is used directly the TPA inhibits the
breakdown of ethylene glycol into smaller C1 intermediates and CO,
limiting the amount of Hy evolved. The Hy production was enhanced
further by separating out the TPA formed prior to photoreforming.
However, even when residual amounts of TPA were present in the re-
action mixture after filtration, the Hy evolution was still lower than the
photoreforming of an equivalent concentration of pure aqueous
ethylene glycol. The primary cause of this inhibition effect was due to
the radical scavenging nature of TPA as revealed through fluorescence
spectroscopy. The initial oxidation of ethylene glycol is a hydroxyl
radical driven process and therefore is inhibited by the presence of TPA.
Subsequent reaction steps that require chemisorption of the reactants
were also inhibited by TPA blocking adsorption sites. Interestingly
however, when the ethylene glycol concentration was increased to
1.8 M and above, the Hy evolution was promoted by the presence of
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TPA. NMR relaxometry revealed that this was due to increased inter-
action of ethylene glycol with the catalyst when its surface chemistry
was modified by TPA. Furthermore, when ethylene glycol concentration
was increased, the relative affinity of water towards the surface
increased dramatically. We hypothesize that this results in a greater
production of hydroxyl radicals through water oxidation which then
promotes ethylene glycol oxidation and ultimately Hy production. At
ethylene glycol concentrations of 1.8 M and above it appears that this
modified surface behaviour could overcome the inhibitory effects of the
TPA. This work has shown that there is a balance to be considered when
utilising PET as a feedstock for Hy generation by photoreforming. If
pretreated PET is used directly, Hy can be generated without the
simultaneous evolution of CO,. However, conversion is sluggish, and a
mixture of organic products remain in the liquid phase, these products
may or may not be useful and are likely difficult to separate. We propose
that if PET were to be used commercially as a feedstock for Hy genera-
tion then it should be depolymerized first and the TPA component
separated and re-used. As TPA is largely unreactive towards photo-
reforming, and is wasted if not separated, we believe this is a more
viable strategy. In particular, this strategy may be useful, in depoly-
merized PET streams that are too dilute for viable recover of ethylene
glycol or to repolymerise. The TPA may then be used for other purposes
such as conversion to other value-added chemical such as para-xylene or
used in the synthesis of MOFs. The depolymerization may be an alkaline
pretreatment step as shown in this work or by other means such as
thermal hydrolysis processes which are able to fully convert the PET [19,
20]. Following this approach Hj generation can be maximised, a useful
product in TPA can be recovered, and PET can be degraded more effi-
ciently, all under very mild reaction conditions.
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