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ARTICLE INFO ABSTRACT

Keywords: Biorefinery-derived wastewater is considered a valuable source of energy and chemicals thanks to its organic
Aflueo_us phase reforming loading. However, it is constituted by different compounds which influence the performance of a catalytic
Elor?ﬁnefry - valorization process. In this work, we investigated the treatment of a synthetic hydrothermal liquefaction-
Her(;srl;yerllmctlona theory derived wastewater (HTL-WW) via aqueous phase reforming (APR) to obtain hydrogen. As a case study, we
yeros . . examined the underlying driving forces for performance differences in the APR of mono- and bi-component
Hydrothermal Liquefaction . ’ . X . K
Wastewater solutions of carboxylic acids as a model corn stover HTL-WW over Pt catalysts via a combined experimental

and theoretical approach. In mono-component solutions, the conversion ranked as glycolic acid > propionic acid
~ acetic acid, and the same was found for the hydrogen production tendency. Binary solutions of glycolic and
acetic acid, with different concentration among the constituents, showed a strong inhibition of the acetic acid
reactivity due to the prevalent adsorption of glycolic acid on Pt surface. The results from the APR of acetic and
propionic acid solutions were less affected by such phenomena. DFT results showed that there are strong,
attractive lateral interactions between carboxylic acids due to intermolecular hydrogen bonding that cause all
carboxylic acids to preferentially adsorb in dimer structures. The lateral interaction strength was determined for
both pure and binary mixtures of carboxylic acid dimers, with results showing that pure mixtures of carboxylic
acids have stronger attractions and that glycolic acid dimers see the strongest attractions due to the added
terminal hydroxyl functional group. The findings presented herein offer significant insights into the utilization of
APR for industrial-like multi-component solutions, as well as for any catalytic process involving small organic
compounds in an aqueous phase.

potential to provide renewable biofuels [3]. However, the generated
wastewater stream (HTL-WW) cannot be discharged directly as it is an

1. Introduction

The sustainable management of water has been targeted as the sixth
2030 Sustainable Development Goal by the United Nations [1]. Apart
from municipal wastewater, several industrial sectors, like food pro-
cessing, as well as biomass-related processes, such as pyrolysis, hydro-
thermal liquefaction, and hydrothermal gasification, lead to huge
amount of contaminated water fractions which need a proper treatment
before their release in the biosphere [2]. In this context, the scientific
interest has been pushed towards new technologies, in the frame of a
carbon circular economy.

The hydrothermal liquefaction (HTL) of wet biomass has the

* Corresponding authors.

environmental pollutant. Far more important than a wastewater treat-
ment process, it needs a suitable valorization as it can dissolve up to half
of the carbon initially present in the feedstock, depending on the reac-
tion conditions [4]. The resources recovery of the aqueous phase could
provide economic and energetic benefits to the entire technology,
helping in its implementation at a larger scale [5].

So far, two technologies have been typically suggested for the valo-
rization of HTL-WW, specifically, anaerobic digestion and catalytic hy-
drothermal gasification. The integration between anaerobic digestion
and HTL of food waste or algae (among the others) was assessed by
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Posmanik et al. and Fernandez et al. [6,7]. Catalytic hydrothermal
gasification was proposed for the HTL-WW valorization of sludge or
microalgae [8,9]. Both these processes have interesting performance in
terms of carbon removal and energy recovery [10]. Nevertheless, they
also have some drawbacks. Anaerobic digestion microorganisms suffer
from inhibition due to the presence of certain organic and inorganic
compounds, like phenol and ammonia [11]. On the other hand, the
catalytic hydrothermal gasification is an expensive process because of
the high reaction temperature and pressures required, which impact
both the operating and capital costs. Further information on the possible
technologies for HTL-WW exploitation can be found in [5,10,12,13].

In this scenario, we recently investigated a catalytic process which
shows promising results for the catalytic valorization of HTL-WW, that is
aqueous phase reforming (APR). The pioneering work of Dumesic’s
research group proposed APR due to its possibility to produce Hy from
biomass-derived compounds under milder reaction conditions
(220-270 °C, 30-60 bar) compared to conventional fossil-based steam
reforming [14]. APR eliminates the need to vaporize water, reducing the
energy requirement, and generates a gaseous effluent with low con-
centration of carbon monoxide in a single reactor, due to the favourable
equilibrium for the water gas shift reaction. Thus far, most of the
research has focused on single-compound solutions, which were
fundamental for the sake of understanding catalyst performance and the
influence of operating reaction conditions [15-19]. The influence of the
active metals was studied, as well as the support and the preparation
procedure, and these aspects were recently reviewed by Pipitone et al.
[20].

Critically, there is still a lack of information on the catalytic behav-
iour of multi-component solutions. The real streams present in indus-
trially relevant environments are constituted by multiple species,
belonging to several different classes of compounds (carboxylic acids,
alcohols, hydroxyacids, ketones, aromatics, amides, etc.). Therefore, to
advance APR (and other catalytic valorization technologies) in the di-
rection of realistic feedstocks, the understanding of the performance for
mixtures of reactants becomes of significant importance. In spite of this,
the characterization of the feedstock itself is scarce. The Pacific North-
west National Laboratory (PNNL) carried out an experimental campaign
where many compounds present in the wastewater by-product were
identified and quantified in the case of hydrothermal liquefaction from
food waste, algae, municipal or industrial waste [21,22].

In the present work, we took in consideration the work performed by
Panisko et al., who reported the composition of the aqueous phase
derived from the hydrothermal liquefaction of corn stover [23]. This is
one of the most abundant sources of biomass residues, derived from corn
production, with high projections of growth both under normal and
intensive practices [24]. The authors observed that, after the HTL step,
glycolic acid and acetic acid were the main compounds in the HTL-WW,
constituting approximately 50 % of the total carbon dissolved in the
water fraction, while propionic acid was the second most present car-
boxylic acid. We reported in a previous work their hydrogen yield in
single solutions over a 5 % Pt/Al;0O3 catalyst [25]. Moreover, pre-
liminary tests with binary mixtures carried out in our laboratory showed
that a competition between alcohols, hydroxyacids, and carboxylic acids
is possible, but a deeper investigation was required, due to the
complexity of real streams.

Therefore, the scope of the present work is the study of the valori-
zation of corn stover HTL-WW via APR using model solutions of a series
of carboxylic acids (i.e. acetic acid, propionic acid, and glycolic acid)
over a Pt-based catalyst. To the best of our knowledge, this work is the
first where the catalytic competitive adsorption issues of complex mix-
tures, such as the HTL-WW, were systematically tackled using a com-
bined experimental and theoretical approach. Three binary mixtures,
constituted by glycolic acid/acetic acid, propionic acid/acetic acid and
glycolic acid/propionic acid were investigated to assess the mutual in-
fluence of the reactants. Density functional theory (DFT) simulations
were performed to rationalize the competitive adsorption behaviours
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observed experimentally by characterizing the nanoscale interactions
between carboxylic acids in pure and mixed systems.

2. Materials and methods
2.1. Materials

Glycolic acid (GA), acetic acid (AA) and propionic acid (PA) were
purchased from Sigma Aldrich (reagent grade) and used as received.
Deionized water was obtained in the laboratory thanks to a RO Cubic S2
system, whose purification system consists of low-pressure reverse
osmosis and ion exchange resins. 5 % Pt/C was obtained by a com-
mercial supplier, in powder form.

2.2. APR test conditions

The APR reactions were performed in a 300 mL 4560 series mini
benchtop batch reactor (Parr), equipped with a 4848 model PID
controller (Parr). In a typical reaction, 75 mL of solution were used, with
the desired concentration of GA, AA or PA (with range being 175-351
mmol/L). A suitable catalyst amount (0.15 g) was used, without any
pretreatment, to allow for adequate conversion. Once fastened, the
reactor was purged with nitrogen to remove atmospheric oxygen, finally
pressurized at 0.3 MPa with Ny, and heated up to the desired tempera-
ture (270 °C). Please note that the residence time and the stirring started
when the set temperature was reached (ca. 50 min heating time). The
absence of external and internal mass transfer limitations was experi-
mentally and theoretically assessed (see Mass transfer analysis para-
graph in Supplementary Information). Furthermore, a blank test without
any organic compound was carried out to exclude any possible gasifi-
cation phenomenon of the carbon support. It was observed that the
hydrogen production was negligible, corresponding to only 0.1 % of the
hydrogen produced in the analogous test using glycolic acid.

At the end of the reaction (with range being 0-3 h), the reactor was
cooled down thanks to an internal cooling loop and external water bath.
Afterwards, the gas phase was collected in a syringe and analysed by
uGC. The liquid phase was filtered by gravity to separate the catalyst and
then analysed through HPLC.

2.3. Analytical methods

The gas phase characterization was performed using an SRA Micro-
GC, equipped with Molsieve 5A (injection temperature equal to
100 °C, argon as carrier, column temperature equal to 85 °C) and Por-
aPLOT U (injection temperature equal to 90 °C, helium as carrier, col-
umn temperature 80 °C) columns, with a TCD detector. The pump
sampling time was equal to 20 s, with 40 ms injection time, and 28 psi
column pressure. The pressure value at room temperature was used for
the quantification of the gas production, using the ideal gas law.

The analysis of the liquid samples was performed through HPLC
(Shimadzu), using a Rezex ROA-Organic acid H™ (8 %) column (300 mm
- 7.8 mm). The mobile phase was 0.005 M H3SO4 in MilliQ water (18
MQ/cm, produced in the laboratory). The flow rate was fixed at 0.7 mL/
min and the temperature of the column at 50 °C. The injection volume
was equal to 10 pL. The products were determined using a refractive
index detector (RID) and quantified by external calibration using pur-
chased standards.

Thanks to the data acquired from both instruments, three indicators
were defined. These will be used in the following to describe the reaction
performance. Eq.1 defines the conversion of the i-th compound at time t,
as the ratio between the reacted moles of the component (calculated as
the difference of initial — ni,, — and final moles — ni:in) and the initial moles
in the volume mixture; Eq. (2) defines the hydrogen yield as the ratio
between the moles of hydrogen obtained at the end of the reaction and
the maximum amount of hydrogen that could be produced considering
the APR reaction stoichiometry; Eq. (3) defines the gas concentration of
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the it component as the ratio between the moles of the component and
the total moles of gaseous products.
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The apparent reaction order was determined by using a power-law
model, by implementing logarithmic linearization and multiple linear
regression. The experimental data were fitted using the Solver function
in Microsoft Excel, performing a numerical integration of the mass
balance equation for the batch reactor model, and minimizing the
objective function of the residual squares between model and experi-
mental compound concentration.

The catalyst was characterized to get information regarding its main
properties. X-ray diffraction (XRD) analysis was performed to evaluate
the crystalline structure of the Pt site. The diffractometer used a Cu Ka
source operating at 40 kV and 40 mA. The mean particle size was
calculated using the Scherrer’s formula from broadening of the associ-
ated face-centered cubic (fcc) metal reflections.

The textural properties were obtained by Ny adsorption/desorption
isotherms at 77 K. Prior to the analysis, the samples were pretreated at
200 °C to provide a clean surface for adsorption in a Micromeritics Flow
Prep 060 degassing system. The specific surface area was calculated
according to the Brunauer-Emmet-Teller (BET) equation, while pore
volume and pore size distribution were determined by the Barrett-
Joyner-Halenda (BJH) method, in the desorption branch.

XPS measurements were obtained using a PHI Model 5000 electron
spectrometer, equipped with an aluminum anode monochromatic
source. High resolution spectra were collected by-using a band-pass
energy of 11.75 eV. The obtained binding energies were corrected for
specimen charging by referencing the Cls = 284.6 eV. The software
CasaXPS was used for the analysis and curve fitting of XPS results. The
signals for Pt 4f; 5 and Pt 4f5,, were separated by 3.4 eV. The metallic Pt
patterns were fitted using an asymmetric line shape LA (1.2, 85, 70),
while PtO patterns were fitted by the combination of Gaussian (50 %)
and Lorentzian (50 %) functions.

The characterisation of the dispersion of the impregnated metal on
the support at the nanoscale was carried out by Transmission Electron
Microscopy (TEM) and energy dispersive X-ray spectroscopy (EDX)
operated in Scanning-Transmission Electron Microscopy (STEM) mode.
A Thermo Fisher Talos F200X TEM/STEM operated at 200 kV equipped
with 4 in-column SDD Super-X detectors for elemental maps acquisition
was used. The specimens were prepared by sonication of the powder
sample in high purity propan-2-ol then drop-casted on holey-C film-
coated Cu grids (3.05 mm diam. 300 mesh, TAAB). HAADF-STEM image
was analyzed by ImageJ software, counting 245 particles to determine
the average size and its distribution.

2.4. DFT calculations

DFT calculations were performed using the Vienna Ab Initio Simu-
lation Package (VASP) [26,27] with the core electrons treated using the
projector-augmented wave (PAW) [28,29] method (version 54 poten-
tials). The electron-electron exchange-correlation was captured with the
optB88-vdW functional [30,31], and electron smearing was modelled
with the Methfessel-Paxton [32] (N = 1) method with a width set to 0.1
eV. Ground state optimizations used a plane-wave basis set with the
cutoff energy set to 400 eV. All calculations were considered converged
when the total energy changed by less than 10~° eV and interatomic
forces were less than 0.02 eV/A.

Chemical Engineering Journal 482 (2024) 148902

The Pt(111) surface was modelled using a p(4x4) supercell with a
four layer thick slab where the bottom two layers of the surface were
fixed into their bulk positions and the top two layers were allowed to
relax. The vacuum distance was 15.1 A. All zero Kelvin surface opti-
mizations used a Gamma centered k-point mesh of (4x4x1). The Pt
lattice constant was optimized using a Gamma point centered k-point
mesh of (20x20x20) and found to be 3.979 A. Structure visualization
was performed with VESTA [33].

The adsorption energies of each two molecule system on Pt(111) was

calculated according to Eq. (4):
EN =E(X-Y/Pt)—E(Pt)—E(X)—E(Y) 4
where E(X-Y/Pt), E(Pt), E(X), and E(Y) are the total energies of
adsorbed two molecule system (where X, Y can be AA, PA, GA and/or
H0), Pt(111) slab and isolated gas phase molecules, respectively. The
adsorption energies calculated here were under gas phase conditions.
The effect of solvation on the adsorption energies was estimated using
the bond additivity model of Singh and Campbell [34]. With this
approach (details provided in the Supplementary Information, Fig. S8
and Table S2), we estimate that the shift from gas phase to aqueous
phase stabilizes the adsorption energies of AA, PA and GA dimers on Pt
(111) by —0.05, —0.07 and —0.15 eV, respectively, which is consistent
with adsorption free energy differences between gas phase and aqueous
phase conditions obtained from implicit solvation methods for PA on Ni
(111), Pd(211), Rh(111), and Cu(111) by Heyden et al. [35-38] and
both explicit and implicit solvation model results by Getman et al. [39].
Overall, we expect that the trends in adsorption energies for carboxylic
acids on Pt(111) calculated here under gas phase conditions are directly
transferable to aqueous phase conditions.

Further energetic analyses are performed by calculating the inter-
action energy of the two molecule adsorbed systems relative to their
isolated adsorption energies, according to Eq. (5) and Eq. (6):

Eboled — E(X/Pf) — E(Pt) — E(X) ®

Eineracrion = Epgy! — By " (X) — Eii ™ (Y) (6)
If Ejnteraction 1S positive (negative), then the intermolecular lateral in-
teractions between adsorbates are repulsive (attractive). With this
approach, we are able to quantify the nanoscale energetic driving forces
for competitive adsorption between AA, PA, GA and HO.

The charge transfer between the dimer carboxylic acid configura-
tions and Pt(111) upon adsorption was determined by calculating the
differential charge density as defined by Eq. (7):

Ap =p(X=Y/Pt)—p(P1) = p(X =Y) )

Where p(X —Y/Pt), p(Pt), and p(X —Y) are the charge distributions for
the optimized structure of the adsorbed dimer system, the surface and
gas phase dimer fixed in their adsorption geometries, respectively.

3. Results and discussion
3.1. Catalyst characterization

Textural properties of the catalyst were evaluated by nitrogen
physisorption. As depicted in Fig. 1A, the isotherm profile could be
referred to type I and type IV with regards to IUPAC classification,
suggesting the presence of micropores and macropores structures [40].
BET surface area was equal to 1086 m?/g, with 501 m?/g attributed to
micropore area. The total pore volume was found equal to 0.746 em®/ g
(0.242 cm®/g micropore volume), while the average pore size was equal
to 5.1 nm.

XRD patterns were recorded to investigate both the structural
properties and mean crystal size for the fresh catalysts (Fig. 1B). The
diffraction peak at 20 of 25° was associated with the (002) plane of the
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Fig. 1. N, adsorption/desorption isotherms (A), XRD patterns (B), XPS spectra (C), HAADF-STEM image and particles distribution (D) of the fresh catalyst.

hexagonal structure characteristic of carbon black. Pt° nanoparticles
were crystalline, as indicated by the characteristic peaks at 20 of 39.8,
46.3 and 67.6, associated with (111), (200) and (220) lattice planes,
respectively.

Surface chemistry of Pt nanoparticles was evaluated by XPS, and the
high-resolution spectrum is reported in Fig. 1C. The band in Pt4f was
well explained by using the asymmetric peaks associated to Pt° and the
peaks associated to Pt?* (i.e., PtO). By the quantification of the phases, it
was derived that metallic Pt accounted for the majority of the surface
(73.2 %).

Finally, HAADF-STEM image (Fig. 1D) was analyzed showing that

the average Pt particle size was equal to 4.6 nm, with a standard devi-
ation equal to 1.4 nm. This result is apparently in contrast with the XRD
analysis, where the presence of a sharp diffraction peak at 39.8° seemed
to suggest a large size of Pt nanoparticles. However, this can be due to
the presence of large agglomerates, as also observed by EDX mapping
(Fig. S2). The dominant facets expected for Pt nanoparticles of this size
are ~50 % (111), ~35 % (100), and ~15 % (110) [41]. The dominance
of flat facets for Pt nanoparticles within our size range supports our
choice of the (111) facet in our modelling work.
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___ B2 H, yield 100-
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60 4 °\° 80
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Fig. 2. Influence of the catalyst on APR of mono-component solution: A) Conversion and H, yield; B) Gas composition. Reaction conditions: 75 mL solution, 270 °C,

0.15 g catalyst, 1 h.
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3.2. Mono-component solution

Preliminary tests were conducted on mono-component solutions of
the model compounds. Fig. 2 depicts the catalytic performance of GA,
AA and PA solutions in terms of conversion, hydrogen yield and gas
composition. The outcomes here are important as they serve as an
experimental basis for the successive DFT evaluation and for the inter-
pretation of the non-linear phenomena observed in the case of multi-
component mixtures.

GA showed the highest conversion among the three carboxylic acids,
reaching 75 %, as well as the highest hydrogen yield, 45 % (Fig. 2A). In
the liquid phase, only AA was found as a minor by-product, and it could
be derived from the hydrogenation of the hydroxyl group due to the in-
situ production of hydrogen, see Eq. (8). As reported in Fig. 2B, the gas
phase is constituted by hydrogen and carbon dioxide, in fair accordance
with the APR stoichiometry, see Eq. (9). It is important to note the key
role played here by the Pt metal. In fact, a blank test carried out with
only activated carbon led to just 5 % glycolic conversion.

Glycolic acid + Hy—Acetic acid + H,O (€))

Glycolic acid + H,0—3H, + 2CO, (©)]

AA reported a much lower conversion, ca. 24 %, with negligible
hydrogen production. This result suggests that AA is slightly activated
under the present reaction conditions, but the reaction pathway does not
foresee its reforming. This is confirmed by the analysis of the gas phase,
where carbon dioxide and methane were equally present, suggesting
that a catalytic decomposition occurred, see Eq. (10). In the liquid
phase, no other products were detected.

Acetic acid—CH4 + CO, (10)

Similarly to AA, PA reported a quite low conversion (about 23 %)
and null hydrogen yield. However, in this case, the gas phase consisted
mostly of ethane and carbon dioxide. This outcome indicates a common
behaviour for PA and AA, specifically the occurrence of C-C bond
breaking and decarboxylation reactions when starting from carboxylic
acids, see Eq. (11).

Propionic acid—CyHg + CO, an

The influence of initial concentration on the rate of consumption was
assessed to determine the apparent reaction order (Fig. S3). As depicted
in Fig. 3, each compound presented a reaction order lower than one.

5.0 -
®  Glycolic
1® Acetic
4.5 4 Propionic
4.0
OL
c 3.5
-
3.0+
2.5+
2.0 T T T T
5.0 5.2 5.4 5.6 5.8 6.0

Ln C°

Fig. 3. Influence of feed concentration on the initial rate of consumption. Re-
action conditions: 75 mL solution, 270 °C, 0.05/0.15 g 5 % Pt/C.
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Such an outcome can be attributed to strong adsorption on the Pt sur-
face, which leads to high surface coverage of the molecules even at low
concentration (range 175-351 mmol/L). Low reaction orders are com-
mon for liquid phase reactions. For example, Shabaker et al. reported
nearly first order (0.8) for methanol APR in the 1-10 wt% range on Pt
surfaces, and 0.3 for ethylene glycol [42]. Interestingly, it can be
observed that GA showed the lowest reaction order, suggesting a higher
degree of saturation of the active sites with respect to the other car-
boxylic acids. This outcome supported the DFT modelling for the
description of a saturated active site, with a high fraction of monolayer.
It is worthy to note that, given the low reaction order, the kinetic
behaviour of the molecules could be described by a Langmuir-
Hinshelwood model, in which the adsorption term in the denominator
plays a prevalent role. However, a full kinetic investigation is out of the
scope of the present work, and it will be explored in a proper experi-
mental campaign.

The existing computational studies for carboxylic acid adsorption on
Pt(111) consider only isolated molecule adsorption, which is inconsis-
tent with experimental observations [43-51]. The adsorbate-adsorbate
lateral interactions, which can be repulsive or attractive, present
under the high coverages representative of reaction conditions can
significantly influence adsorption structures, reaction energies, and re-
action pathways [52]. Modelling studies that do not account for such
lateral interactions risk developing inaccurate pictures of adsorption and
reaction, especially in systems where lateral interactions are substantial
[53]. Thus, accounting for lateral interactions is critical to understand-
ing the adsorption of AA, PA and GA on Pt(111).

Fig. 4 shows the adsorption energy for 0.0625 and 0.1250 ML of AA,
PA and GA on Pt(111). Isolated (i.e., 0.0625 ML) AA and PA molecules
are adsorbed onto the most favourable, upright sites identified from
literature [43-46,48,50,51]. As GA adsorption on transition metal sur-
faces has been less studied [47,49], we performed configuration testing
to identify the dominant GA adsorption configuration at 0.0625 ML
(Fig. S4). For the 0.1250 ML coverage, AA was taken as an exemplar
adsorbate for all acids studied here and 11 configurations were tested
(Fig. S4). Overall, we find that increasing AA coverage causes a shift in
configuration towards dimers. Thus, two configurations were tested for
the 0.1250 ML coverage for all acids (Fig. S5): (1) upright and (2) dimer.

Starting with 0.0625 ML (Fig. 4A), our DFT results show that there is
no substantial difference in the adsorption energies for AA, PA and GA (i.
e., max difference + 0.05 eV from our results). This is consistent with
results from Salciccioli et al. (AA and PA/Pt(111)) [43] and Yan et al.
(GA/Pt(111)) [47,49]. Moving to the 0.1250 ML upright structures,
small lateral interactions appear, with AA-AA and PA-PA having
repulsive interactions of ~47.9 and ~67.2 meV respectively while GA-
GA has attractive interactions of 53.3 meV (Fig. 4B). These lateral in-
teractions cause the adsorption energy differences present at 0.0625 ML
to balance out and become identical for all acids (Fig. 4A). Thus, the
results obtained for the upright adsorption configurations examined
exclusively in the existing literature do not properly account for the
adsorption discrepancies found experimentally.

Experimental surface science studies [54,55] for AA adsorption on Pt
(111) suggest that AA-AA dimers form at moderate to high coverages.
Thus, we examined a second, dimer configuration of each carboxylic
acid at 0.1250 ML. Our DFT results show that the dimer structures are
more stable—with stronger adsorption energies as compared to the
upright configuration by 0.06, 0.20 and 0.33 eV for AA, PA and GA,
respectively—on Pt(111) for all carboxylic acids (Fig. 4A). Intermolec-
ular hydrogen bonding interactions between the carboxylic acid func-
tionalities on neighbouring molecules produce attractive and stabilizing
effects (Fig. 4B). Furthermore, the strength of these interactions in-
creases markedly as we move from AA to PA to GA, indicating that the
stability of the dimers is highly structure-dependent. Increasing the
carbon chain length increases the attractive interaction energy in PA-PA
dimers by approximately double as compared to AA-AA dimers. Mean-
while, the addition of the terminal hydroxyl functionality in GA
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Fig. 4. (A) Average adsorption energy and (B) interaction energy for 0.0625 ML (1

mol) and 0.1250 ML (2 mol), upright (U) and dimer (D) configurations, of each

carboxylic acid (i.e., AA, PA and GA) on Pt(111). (C)-(E) Top and side views of the differential charge density of each carboxylic acid dimer on Pt(111). The silver,
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increases the degree of intermolecular hydrogen bonding, resulting in
interaction energies for GA-GA dimers that are more than double that of
the PA-PA dimers and almost 7 times stronger than the AA-AA dimers.

We examined the effect of acid coverage and configuration on the
reaction energy for initial O-H scission for all acids on Pt(111) and
compared the resulting trends in reaction energy to those discussed with
our existing trends for adsorption energy. Previous work for carboxylic
acid reaction on transition metal surfaces identifies O-H scission on the
carboxyl functionality to be the first elementary reaction step
[35-38,45,46,48,50]. As shown in Fig. S6, the change from upright to
dimer structure inverts the O-H scission reaction energies from
exothermic to endothermic, indicating the dimer structures will be
slower to react. Furthermore, the trend in O-H scission reaction energy
follows GA > PA > AA. Thus, these results indicate that the reaction
favorability of elementary reactions after adsorption will inherit an
inversed trend to that seen in adsorption for the dimer structures iden-
tified here.

The underlying driving forces for carboxylic dimer adsorption on Pt
(111) can be visualized through the differential charge densities during
adsorption (Fig. 4C through E). For the AA-AA and PA-PA dimers
(Fig. 4C and D), the differential charge densities show negligible charge
transfer between the surface and dimers during adsorption. Thus, the
adsorption and interaction energy differences caused by the change in
carbon chain length result from purely van der Waals forces. Meanwhile,
the differential charge density for the GA-GA dimer (Fig. 4E) shows
significant charge transfer between the surface and a terminal hydroxyl
functionality. This indicates that the increased stability of GA-GA dimers
results from a combination of van der Waals and charge transfer effects.
Fig. S7 depicts the adsorption of these carboxylic acids in the dimer
configuration with intermolecular effects excluded by using the RPBE
functional [56]. Without intermolecular attraction/repulsion, the pure
attraction of these carboxylic acid dimers to the catalyst surface varies
by only 0.04 eV. Thus, only when we incorporate the van der Waals
forces and charges transferred (through the optB88-vdW functional) can
we get results that explain the experimentally determined performance
(Fig. 2) and rate orders (Fig. 3).

Other possible influences on the experimentally observed competi-
tive adsorption effects were considered here: (1) solvent stabilization,
(2) dehydrogenation via proton-electron transfer (PET) mechanisms at
the water-Pt interface [57,58]. First, the influence of solvent stabiliza-
tion on the DFT-based adsorption energy trends observed here was
considered and found to be minimal and systematic for similarly

structured adsorbates (see Table S2 and Fig. S8) [35-39]. Second, as the
stability of PET transition states is highly dependent on the charge on the
adsorbates and the ability of the adsorbate-covered surface to accept/
donate electrons [59-62], we have performed Bader charge and work
function calculations on our pure AA, PA and GA dimers on Pt(111). As
shown in Table S3, Bader charge results suggest that the oxygen-bonded
hydrogen in all acids can be exchanged with protons in the solvent water
molecules without simultaneous electron transfer, while the carbon-
bonded hydrogen in all acids could potentially be abstracted from the
acid via a PET mechanism. The stability of such an interfacial proton,
and thus the favourability of the PET mechanism, will depend on the
work function of the adsorbate-covered surface. Shangguan et al.
showed that a decrease in work function of 0.5 eV due to adsorbate type
and coverage effects decreases the stability of interfacial protons
generated under thermal conditions by ~0.5 eV [59]. As shown in
Table S3, carboxylic acid adsorption on Pt(111) decreases the surface
work function by 0.47-0.69 eV, which impedes electron transfer into the
metal surface and destabilizes interfacial proton formation via PET
mechanisms. Additionally, we can exclude the role that pH may have in
driving the observed phenomena, as this issue may play a role in other
contexts [63]. In fact, the initial pH was very close for each acid (be-
tween 2.1 and 2.6, at 176 mmol/L) and hence it would not reasonably
explain such strong differences. Overall, we see that the influence of
solvation either through stabilization, pH, or PET mechanisms is sys-
tematic between the three acids studied here, meaning that the trends in
adsorption energy for AA, PA and GA dimers on Pt(111) are unchanged
from gas phase to aqueous phase.

Taken together, our experimental and theoretical results on the
mono-component systems show that there are notable performance
dependencies for carboxylic acid conversion based on the chemical
structure. While GA, PA and AA all experience high surface coverages
based on the near zero rate orders, the conversion trends as GA > PA >
AA. This trend in conversion is mirrored in the changes in adsorption
and intermolecular interaction energies for each carboxylic acid on Pt
(111), but only once the critical, high coverage dimer configuration was
determined. We note that the modelling performed here is not sufficient
to identify the degree of rate control [64] as such an analysis requires
complete mapping of the potential energy surfaces, which is beyond the
scope of this work. However, we see that the trend in acid adsorption
strength is inherited and inverted by the reaction energies for subse-
quent elementary steps (i.e. O-H scission), suggesting that competitive
adsorption is a crucial step for understanding the catalytic upgrading of
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carboxylic acid mixtures. In the following section, we examine the APR
catalytic performance and competitive adsorption effects of bi-
component solutions of our three model carboxylic acids over Pt
catalysts.

3.3. Bi-component solution

The successive step was performing the APR of binary solutions.
Three mixtures were chosen, accordingly with the compounds used in
the mono-component test: (i) GA and AA, (ii) PA and AA, (iii) GA and
PA. The tests were performed over 5 % Pt/C using different molar ratios
between the two compounds. In Table 1, the adopted nomenclature is
linked to the substrates amount, to facilitate the understanding of the
results.

3.3.1. Acetic acid and glycolic acid

The conversion of binary GA-AA mixtures is shown in Fig. 5. As
discussed in Section 3.2, the mono-component AA solution showed 24 %
conversion. When GA was added to the AA solution, in a 1:4 M ratio
(G0.25A1), the AA conversion strongly decreased from 23.7 to 2.4 %.
When the GA-AA ratio gradually increased to 1:1, the AA conversion
decreased to —8.1 %. Please note that the apparent negative conversion
of AA, and hence its production, is due to the GA side-reaction discussed
in Section 3.2 (Eq. (8)). The GA conversion also decreased, from 100 %
to 67.5 %, in the binary solutions, which can be attributed to the low
reaction order of glycolic acid (Fig. 3).

To quantify more precisely the relative conversion of GA and AA,
given that AA is a by-product of the APR of GA, the amount of methane
produced from the binary mixtures was tracked. Methane was produced
only marginally (0.03 mmol) by GA alone (Fig. 2B), while it was ob-
tained as a main product by AA (2.55 mmol). Thus, methane is a useful
probe molecule to follow the conversion path of AA. We observed that in
G1A1, 0.11 mmol of methane were obtained; this value increased up to
0.40 mmol in GO.25A1. Therefore, it may be inferred that AA was
gradually converted. If we try to estimate the AA conversion from the
information on methane production, AA conversion declined from 3.1 %
to 0.4 % moving from G0.25A1 to G1Al.

The dramatic drop in AA conversion is indicative of the strong
adsorption of GA on the active metal compared to AA and cannot only be
ascribed to the higher reactivity of GA. One way to understand this result
is to examine the individual steps occurring in heterogeneous catalysis:
diffusion through the bulk, diffusion into the pores, adsorption, surface
reaction, and desorption of the products. Being in the kinetic regime, we
can assume that the first two steps are fast for each component of the
mixture. Then, we must discriminate if the adsorption is critical for AA

Table 1
Nomenclature used for the APR tests in the binary solutions.

Name Glycolic ac. amount Acetic ac. amount Propionic ac. amount
(mmol) (mmol) (mmol)
GOA1l 0 13.2 0
G0.25A1 3.3 13.2 0
G0.5A1 6.6 13.2 0
G0.75A1 9.9 13.2 0
G1A1 13.2 13.2 0
G1A0 13.2 0 0
POA1 0 13.2 0
P0.25A1 0 13.2 3.3
P0.5A1 0 13.2 6.6
P0.75A1 0 13.2 9.9
P1A1 0 13.2 13.2
P1A0 0 0 13.2
GOP1 0 0 13.2
G0.25P1 3.3 0 13.2
G0.5P1 6.6 0 13.2
G0.75P1 9.9 0 13.2
G1P1 13.2 0 13.2
G1PO 13.2 0 0
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Fig. 5. Influence of solution composition on substrate conversion and methane
production. Reaction conditions: 75 mL solution, 270 °C, 0.15 g 5 % Pt/C, 1 h.

conversion. If GA does not affect the surface coverage of AA, i.e., if their
adsorption constants are similar, then we would expect that the con-
centrations on the catalyst surface reflect the solution composition, with
AA being 4-fold more present than GA. At this point, being in the kinetic
regime, we may assume that the conversion is proportional to the
“available” active sites, which are 4/5 of the one in the mono-
component solution. Therefore, the theoretical AA conversion should
be about 19 %. The discrepancy with the experimental value should
hence be caused by competitive adsorption phenomena, such as AA
displacement from Pt sites when other molecules more affine with the
active site are present in the solution. This behaviour is scarcely studied
in literature for aqueous systems [65,66], and it is sometimes cited in the
APR field without a deeper investigation [19].

Even though it is not possible to derive a global reaction order for GA
from the results reported in Fig. 5, it seems that the GA conversion is still
affected by a low reaction order. For example, by comparing the G0.5A1
and G1A1 test, GA conversion halved while its concentration doubled.
We may infer that the dependency of the conversion rate from the initial
concentration remain the same between the mono-component and
multi-component mixtures, in accordance with the results observed in
other catalytic reactions in liquid phase [66-68].

The time behaviour of AA and GA in some selected conditions is
reported in Fig. 6. In the AA mono-component solution (Fig. 6A), its
conversion steadily increased with the reaction time reaching 38 % as
final value. When 3.3 mmoles of GA were added, a drastic drop was
observed, so that the final conversion was 5 %, more than 7-fold lower
than the mono-component case. The conversion was inversely propor-
tional to the GA concentration, eventually reaching 0.3 %, but moving
through negative values during the reaction, due to the parallel GA
hydrogenation. These results confirm the competition on the active sites
between AA and GA, with the latter having significantly higher affinity
than the former on the Pt surface.

GA conversion reached 100 % after 0.5 h in the most diluted case,
while it took 2 h in the GO.5A1 run. This outcome affected the AA fate
because it had more time to convert in the former case, since no more GA
was present in the solution after 0.5 h. Moreover, the lower GA con-
centration led to less AA by-product production. Despite this, the AA
conversion was lower than expected. It is not possible to provide a
definitive reason for this result: we suggest that it may compete with the
adsorption of other by-products, such as CO, which are strongly adsor-
bed on Pt [69]. Further work will be performed to evaluate this
hypothesis.

GA out-competing AA for available surface sites on the Pt catalyst is
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Fig. 6. Influence of reaction time on AA (A) and GA (B) conversion. Reaction conditions: 75 mL solution, 270 °C, 0.15 g 5 % Pt/C.

consistent with the stronger adsorption energy and stronger, attractive
intermolecular lateral interactions present in GA dimers as compared to
AA dimers on Pt(111), as shown in Fig. 4. However, the DFT results in
the pure AA-AA, PA-PA and GA-GA dimers do not include consideration
of mixed dimer structures between AA-PA, AA-GA and PA-GA, as well as
neglecting the impact of the aqueous environment through consider-
ation of Hy0-AA, Hy0-PA and H0-GA dimers. The adsorption and
interaction energies for such mixed systems are examined here and
shown in Fig. 7 (AA-PA, AA-GA and PA-GA) and Fig. S8 (H20-AA, H,0-
PA and Hy0-GA). The water-acid adsorption and interaction energies are
all notably weak. Thus, the presence of water is not expected to signif-
icantly impact the trends in carboxylic acid adsorption on Pt(111).
Furthermore, the mixed 0.1250 ML upright configurations show no
impact of the carboxylic acid chemical structure on the adsorption en-
ergy with minimal lateral effects (i.e., less than ~30 meV attractive
interactions for GA-AA and GA-PA, and outright ~82 meV repulsive
interactions for PA-AA). This is consistent with the pure carboxylic acid
0.1250 ML upright configuration results.

For AA-GA mixtures, there are noticeable interaction energies for the
mixed 0.1250 ML dimers. The interaction energies for AA-GA mixed
dimers were determined to be ~ —0.2 eV (Fig. 7B). This, when compared

to the interaction energies of the pure AA-AA and GA-GA dimers shows
that incorporation of AA into the adsorbed dimer has an antagonistic
effect. Thus, the DFT results are consistent with the experimental ob-
servations and further support the proposed picture of competitive
adsorption being the dominant factor here.

3.3.2. Acetic acid and propionic acid

Fig. 8 shows the influence of the feed composition on the conversion
of PA and AA binary mixtures. Adding 3.3 mmol of PA to the mono-
component AA solution decreased the AA conversion only to a small
extent in this case, from 23.7 % to 17.6 %; afterwards, the gradual
addition of the second carboxylic acid led to the final conversion equal
to 5.2 %, while the conversion of PA was 22.4 %. This value was slightly
lower than the mono-component solution (P1A0), where the conversion
was ca. 23 %.

These results allowed us to derive some information regarding the
behaviour of mixtures under APR conditions. PA has a similar reactivity
with AA in the mono-component solution; however, it has a higher
conversion than AA in the equimolar run (P1A1), indicating that it may
outcompete AA for adsorption sites and, thus, overall allowing it to be
more reactive. Furthermore, AA is gradually inhibited by the presence of
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PA, even if to a less extent compared to GA.

The influence of reaction time on AA and PA conversion for some
selected runs is reported in Fig. 9. With respect to AA conversion
(Fig. 9A), it could be observed that the presence of PA slowed down its
conversion at each reaction time (-32 % after 3 h), likely due to less
available active sites due to the co-adsorption of PA. However, this
occurrence is significantly less severe than in the case of GA co-
adsorption, where, in the G0.25A1 mixture, the AA conversion drop-
ped by 87 %. On the other hand, PA conversion (Fig. 9B) increased in the
binary mixture, likely due to the low reaction order, as reported above.

From the pure component dimer DFT-based adsorption energies
(Fig. 4), we expect PA to outcompete AA for available sites given the
stronger adsorption energy and attractive intermolecular lateral in-
teractions present in PA dimers as compared to AA dimers on Pt(111).
Examination of AA-PA mixed dimers on Pt(111) shows the interaction
energies to be ~ —0.3 eV, which is a purely additive effect. Furthermore,
as the PA-AA dimer has a weaker adsorption energy than pure PA-PA
dimers, PA is expected to predominantly outcompete AA in such a bi-
nary mixture.

Chemical Engineering Journal 482 (2024) 148902

3.3.3. Glycolic acid and propionic acid

Given the stronger adsorption energy of PA with respect to AA, GA-
PA binary mixtures were investigated to understand to what extent the
latter may have better performance in the multi-component scenario.
Fig. 10 shows that the addition of GA to the PA solution (G0.25P1)
decreased its conversion by 71 % (from to 23 % to ca. 7 %), with an
almost complete conversion of GA. This result is similar to the outcome
reported for the AA-GA mixture, indicating the higher affinity of GA on
Pt sites with respect to PA. However, the extent of this competition is less
severe here with respect to the AA-GA case, where the AA conversion
dropped by 87 %.

The addition of GA to the bi-component mixture gradually decreased
its conversion, as well as that of PA, which reached a final conversion of
ca. 2 % in the equimolar solution. Again, this value is significantly
higher than the AA conversion, which was only 0.4 %, suggesting its
higher extent of adsorption. Furthermore, this outcome can be observed
by the higher drop in the GA conversion moving from the mono-
component solution to the equimolar one: while it was by only 10 %
in the AA-GA solution, here it is up to 33 %.

From the pure component dimer DFT-based adsorption energies
(Fig. 4), we expect GA to outcompete PA for available sites given the
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stronger adsorption energy and attractive intermolecular lateral in-
teractions present in GA dimers as compared to PA dimers on Pt(111).
Examination of GA-PA mixed dimers on Pt(111) shows the interaction
energies to be ~ —0.4 eV, which is a purely additive effect. This shows
that PA has an antagonistic impact on the overall dimer adsorption
strength, consistent with the decrease in charge transfer between dimer
and surface in GA-PA dimers (Fig. 7) as compared to GA-GA dimers
(Fig. 4). Overall, the DFT results are consistent with the experimental
conversion results and competitive adsorption interpretation.

3.3.4. Perspective

Overall, our combined experimental and theoretical approach ra-
tionalizes the changes in catalytic performance for multi-component
carboxylic acid systems relative to their mono-component systems
with competitive adsorption. While adsorption alone is rarely a rate
determining step, it is important for setting the overall coverage and
availability of surface sites. Particularly in mixed feedstocks, the
competitive adsorption between various reactants will consequently
affect what is bound to the surface and can undergo subsequent
elementary surface reactions. If one reactant within a mixture sees a
significantly stronger adsorption energy than others, this reactant will
dominate the available adsorption sites, blocking other reactants from
interacting with the catalyst. Thus, characterizing and understanding
competitive adsorption effects becomes critical to rationalizing catalytic
observations for complex feedstock mixtures.

Here, the underlying driving force for the performance difference
due to competitive adsorption was changes in the intermolecular in-
teractions within the dominant, high coverage dimer configuration that
carboxylic acids form on the Pt catalyst surface. Using the PA-AA binary
mixtures as an example, the conversion of AA in the mixture fell below
the conversion observed for pure AA due to the strong adsorption en-
ergies resulting from stronger intermolecular interactions within PA-PA
dimers (~ —0.40 eV) compared to AA-AA dimers (~ —0.11 eV) and PA-
AA dimers (~ —0.26 eV). Furthermore, whenever binary mixtures
comprise GA, there is a substantially greater surface-adsorbate interac-
tion between GA and the Pt catalyst in the form of charge transfer as
compared to AA or PA. This, together with the stronger inter-
action energies of GA in its pure dimers (~ —0.7 eV) than the interaction
energies of binary multicomponent mixtures, ensures that GA dominates
the catalytic surface in the presence of other acids.

Fig. 11 illustrates the hypothetical temporal evolution of an example
system of GA-AA system with an excess of AA. In stage 1, the Pt surface
was clean, while in the solution there was an excess of AA compared to
GA. During stage 2, despite the higher AA concentration, the stronger
adsorption energy resulting from greater attractive lateral interactions
led to higher GA surface coverage, which started to react (stage 3),
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producing hydrogen and carbon dioxide. Furthermore, new GA mole-
cules adsorbed on the Pt which were set free by the desorption of the
products. When GA was (almost) completely converted, AA was even-
tually able to find available sites to react. Further research on catalyst
design should look at dopants able to improve the adsorption ability of
such molecules.

4. Conclusion

In this study, APR of a model corn stover HTL-WW was performed in
a batch reactor to derive experimental and theoretical information on
competitive adsorption phenomena in binary carboxylic acid mixtures.
GA, AA and PA, representatives of the most common species present in
the HTL-WW, were investigated alone and in mixtures to get an insight
on their reactivities with a 5 % Pt/C, their affinities with the active sites,
and their relative influences between the molecules. Thanks to a detailed
characterization of both liquid and gas phase products, it was observed
that AA conversion was more susceptible to competition with GA rather
than with PA. The strong adsorption of GA was confirmed by the kinetic
analysis, which reported the lowest rate dependence on the initial
reactant concentration. DFT modelling showed that the adsorption
strengths of the carboxylic acids on Pt(111) trended as GA > PA > AA.
These trends are determined by the strong, attractive intermolecular
interactions between carboxylic acids at higher coverages, causing the
acids to preferentially adsorb into dimer structures. Furthermore, ex-
amination of mixed acid dimers (i.e., GA-AA, PA-AA) showed there to be
an antagonistic effect that further suppresses the adsorption of AA
relative to PA and GA.

The insights gained from this work can prompt future research in
active catalysts for carboxylic acid activation. The results emphasize the
crucial need to investigate representative mixtures due to the occurrence
of intense competitive adsorption phenomena, whose understanding is
essential for advancing the field and ensuring the effectiveness of these
processes. Further research on effective dopants able to enhance the
adsorption ability of recalcitrant molecules should be addressed.
Furthermore, studies on the solvent effects should be developed, for its
interaction with reactants/products as well as the competition for the
adsorption on the active sites.
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