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A B S T R A C T

Aqueous phase reforming (APR) is a promising route to produce hydrogen, but implementation with real 
feedstocks is limited by rapid deactivation. Here, we report for the first time the APR of wastewater from 
microalgae hydrothermal carbonization. The effects of carbon concentration and temperature were investigated, 
with the highest hydrogen productivity obtained at 1.7 gC/L and 270 ◦C, yielding 13 mmol H2/gC. Catalyst 
deactivation was elucidated through an integrated approach: carbon deposition was demonstrated by N2 phys
isorption analysis and TGA, while inorganic accumulation by XPS and FE-SEM/EDX, pointing to a combined 
mechanism. Therefore, mitigation strategies were proposed, including thermal pretreatment to avoid solid for
mation and adsorption of phosphate. Among the options, the latter markedly improved APR up to 30 mmol H2/ 
gC. Overall, by correlating wastewater characterization with a dual deactivation route, and demonstrating a 
viable upstream mitigation approach, this study provides a practical basis for improving APR robustness when 
processing real streams.

1. Introduction

Hydrothermal carbonization (HTC) of biomass simulates natural 
coalification processes to produce a carbon-rich solid product, often 
named as hydrochar [1]. It occurs at mild temperatures (180-250 ◦C) 
and autogenous pressure in a water-rich environment, so that it is 
particularly convenient when dealing with moisture-rich biomass, such 
as microalgae [2]. Hydrochar applications range from a solid fuel to soil 
remediation, for functional materials and as activated carbon [3]. From 
the pioneering work of Heilmann et al., several research groups inves
tigated mostly the reaction conditions to maximize the hydrochar yield 
and quality (such as the higher heating value, porosity and function
ality) [4–6].

However, hydrochar is not the only obtained product. Depending on 
the employed operating conditions, up to 20 wt% of the feedstock can 
end up in the aqueous phase (namely, HTC-AP), which hence needs 
proper treatment and valorization strategies due to the cost associated 
with its management [7]. Nguyen et al. recently showed that most of the 
applications of HTC-AP are in the energy recovery field (e.g., via 
anaerobic digestion [8,9]), followed by nutrient recovery (e.g., struvite 
and hydroxyapatite) [10], algae cultivation [7], chemical extraction and 

carbon source for biological denitrification [11]. One of the complexities 
associated with its suitable valorization is that deep characterization of 
the molecules dissolved in the HTC-AP is scarce, to our knowledge [12].

A promising process that has recently attracted attention to valorize 
the organic carbon content of wastewater streams is aqueous phase 
reforming (APR) [13]. APR is a catalytic reaction carried out between 
220 and 270 ◦C under pressure to produce hydrogen from 
biomass-derived compounds dissolved in an aqueous solution [14]. It 
shows energetic advantage with respect to steam reforming due to the 
lower operating temperature, the avoidance of water vaporization and 
the obtainment of pressurized hydrogen. Furthermore, the promotion of 
water gas shift minimizes the CO content, favoring the use of the gaseous 
effluent in a proton exchange membrane fuel cell [15].

While most of the literature typically focuses on the optimization of 
the catalyst formulation starting from simple model compounds [16], 
there is a growing interest on the direct application of APR to more 
complex feedstocks. Justicia et al. recently carried out the APR of 
wastewater from catalytic pyrolysis of woodchips, reporting a produc
tion of 23 mmol H2/gTOC (i.e., molar productivity of H2 expressed per 
gram of organic carbon present in the fed wastewater) [17]. The authors 
highlighted the refractory nature of acetic acid in the mixture and the 
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moderate decrease in hydrogen production due to gradual adsorption of 
high molecular weight compounds. However, no insights into inorganic 
species were provided. Yu et al. explored the use of APR for the treat
ment of landfill leachate membrane concentrates using Ni-based cata
lysts, reaching an optimal hydrogen yield equal to ca. 12 mmol H2/gCOD 
(i.e., molar productivity of H2 per gram of oxygen required to oxidize all 
carbon in the wastewater) [18]. The authors highlighted that catalyst 
stability needs further optimization due to pollutant adsorption and 
carbon deposition. Other works looked, for the sake of example, at 
pruning waste biomass (max. 17 mmol H2/gTOC) [19], aqueous fractions 
of pyrolysis bio-oil (max. 40 mmol H2/gTOC) [20], and biogas slurry 
(max. 3 mmol H2/gCOD) [21]. In parallel, system-level studies have 
emphasized the potential of APR as a valorization route for by-product 
streams in thermochemical biorefineries, able to improve overall sus
tainability indicators [22,23].

To the best of our knowledge, microalgae-derived HTC-AP has not 
yet been investigated as a feedstock for APR. This system introduces the 
additional complexity associated with N-containing compounds into the 
APR framework. Moreover, as cited above, the practical deployment of 
APR with real wastewater remains constrained by catalyst deactivation 
induced by the feedstock components, which the literature largely at
tributes to the organic fraction through coke-like formation, under
scoring the need for effective pretreatment/operational strategies. By 
comparison, the contribution of inorganic constituents has received 
limited attention, even though they may promote poisoning and inor
ganic fouling.

To address these gaps, in this work we investigated the APR of 
microalgae-derived HTC-AP, combining an in-depth characterization of 
the feed with a dedicated assessment of catalyst stability. Based on the 
results obtained, we proposed and validated an operational strategy 
aimed at mitigating deactivation and enabling stable catalytic 
performance.

2. Materials and methods

2.1. Materials

Glycolic acid and Ru/Al2O3 were purchased from Sigma Aldrich. Ru/ 
Al2O3 was selected for its higher activity with respect to a Pt-based 
catalyst in a preliminary screening (data not shown). The aqueous 
phase from Chlorella sorokiniana HTC (HTC-AP) was kindly provided by 
CEA, France. Hydrothermal carbonization was performed at 200 ◦C, 
with a reaction time of 30 min. The aqueous sample was stored in a 
refrigerator and filtered with a nylon 0.2 μm filter before use. Unless 
specified, no further treatments were carried out before testing.

2.2. APR tests

The APR catalytic tests have been carried out in a batch reactor 
(4566 Parr series) equipped with a 4848-model reactor controller (Parr). 
For each reaction, 75 mL of aqueous phase was prepared and 400 mg of 
Ru/Al2O3 was added. The reactor was purged with nitrogen, and the 
initial pressure was set at 0.3 MPa. The stirring rate was fixed at 
400 rpm. The reaction time was set at 1 h, starting once the set-point 
temperature was reached. The gas phase was collected in a syringe 
and analyzed by Micro-GC. The liquid phase was recovered from the 
reactor, filtered by gravity to remove the catalyst, then it was subjected 
to total organic carbon (TOC), HPLC, gas-chromatography coupled with 
mass spectroscopy (GC-MS) and ion chromatography (IC) analysis. The 
solid phase, constituted by the spent catalyst and any insoluble species, 
was dried overnight in an oven at 105 ◦C, recovered and weighed. It was 
hence employed in the reuse tests, without any further treatment after 
the drying step.

The performance of the APR was estimated using indicators 
conventionally used in literature. The carbon to gas (CtoG) conversion 
was defined as the ratio between the moles carbon in the gas product 

molfinCgas and the moles of carbon in the feed molinCfeed (Eq. (1)). The 
hydrogen gas distribution was calculated as the ratio between the moles 
of hydrogen present in the gas phase as molecular hydrogen (molfin H2) 
after the reaction and the total moles of hydrogen, including hydrogen 
contained in alkanes (Eq. (2)); the hydrogen productivity was expressed 
as the mmoles of hydrogen produced divided by the grams of carbon in 
the feed (Eq. (3)). This last definition was useful to define a sort of 
hydrogen yield in the case of complex mixtures with partially unknown 
compounds, when the definition of a conventional reaction stoichiom
etry is not applicable. TOC removal was defined as the ratio between the 
residual and initial TOC in the liquid phase (Eq. (4)). It was reported in 
addition to CtoG conversion to distinguish the disappearance of dis
solved carbon from its recovery as gaseous products and potential solid- 
phase species formation, defined as carbon to solid conversion (Eq. (5)). 
The last two indicators were used in the case of glycolic acid reforming: 
the hydrogen yield, was calculated as the ratio between the moles of 
produced hydrogen in the gas phase (molfin H2) and the maximum 
stoichiometric amount that could be produced (Eq. (6)); the conversion 
of glycolic acid, defined as the ratio between the converted moles of 
glycolic acid and the moles of feed (Eq. (7)). 

Carbon to gas conversion (%) = 100 ​ ⋅
molfinCgas

molinCfeed
(1) 

H2 gas distribution (%) = 100 ​ ⋅
molfinH2

molfin(H2 + 2⋅CH4 + 3⋅C2H6 + 4⋅C3H8)

(2) 

H2 productivity=
mmolfinH2

ginCfeed
(3) 

TOC removal (%) = 100 ​ ⋅
TOCin − TOCfin

TOCin
(4) 

Carbon to solid conversion (%) = 100 ​ ⋅ ​
ginCfeed − gfinCgas − gfinCliq

ginCfeed
(5) 

H2 yield (%) = 100 ​ ⋅
molfinH2

3⋅molinglycolic
(6) 

Conversionglycolic (%) = 100 ​ ⋅
molinglycolic − molfinglycolic

molinglycolic
(7) 

2.3. Adsorption pretreatment

A selective adsorption via ion-exchange was carried out on the 
wastewater to investigate the influence of inorganic species (namely 
sulfate and phosphate). Amberlite IRA-67, a commercial weak base 
anion exchange resin with a gel-type acrylic matrix, was employed. This 
choice was specifically motivated by the nature of the resin, since, unlike 
those used in another study [24], it was employed in its free-base form 
[25], allowing ion exchange to occur between inorganic ions and hy
droxide ions (OH− ). The aqueous phase volume was 100 mL, and the 
amount of Amberlite IRA-67 varied to reach the desired adsorption ef
ficiency for specific components. The solution was stirred using a me
chanical agitator equipped with a magnetic stir bar. Samples were 
periodically collected and analyzed by ion chromatography to measure 
the inorganics concentration.

2.4. Analytical methods

2.4.1. Product analysis
The gas phase was analyzed by an SRA Micro-GC, equipped with 

Molsieve 5A and PoraPLOT U Columns, with a TCD detector.
HPLC analysis (Shimadzu) was performed with a Rezex ROA-Organic 

acid H+ (8%) column (300 mm × 7.8 mm). The mobile phase was a 
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5 mM H2SO4 aqueous solution. The flow rate was fixed at 0.7 mL/min 
and the temperature of the column at 50 ◦C. The products were deter
mined by means of a refractive index detector (RID).

Total carbon (TC) and total organic carbon (TOC) analysis were 
performed using a Shimadzu TOC-VCSH analyzer equipped with a 
nondispersive infrared detector.

GC-MS (Agilent 7890A GC–5975C MS) analysis was conducted to 
refine the identification of the molecules dissolved in the aqueous so
lutions. Without any prior derivatization and dilution, 1 μL of syringe- 
filtered sample was injected into a DB-WAX Ultra Inert column 
(30 m × 0.25 mm × 0.25 μm) in splitless mode with an injection tem
perature of 240 ◦C. The helium flow was set at 1 mL/min, using the 
following temperature program: 80 ◦C (0 min hold) followed by a 
heating ramp of 5 ◦C/min up to 250 ◦C (0 min hold). Compounds were 
identified using Agilent MassHunter Unknown Analysis software with 
the NIST 17 library and only compounds with a match factor greater 
than 70 were considered.

A Thermo Scientific Inuvion system equipped with an IonPac AS11- 
HC-4 column, KOH eluent generation and suppressed conductivity de
tector was employed to determine the anions present in the aqueous 
phase. The eluent flow was set at 1.5 mL/min and the temperature at 
30 ◦C.

Inductively coupled plasma-mass spectrometry (ICP-MS) was 
employed for the identification and quantification of additional ele
ments. A Thermo Scientific iCAP RQ-MS was used to conduct the 
analysis.

2.4.2. Catalyst characterization
A Micromeritics Tristar 3020 instrument was used to measure the N2 

adsorption/desorption isotherms of the fresh and spent catalysts at 77 K. 
The samples were pretreated at 200 ◦C under nitrogen flow for 2 h 
through a Micromeritics Flow Prep 060 degassing system. The specific 
surface area was calculated according to the Brunauer-Emmet-Teller 
(BET) equation. Thermogravimetric analysis (TGA, Mettler Toledo 
SDTA851) was performed to evaluate possible carbon deposition phe
nomena on the spent catalysts. Approximately 20 mg of sample was 
heated from 25 ◦C to 900 ◦C at 10 ◦C/min under an argon flow of 50 mL/ 
min. Once the final temperature was reached, the carrier gas was 
switched to air (50 mL/min) and the temperature was maintained at 
900 ◦C for 5 min. Field-emission scanning electron microscopy (FE-SEM) 
analyses were carried out using a Zeiss Merlin microscope (imaging 
mode, 3 kV), equipped with a Gemini II column; elemental composition 
was determined by EDX with an Oxford detector at an accelerating 
voltage of 15 kV. The structural features of the catalysts were examined 
by X-ray diffraction (XRD) using a PANalytical X'Pert diffractometer 
with Cu Kα radiation. Diffraction patterns were recorded over 20◦ ≤

2θ ≤ 80◦ at a scanning rate of 2.0◦/min. X-ray photoelectron spectros
copy (XPS) measurements were carried out using an Omicron Argus 
spectrometer equipped with a monochromated Al Kα X-ray source 
(hν = 1486.6 eV). Binding energy calibration was performed by setting 
the Al 2p component at 74.6 eV. Attenuated total reflectance Fourier- 
transformed infrared spectroscopy (ATR-FTIR) was performed using a 
Bruker Tensor 27 spectrometer. Spectra were collected in the range of 
4000–400 cm− 1 at a resolution of 2 cm− 1, and were subsequently 
postprocessed using the baseline correction tool in OPUS software. An 
elemental analyzer (Elementar Vario Macro Cube) was used to deter
mine the elemental composition (CHNS) of spent catalysts.

3. Results and discussion

For clarity, the section is organized into four main parts. Section 3.1
presents the characterization of the HTC-AP, providing the basis for the 
subsequent catalytic investigation. Section 3.2 focuses on the APR per
formance, starting from the analysis of operating conditions (initial 
carbon concentration and reaction temperature), followed by the 
assessment of catalyst deactivation. Section 3.3 investigates the 

influence of different pretreatment strategies aimed at mitigating 
deactivation, together with their impact on catalyst stability. Finally, 
Section 3.4 reports the characterization of fresh and spent catalysts, in 
order to correlate catalytic performance with structural and surface 
properties.

3.1. Characterization of the hydrothermal carbonization aqueous phase

The TOC content was determined to be 30.8 ± 0.5 g/L, a value 
consistent with those reported in the literature [26,27]. As cited in the 
introduction, the characterization is complex, and different techniques 
should be used to derive proper information. HPLC analysis allowed to 
quantify the main organic components, including glycerol (6800 ppmw), 
acetic acid (4700 ppmw), propionic acid (2300 ppmw), and 5-hydroxy
methylfurfural (5-HMF) (2200 ppmw), as shown in Fig. 1-A. Addi
tional peaks were observed in the early-eluting region (retention time 
6–11 min) and were mainly assigned to sugar-like compounds. This 
attribution is supported by the retention times of sugars external stan
dards analyzed under identical conditions (Fig. S1–A) and it is consistent 
with the chromatographic behavior of the employed method, for which 
highly polar carbohydrates elute at low retention times [28–30]. 
Furthermore, it is supported by their marked conversion in non-catalytic 
tests (as will be reported in Section 3.3.1), in agreement with the 
well-known hydrothermal instability of carbohydrates under the applied 
conditions. Notably, one peak, with a retention time at about 7.5 min, 
was labelled as “unknown” and not grouped with the sugar-like signals. 
Unlike the other early-eluting peaks, it remained essentially unchanged 
in the non-catalytic test, indicating higher thermal stability than a sugar 
compound. Moreover, its PDA spectrum was more consistent with that 
of a carboxylic acid rather than a carbohydrate-like species, showing an 
adsorption peak at approximately 195 nm. To support this assignment, 
several common short-chain carboxylic acids were analyzed as external 
standards, but no match was identified (Fig. S1–B). Although glucuronic 
and maleic acids exhibited retention times close to that of the unknown 
peak, they were excluded based on the different PDA spectral finger
prints. The use of additional techniques, such as HPLC-MS, is planned to 
allow for its identification.

The aqueous sample was further analyzed by GC-MS (chromatogram 
in Fig. S2) to expand the compositional analysis beyond the subset of 
compounds confidently identified and quantified by HPLC (i.e., those 
covered by the available external calibration standards). The identified 
components were categorized into groups according to their functional 
characteristics. It should be noted that compounds containing more than 
one functional group were classified into a single category. In particular, 
the following classes were identified: pyrroles, pyridines, pyrazines, 5- 
HMF, other aromatics, lactams, amides, other N, lactones, acids, cyclic 
ketones, ketones, oxygenated compounds (including ethers, esters, al
cohols, and aldehydes). In cases where multiple functional groups were 
present, the above order of priority was used to assign each compound to 
its corresponding family. The relative proportions of these classes and 
the complete list of the compounds are shown in Fig. 1-B, Table S1 and 
Table S2. It is important to note that the most abundant class of com
pounds identified was related to carboxylic acids, with acetic and pro
pionic acid being the most prevalent ones. Similarly, HTC-AP of the 
microalga N. Oculata, was dominated by acetic acid, followed by lactic 
acid, citric acid and glycerol, based on HPLC and GC-MS analyses [31]. 
Unlike the observation of Broch et al. [11] 5-HMF was particularly 
notable among the detected compounds, and it is a known product of the 
hydrothermal carbonization of cellulose and hemicellulose, as its pre
cursors are six-carbon sugars [32,33]. Moreover, based on normalized 
GC-MS peak areas, approximately 20% of the compounds identified by 
GC-MS were characterized by the presence of a nitrogen-containing 
functional group and the most abundant included 3-pyridinol, 6-meth
yl-3-pyridinol, pyrazine, acetamide and 2-pyrrolidinone. These results 
are consistent with the studies of Maddi et al. [34] and Gai et al. [35], 
who suggested that such compounds result from the degradation of 
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proteins and their amino acids during hydrothermal treatment.
An additional analysis was conducted to assess the presence of 

inorganic species in the aqueous phase, using ion chromatography (IC). 
This is particularly relevant for APR, as inorganic species may interact 
with the catalyst and contribute to its deactivation [36]. Notable con
centrations of sulfate and phosphate ions were detected, corresponding 
to 265 and 2380 mg/L, respectively (Fig. 1-C). Tsarpali et al. reported a 
phosphate concentration of 1750 mg/L subsequent to HTC of 
P. Oculatum after lipid extraction [26]. Barreiro et al. evaluated the 

concentration of ions in the aqueous phase obtained from the HTC of 
Nannochloris gaditana and Scenedesmus almeriensis, finding sulfate con
centrations of approximately 400 mg/L in both cases, and a higher 
phosphate amount of 4500 mg/L in the sample deriving from marine 
microalga [37].

Finally, ICP analysis enabled the identification of the major cations 
present in the aqueous phase: potassium (1679 ppmw), phosphorus 
(1488 ppmw), sodium (518 ppmw), and magnesium (472 ppmw) (Fig. 1- 
D).

Fig. 1. HPLC chromatogram of the HTC-AP and concentration of the main identified compounds (A); Families of compounds identified after GC–MS (B); IC 
chromatogram and concentration of the main identified anions (C); Ion concentrations identified by ICP analysis (D).

Fig. 2. H2 productivity, carbon to gas conversion, TOC removal (A) and gas composition (B), obtained from the APR of HTC-AP at different dilution ratio. Reaction 
conditions: 400 mg Ru/Al2O3, 270 ◦C, 1 h.
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3.2. Aqueous phase reforming tests

3.2.1. Influence of initial carbon concentration
In this section, the influence of initial TOC (10, 3.4, 1.7 g/L) was 

studied, maintaining a reaction temperature of 270 ◦C. These concen
trations corresponded to different dilution ratios, specifically 1:3, 1:9 
and 1:18. The values of H2 productivity and carbon to gas conversion are 
reported in Fig. 2-A. At a dilution ratio of 1:3, the H2 productivity was 
equal to 1 mmol H2/gC; in contrast, at a dilution ratio of 1:18, the re
action resulted in a hydrogen productivity of 13 mmol H2/gC and a CtoG 
of 24%. These quantitative results are consistent with those reported by 
Oliveira et al. [38], one of the few studies addressing the coupling of 
HTC and APR. In their work, APR was performed on the HTC-AP using 
different catalysts. Under optimal HTC conditions and with a Pt/C 
catalyst, hydrogen productivity of approximately 9 mmol H2/gC was 
achieved, with an initial TOC of 0.5 g/L. The influence of the initial 
carbon content was also examined by Torres et al. [19], who observed 
that lower initial TOC led to improved hydrogen production perfor
mance. This trend may be attributed to the promotion of condensation 
and other side reactions when the organic concentration is increased 
[19,39] and, as discussed later, to a more pronounced catalyst deacti
vation occurring at increased TOC levels. Fig. 2-B shows the composition 
of the gas phase obtained from the APR reaction as a function of the 
dilution ratio. An increase in dilution led to higher percentages of 
hydrogen and methane produced, reaching 41% and 12%, respectively, 
at a dilution ratio of 1:18. In the gas phase obtained from the two most 
concentrated feeds, CO was detected at 1% (1:3) and 0.6% (1:9), indi
cating a slightly lower catalytic activity toward the water gas shift 
reaction.

TOC removal was not significantly affected by changes in the dilu
tion ratio, maintaining a value above 30% (Fig. 2-A). The TOC removal 
from the aqueous phase is not coherent with the CtoG shown above, 
indicating that a fraction of the carbon was deposited as a solid phase. 
This discrepancy also provides insight into the conversion pathways of 
sugars and aldehydes present in the feed. While these species may in 
principle undergo conversion to gaseous or soluble products during 
APR, the limited CtoG (approximately 7% under the most concentrated 
condition) and the absence of significant new compounds detected by 
HPLC and GC-MS indicate that these pathways are not dominant. 
Instead, the missing carbon is primarily accounted for by the formation 
of insoluble solid products. In our case, both the liquid phase and spent 
catalyst analysis were essential to better understand the performance 
trends of the reaction. HPLC analysis revealed that the composition of 
the liquid phase varied according to the initial dilution ratio. In all tests, 
5-HMF was completely converted. This compound, generated during 
HTC from cellulose and hemicellulose, is among the species implicated 
in solid residue formation under hydrothermal conditions; importantly, 
it was completely consumed even under non-catalyzed conditions, 
indicating that its conversion can proceed via purely thermal pathways 
(see Section 3.3.1), supporting the hypothesis that sugar-derived com
pounds are preferentially converted into soluble solids rather than 
gaseous or soluble products. On the other hand, acetic and propionic 
acid showed no detectable conversion, consistently with previous 
studies. This behavior was attributed to kinetically unfavorable 
reforming pathways [40], together with competitive adsorption phe
nomena which may arise under aqueous conditions, where carboxylate 
species showed limited adsorption on metal sites in the presence of more 
reactive oxygenates [41]. The effect of dilution was particularly evident 
in the conversion of glycerol, which reached the highest value (68%) for 
the feed with the highest dilution ratio, in contrast with the negligible 
conversion obtained in the test with a 1:3 dilution ratio. Regarding 
N-containing compounds, pyridinols (6-methyl-3-pyridinol and 3-pyri
dinol) showed partial conversion, which increased with the dilution 
ratio and reached 50%. In contrast, 2-pyrrolidinone was completely 
converted under all investigated conditions, whereas acetamide showed 
no detectable reactivity. In addition, the conversion of 3-methyl-1, 

2-cyclopentanedione also increased with dilution ratio, reaching a 
maximum value of 73%. An ion chromatography analysis was carried 
out to assess how the concentrations of anions in solution varied 
following the APR reaction. Nitrate and phosphate ions were completely 
removed, showing no detectable concentrations in the aqueous phase 
after the reaction, while sulfates remained unchanged. Their effect will 
be extensively discussed in Section 3.3.2.

The main hypothesis regarding the improved performance under 
more diluted conditions is related to the reduced formation of solid 
deposits during the reaction, which led to a lowered deactivation of the 
active sites [39,42–45]. Clear evidence of this effect was provided by the 
state of the impeller and the post reaction solid morphology following 
APR (see Fig. S3). This phenomenon was more evident under reaction 
conditions with higher feed concentrations. For this experiment, a car
bon to solid conversion of 24% was obtained, corresponding to a theo
retical production of 188 mg of carbonaceous solid. A total solid mass of 
571 mg was collected at the end of the reaction, but this value includes 
the amount of catalyst used during the reaction. Considering a catalyst 
recovery efficiency of ca. 90%, as determined from blank reference tests, 
the amount of solid obtained at the end of the test confirmed the theo
retical estimate derived from the solid to carbon conversion. CHNS 
analysis of the spent catalyst revealed a carbon content of 17 wt%, 
corresponding to approximately 94 mg of carbon retained on the cata
lyst surface, and leading to an overall carbon balance closure of 88%. For 
the experiments conducted with more diluted aqueous phases (1:9 and 
1:18), the carbon to solid conversions were 20% and 11%, corre
sponding to theoretical productions of 42 mg and 14 mg of solid carbon, 
respectively. In these cases, the experimental solid recovery remained 
similar, with total masses of 383 mg and 368 mg, including the catalyst. 
Given the relatively small contribution of solid carbon compared to the 
catalyst, its effect on the total recovered mass was not easily distin
guishable. Consequently, the influence of dilution on solid carbon for
mation was less evident in terms of the experimentally recovered solid. 
These data clearly indicate that solid formation under more concen
trated conditions was significantly higher, leading to catalyst deactiva
tion. The subsequent activity of the spent catalysts was investigated in 
Section 3.2.3.

3.2.2. Influence of temperature
In this section, the influence of the reaction temperature in the range 

230-270 ◦C is discussed, maintaining a feed dilution ratio of 1:18. Fig. 3- 
A shows the trend of H2 productivity and carbon conversion to gas. As 
the temperature was raised, the amount of hydrogen produced at 270 ◦C 
increased, reaching a value four times higher than the one obtained at 
230 ◦C. The CtoG also increased with temperature, reaching 25% at 
270 ◦C, due to the promoted breaking of C–C bonds, which led to the 
formation of gaseous products. The gas phase obtained, whose compo
sition is depicted in Fig. 3-B, was mainly constituted of CO2. However, 
its percentage decreased as the temperature increased, indicating that 
temperature promoted both a higher conversion and a higher selectivity 
to hydrogen. This trend was reflected in the behavior of the H2/CO2 
ratio, being 0.41 at 230 ◦C, 0.60 at 250 ◦C, and 0.95 at 270 ◦C. Methane, 
unlike ethane, ethylene, and propane, showed a slight increase in the gas 
phase with increasing temperature, from 11% to 14%. This trend was 
also observed in the lower heating value (LHV) of the gas. With 
increasing reaction temperature, the LHV rose from 6.32 MJ/Nm3 at 
230 ◦C to 7.55 MJ/Nm3 at 250 ◦C, reaching 8.71 MJ/Nm3 at 270 ◦C. 
These results further confirmed the positive effect of temperature on the 
energetic quality of the gas phase produced by APR.

Looking at the liquid phase, higher TOC removal was achieved at 
higher temperatures (17% at 230 ◦C, 27% at 250 ◦C, and 43% at 270 ◦C). 
5-HMF was completely converted, unlike acetic acid and propionic acid, 
which showed a slight increase following the APR reaction. We specu
late that the conversion of larger oxygenated compounds can lead to the 
formation of smaller and more stable carboxylic acids, resulting in 
higher concentrations of these compounds in the liquid product than in 
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the feed [38]. With increasing temperature, glycerol conversion also 
increased, from a minimum of 18% at 230 ◦C, to 25% at 250 ◦C, and 
finally to 68% at 270 ◦C. Being glycerol the most abundant component 
identified and substantially converted, we assessed whether H2 pro
duction could be predominantly attributed to glycerol APR. To this end, 
the theoretical H2 yield was estimated from the converted glycerol using 
the stoichiometric APR equation (Eq. (8)). 

Glycerol+3 H2O → 3 CO2 + 7 H2 (8) 

As reported in Table S3, at 230 ◦C, approximately 75% of the 
measured hydrogen could be accounted for by glycerol APR. Under the 
other conditions investigated, this ratio decreased to 50-70%. Notably, 
the 1:3 test showed negligible glycerol conversion yet still produced 
measurable H2, indicating that additional reaction pathways contrib
uted to gas formation. Overall, these findings demonstrate that glycerol 
is a major, but not exclusive, source of hydrogen, and that other con
stituents of the HTC-AP can contribute depending on specific reaction 
conditions (see Table S2 and Fig. S4).

GC-MS analysis enabled a comparison between the classes of com
pounds present in the feed and those in the liquid products obtained 
after the APR reaction. A reduction in oxygenated compounds (ethers, 
esters, alcohols, and aldehydes) was observed, which became more 
pronounced with increasing temperature, in agreement with HPLC 
outcomes. N-containing compounds exhibited partial conversion, 
increasing with temperature, while acetamide remained unreacted. Ion 
chromatography analysis did not reveal significant differences across 
the reaction temperatures. Moreover, no appreciable variations were 
observed in solid carbon formation, since the amount of solid phase 
collected after the reaction was comparable across the three experiments 
(approximately 380 mg). This outcome seemed not consistent with the 
findings of a previous study [39], where a reduction in solid formation 
was experimentally observed with increasing reaction temperature, 
attributed to sugar decomposition. This result could be attributed to the 
lower carbon concentration employed herein. Therefore, the reaction 
conditions that led to the best APR performance were a more diluted 
feed and a temperature of 270 ◦C.

3.2.3. Assessment of catalyst deactivation: glycolic acid APR tests
All spent catalysts were tested in a subsequent APR run using glycolic 

acid as a reference compound to probe the deactivation mechanism. The 
choice of using a probe molecule, rather than preparing a fresh HTC-AP 
solution, was motivated by the need for a more sensitive assessment of 
deactivation, achieved by tracking changes in H2 production under 
inherently high-performance conditions. Glycolic acid was selected as a 
reference compound due to its well-documented reactivity in APR and 

its ability to provide reproducible hydrogen yield without introducing 
significant additional deactivation pathways [40,46], thus enabling a 
reliable comparison between fresh and spent catalysts. Fig. 4 reports the 
results for the spent catalysts derived from the tests described above and 
compares their behavior with the one obtained with fresh Ru/Al2O3.

The data clearly show that exposure to HTC-AP during APR induced 
a significant decline in Ru/Al2O3 activity. The behavior observed with 
glycolic acid was fully consistent with the trends identified in the APR of 
HTC-AP: the lowest hydrogen productivity, carbon to gas and glycolic 
acid conversions were associated with catalysts that had been used in 
reactions with more concentrated feeds. Specifically, with the 1:3 dilu
tion, the hydrogen productivity reached only 3 mmol H2/gC, with a 
glycolic acid conversion of 3%, in comparison with about 47 mmol H2/ 
gC and 90% conversion obtained with the fresh one. These results sug
gest that the solid formed during the APR of HTC-AP largely deactivated 
the catalyst.

Increasing the dilution ratio progressively improved the reaction 
performance, with the spent catalyst recovered from the 1:18 test 
reaching a hydrogen productivity corresponding to half of that achieved 
with the fresh catalyst. On the other hand, the different APR tempera
tures did not seem to influence the extent of catalyst deactivation, being 
the indicators comparable across the tested conditions. These 

Fig. 3. H2 productivity, carbon to gas conversion (A) and gas composition (B), obtained from the APR of HTC-AP at different reaction temperatures. Reaction 
conditions: 400 mg Ru/Al2O3, 1 h, 1:18 dilution ratio.

Fig. 4. H2 productivity, carbon to gas and glycolic acid conversion obtained 
from APR reactions of glycolic acid performed with fresh and different spent 
catalysts. Reaction conditions: 100 mg Ru/Al2O3, 270 ◦C, 1 h, 1 wt% gly
colic acid.
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observations suggest that deactivation is not primarily driven by ther
mal severity under the applied conditions, but rather by feedstock- 
derived effects, as will be deepened later.

It is worth noting that a deviation was present between the glycolic 
acid conversion and the corresponding hydrogen productivity compared 
with the values obtained with the fresh catalyst. Specifically, while the 
hydrogen productivity decreased by 50% (comparing the fresh and 1:18 
tests), the conversion was substantially more inhibited, with a 71% 
drop. This finding implies that the hydrogen generated during the reuse 
tests did not originate solely from the APR of glycolic acid. Rather, it was 
likely that during the interaction between the catalyst and the HTC-AP, 
some compounds deposited on the catalyst surface reacted in the pres
ence of glycolic acid, ultimately contributing to the additional hydrogen 
production. Considering the conversion value, 58 mmol H2 were pro
duced per gram of converted carbon using fresh catalyst, with respect to 
the 45 mmol H2 produced per gram of initial carbon. This parameter 
remained the same in the case of the spent catalysts, suggesting that, for 
all reactions performed, only a fraction of the hydrogen produced, 
ranging from a minimum 50% to a maximum of 70%, can be attributed 
to the APR of glycolic acid.

Based on the observed results, two mitigation strategies were 
investigated. First, being observed fouling phenomena, a thermal pre
treatment step was introduced to shift solid formation upstream of the 
catalytic step, thereby limiting in situ generation that may contribute to 
deactivation. However, since catalyst deactivation was still observed 
even under more diluted conditions, where solid formation was 
comparatively limited, we also examined an alternative and potentially 
concurrent deactivation route. As will be discussed in Section 3.4, spent- 
catalyst characterization revealed the accumulation of inorganic species 
on the catalyst surface. Accordingly, a second pretreatment strategy was 
investigated, consisting of upstream adsorption to selectively remove 
inorganic components from the aqueous phase prior to APR.

3.3. Influence of pretreatment

3.3.1. Preheating
The performance trends discussed above indicate that higher TOC 

promoted the formation of insoluble solids during APR, and that these 
solids were associated with severe catalyst deactivation. This observa
tion suggests that a substantial fraction of solid formation may originate 
from homogeneous hydrothermal reactions in the liquid phase rather 
than from strictly catalytic pathways. On this basis, we evaluated a 
thermal pretreatment, namely preheating, with the purpose of shifting 
solid formation upstream of the catalyst and thereby mitigate in situ 
deposition and deactivation. The pretreatment was carried out by 
heating the aqueous feed with dilution ratios of 1:3 and 1:18 to the 
target reaction temperature (270 ◦C) for 1 h, without addiction of any 
catalyst. Under these conditions, the preheating step can be regarded as 
an additional hydrothermal treatment of the aqueous phase, analogous 
to an HTC process. The gas produced during preheating at both dilution 
ratios consisted mainly of CO2, 95% and 85% respectively, and H2, 
leading to H2/CO2 ratios of 0.02 and 0.12 (data not shown). CO was also 
detected, a result that can be attributed to the occurrence of the hy
drothermal carbonization process under these conditions, and the lack 
of efficient water gas shift [41].

Table 1 shows that TOC removal was higher for the more concen
trated feed in the preheating step, reaching approximately 31%, with a 
carbon to gas conversion of about 7%. On the other hand, the 1:18 test 
reported similar CtoG, but threefold lower TOC removal. The discrep
ancy can be explained looking at the amount of solid recovered, which 
was 104 mg for the 1:3 test, and negligible for the 1:18. CHNS analysis of 
this solid fraction indicated a carbon content of 60 wt%, corresponding 
to approximately 63 mg of carbon and resulting in an overall carbon 
balance closure of 84%. These results confirm the hypothesis that solid 
formation was governed by carbon loading. FTIR spectra of the obtained 
solid (Fig. S5–C) presented peculiar bands associated with O–H bonds of 

carboxylic and hydroxyl groups at about 3400 cm− 1, C–O–C stretching 
band associated with carbohydrate-derived origin at about 100 cm− 1, 
and C––C, C––O and N–H functional groups of aromatic and amide at 
approximately 1400-1700 cm− 1 [47]. Moreover, peaks in the 
700-800 cm− 1 region may be associated with phenolic or furanic 
structure [48]. While it is difficult deriving a formation mechanism, the 
presence of such groups indicates the strong role played by aldol 
condensation and Maillard reaction [49]. HPLC analyses performed on 
samples collected during the preheating step indicated the disappear
ance of peaks associated with sugar compounds, as well as the peak 
corresponding to 5-HMF (see Fig. S5). These observations were further 
supported by GC-MS analysis, which confirmed the depletion of key 
furanic intermediates, including 5-HMF and 2,5-dimethylfuran-3,4(2H, 
5H)-dione. These compounds are well-known products of sugar degra
dation and are prone to condensation and polymerization reactions 
leading to the formation of solid carbonaceous materials [50,51]. Their 
consumption during preheating supported the hypothesis that sugar 
species may have contributed to solid carbon formation under the 
investigated conditions [39,52]. In contrast, IC analysis did not reveal 
significant changes in the concentration of inorganic species in the 
liquid phase after thermal pretreatment, indicating that this step did not 
effectively remove potential inorganic foulants.

Following the preheating step, the APR reactions were carried out 
using 400 mg of Ru/Al2O3 catalyst, and the obtained results are pre
sented in Fig. 5. Please note that, in these experiments, the reported 
values were calculated based on the actual TOC present before the re
action step. With regards to the 1:3 dilution ratio, the hydrogen pro
ductivity doubled, while the carbon to gas conversion decreased to 4.5% 
(Fig. 5-A). In terms of gas phase composition (Fig. 5-B), the preheating 
step led to a gas richer in hydrogen and methane compared to the un
treated case, achieving an H2/CO2 ratio of 1.02 and no detectable CO. 
These findings suggest that the thermal treatment effectively promoted 
APR reaction and reduced catalyst deactivation. In order to exclude a 
pure dilution effect, an additional APR experiment without pretreatment 
was carried out using the untreated feed at a dilution ratio of 1:4.3, with 
a carbon content equal to 6 g/L, approximately corresponding to the 
TOC of the preheated solution originally diluted at 1:3. Under these 
conditions, comparable hydrogen productivity was obtained (2.2 mmol 
H2/gC), while the gas-phase composition showed significant differences 
(70% CO2, 26% H2, 4% CH4). This indicates that hydrogen productivity 
alone provides a limited representation of the effect of thermal pre
treatment, given the low absolute value; whereas, the gas-phase 
composition more directly reflects changes in the reaction network, 
highlighting a more pronounced effect of thermal pretreatment on 
product distribution and suggesting that preheating affected the reac
tion pathways through modifications in the liquid-phase composition 
rather than through a simple dilution effect. For the more diluted HTC- 
AP, hydrogen productivity reached 22 mmol H2/gC, almost doubling the 
value obtained in the absence of pretreatment. Similarly, the carbon 
conversion to gas increased, reaching 31%. The gas composition showed 
slightly higher hydrogen and methane contents at the expense of carbon 

Table 1 
TOC removal, CtoG, theoretical solid carbon and experimental solid phase from 
APR reactions of HTC-AP at different dilution ratio. Preheating conditions: 
270 ◦C, 1 h; Reaction conditions: 400 mg Ru/Al2O3, 270 ◦C, 1 h.

Test 
(Dilution 
ratio)

TOC 
removal 
(%)

Carbon 
to gas 
(%)

Theoretical 
solid 
carbona

(mg)

Experimental 
solid phaseb

(mg)

1:3 Preheating 30.9 6.8 181.0 104.0
1:18 Preheating 8.9 7.6 3.8 4.3
1:3 Reaction 15.4 4.5 45.8 435.0
1:18 Reaction 39.0 30.7 7.2 381.0

a Theoretical solid carbon assuming a complete carbon balance.
b Solid actually recovered after APR reaction.
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dioxide. In addition to looking at these two steps (preheating and re
action) in an independent way, it may be valuable elaborating on global 
indicators, which take into account the hydrogen productivity and 
carbon to gas with respect to the initial carbon loading (and not only to 
the carbon fed at each stage). Fig. S6 shows that this two-stage approach 
increased both hydrogen productivity and CtoG with respect to the one- 
pot reaction across all dilution ratio investigated. Notably, at the highest 
concentration, the CtoG in the preheating stage was similar to that of the 
one-pot reaction, suggesting the minimal role of the catalyst in this 
operating condition. Furthermore, focusing on the reaction stage of both 
tests, the presence of the preheating step enhanced hydrogen produc
tion, despite a lower overall CtoG resulting from the substantial fraction 
of carbon already removed during pretreatment.

For the reaction carried out at a 1:3 dilution ratio, a TOC removal of 
15% was achieved. Notably, the effect of thermal treatment can be 
clearly seen in glycerol conversion, which reached 33%, while it did not 
show detectable conversion without pretreatment. Ion chromatography 
revealed that, consistent with previous experiments, sulfate remained 
unchanged, whereas nitrates were completely absent and phosphates 
were detected at 5 ppm (96% reduction). Based on this result, and as 
further elaborated below, the role of phosphate concentration in deac
tivation could not be excluded. Despite thermal treatment, solid for
mation still occurred during the reaction carried out at 1:3 dilution ratio. 
This was evidenced by the mass of recovered solids, exceeding 400 mg. 
CHNS analysis of the spent catalyst showed a carbon content of 4 wt%, 
reflecting a reduced carbon accumulation on the catalyst surface and 
leading to an overall carbon balance closure of 93%.

At 1:18 dilution ratio, APR resulted in a 39% removal of TOC. Under 
these conditions, glycerol was fully converted from the aqueous phase 
(vs 68% in the untreated feed), while acetic and propionic acids again 
showed no detectable conversion. No significant differences were 
observed in the GC-MS and IC analysis with respect to the tests con
ducted without pretreatment. Finally, it is worthy noting that the 
improved APR performance observed after pretreatment cannot be 
ascribed merely to a longer overall processing time, since only a fraction 
of the original catalyst activity could be maintained after the first hour, 
as derived from Fig. 4.

3.3.2. Sulfate and phosphate adsorption
Sulfur is one of the main causes of poisoning in metal-based catalysts, 

leading to their deactivation by strongly adsorbing onto the active sites, 
thereby preventing the adsorption of reactants. Moreover, poisoning of 
the catalyst support, such as Al2O3, may also occur, resulting in alter
ations of its crystalline structure [36,53,54]. Catalyst deactivation 
associated with the presence of phosphate species has been investigated 

predominantly in the field of electrocatalysis. Extensive studies on high 
temperature proton exchange membrane fuel cells have demonstrated 
that phosphoric acid and phosphate species can strongly interact with 
catalytic surface, acting as a catalyst poison through strong adsorption 
on active sites, as evidenced by in-operando spectroscopic analyses [55,
56]. The influence of such anions was also investigated herein to 
elucidate their potential role in APR catalyst deactivation and decouple 
fouling-driven mechanisms from additional contributions.

To this end, an ion-exchange pretreatment was carried out using a 
resin on the 1:18 diluted feed. Under these conditions, sulfate and 
phosphate concentrations were 15 and 132 mg/L, respectively. The 
amount of resin was optimized to selectively remove the desired anion. 
Using 0.4 mg/mL of resin, complete sulfate removal was reached after 
150 min. Following adsorption, the aqueous phase was subjected to the 
APR test, and no substantial difference was observed compared to the 
untreated test in terms of hydrogen productivity and CtoG conversion 
(Fig. 6-A). Also, the composition of the gas phase remained essentially 
unchanged (Fig. 6-B), the TOC removal amounted to 35% and 37% for 
the tests without and with sulfate adsorption, respectively, and HPLC/ 
GC-MS analyses did not reveal any substantial differences. Based on 
these results, it was evident that the sulfate ion did not induce catalyst 
deactivation under these specific operating conditions.

As observed in previous tests performed without any pretreatment, 
phosphate was not detected in the liquid phase after APR reaction. This 
was consistent with FE-SEM and XPS characterization of the spent 
catalyst (Section 3.4), which revealed the presence of phosphate ions 
deposited on the catalyst surface. Based on these results, 1 g of resin was 
employed to reach the complete adsorption of sulfate and phosphate 
after 90 min. This pretreatment led to a marked enhancement in APR 
performance, with H2 productivity reaching 30 mmol H2/gC, and carbon 
to gas conversion increasing to 40% (Fig. 6-A). The gas phase compo
sition showed an increase in hydrogen content, coupled to a decrease in 
CO2 production, which reached 35% (Fig. 6-B). An increase in TOC 
removal was observed, reaching 62%. Complete conversion was ach
ieved for glycerol, as well as for cyclic ketones, 2-pyrrolidinone and 6- 
methyl-3-pyridinol, whereas acetic and propionic acid showed no sig
nificant conversion. Overall, the strong performance improvement 
achieved after phosphate adsorption indicates its major role in catalyst 
deactivation. Future work should systematically address adsorption 
isotherms, kinetics, and resin recyclability, as these aspects are essential 
to clarify the adsorption mechanism and evaluate process feasibility 
under realistic operating conditions.

3.3.3. Catalyst deactivation
Spent catalysts employed in the reaction preceded by pretreatments 

Fig. 5. H2 productivity, carbon to gas (A) and gas composition (B) obtained from the APR of HTC-AP. Reaction conditions: 400 mg Ru/Al2O3, 270 ◦C, 1 h, 1:3 and 
1:18 dilution ratio, without and with preheating.
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were also tested in the APR of glycolic acid to assess the deactivation 
process in detail. Fig. 7 shows the results for those spent catalysts and 
compares their behavior with that of fresh Ru/Al2O3 under the same 
APR conditions. For the sake of comparison, the results obtained for the 
untreated tests are also reported.

Thermal pretreatment resulted in an overall improvement in catalyst 
stability. Although the catalyst recovered from the 1:3 test exhibited the 
lowest performance among the pretreated samples, it still represented a 
clear improvement with respect to the spent catalyst obtained from the 
test without preheating: hydrogen productivity increased to 16 mmol 
H2/gC from 3 mmol H2/gC previously obtained, and with a simultaneous 
glycolic acid conversion increased from 3% to 11%.

In the 1:18 dilution ratio, even though the thermal pretreatment did 
not result in significant solid formation, the spent catalyst slightly 
improved the reaction performance. However, it is worth noting that 
glycolic acid conversion was approximately half of that achieved with 
the fresh catalyst. These observations suggested that catalyst deactiva
tion could not be exclusively attributed to solid formation, and addi
tional factors, such as dissolved inorganics species in the reaction 
medium, cannot be excluded. As a matter of fact, increased dilution 
would result also in a lower concentration of sulfur- and phosphorus- 

containing compounds, which would have interacted to a lower extent 
with the catalyst surface.

Consistent with the unchanged APR performance observed after 
sulfate adsorption (Fig. 6), the corresponding spent catalyst also showed 
no significant improvement during glycolic APR. On the other hand, the 
spent catalyst from the reaction preceded by sulfate and phosphate 
adsorption demonstrated a reduced deactivation. Hydrogen productiv
ity reached the same level as that obtained with the fresh catalyst, while 
CtoG and glycolic acid conversion were equal to 56% and 65% respec
tively, showing less pronounced differences from the values measured 
with fresh Ru/Al2O3.

As described in Section 3.2.3, a deviation between hydrogen pro
ductivity and glycolic acid conversion was also observed in these tests. 
In the test preceded by sulfate and phosphate adsorption, even though 
the absolute amount of hydrogen produced was comparable to that 
obtained with the fresh catalyst, glycolic acid did not achieve the same 
level of conversion. A similar trend was observed in the pretreated tests: 
in the 1:18 experiment, H2 productivity decreased by only 12%, whereas 
glycolic acid conversion dropped by 50%. These findings suggested that, 
despite the pretreatments, certain species may have remained adsorbed 
on the catalyst surface, contributing to hydrogen formation and not 
being removed through thermal pretreatment. Further investigation will 
be performed to investigate this hypothesis, but preliminary results were 
reported in Section 3.4.

3.4. Catalyst characterization

To achieve a better understanding of the phenomena responsible for 
catalyst deactivation, characterization analyses were performed on both 
fresh and spent catalysts.

The surface area of the fresh Ru/Al2O3 catalyst was 110.7 m2/g, with 
a pore volume of 0.232 cm3/g. Following the APR test carried out at 
270 ◦C, with a carbon concentration of 1.7 g/L and without any pre
treatment, the spent catalyst exhibited a 13% decrease in surface area 
and a 17% reduction in pore volume. These decreases could be attrib
uted to the deposition of organic and inorganic species on the catalyst 
surface, leading to a partial occlusion of the pore structure. Literature 
sometimes reports more pronounced loss of surface area under APR 
conditions. In particular, studies on the APR of sugar-derived com
pounds have shown reductions in catalyst surface area of up to 90%, 
mainly attributed to the formation of solid carbonaceous deposits on the 
catalyst surface, leading to its deactivation [39,57]. The APR of 1% 
alginate solution led to a 30% decrease in the surface area of the used 
catalyst [58]. Despite not severe herein, such worsening of textural 

Fig. 6. Influence of adsorption pretreatment on H2 productivity, carbon to gas (A) and gas composition (B), obtained from the APR of HTC-AP. Reaction conditions: 
400 mg Ru/Al2O3, 270 ◦C, 1 h, 1:18 dilution rate.

Fig. 7. H2 productivity, carbon to gas and glycolic acid conversion, obtained 
from APR reactions of glycolic acid performed with different spent catalysts. 
Reaction conditions: 100 mg Ru/Al2O3, 270 ◦C, 1 h, 1 wt% glycolic acid.
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properties can be meaningful, in particular if compared with the spent 
catalyst from APR of glycolic acid, where no change in surface area was 
observed (114.3 m2/g). The spent catalyst of the untreated test was 
subsequently subjected to a washing treatment in distilled water at 
270 ◦C for 1 h, to evaluate the potential removal of deposited species 
through solubilization into aqueous phase. During this APR-like washing 
step, a gaseous phase was produced, consisting of 61% H2, 24% CO2, and 
14% CH4. In absolute terms, hydrogen production amounted to about 
85% of the one generated during the previous untreated test itself. These 
results were in agreement with the interpretation reported in Section 
3.3.3, indicating that the reduction in surface area and pore volume may 
be associated with the presence of adsorbed species that could still un
dergo conversion under APR conditions. After this washing step, the 
catalyst still showed a slightly lower surface area reduction of 10% and 
pore volume decrease of 15% with respect to the fresh sample, indi
cating only a partial removal of the deposited species. Although no 

systematic regeneration study was performed in the present work, pre
liminary reuse tests after an intermediate APR-like treatment with gly
colic acid suggested a slight recovery of catalytic performance, which 
may be consistent with the partial removal of deposited phosphate 
species under hydrothermal conditions and further supports the need for 
dedicated regeneration studies.

Thermogravimetric analysis of the fresh Ru/Al2O3 catalyst, shown in 
Fig. 8-A and B, revealed a total weight loss of 6.5%. The first weight loss, 
observed below 150 ◦C, was attributed to the removal of adsorbed water 
from the catalyst surface and pores. A further gradual weight reduction 
was ascribed to the dehydroxylation of the γ-Al2O3 support, involving 
condensation of surface hydroxyl groups and release of water [59]. TGA 
of the spent catalysts from the untreated test and from the test preceded 
by thermal treatment, performed with a dilution ratio of 1:18 and at 
270 ◦C, was also performed. In both cases, an initial weight loss 
(25-150 ◦C) was observed and was attributed to the absorbed water. A 

Fig. 8. Thermogravimetric (A) and differential thermogravimetric (B) analysis of fresh catalyst and spent catalyst after APR; FE-SEM images of the spent catalysts 
after APR performed without pretreatment (C) and after APR performed with sulfate adsorption (D); XRD analysis of fresh and spent catalysts (E); XPS spectra of Ru 
3p of fresh and spent catalyst (F).
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second weight loss occurred between approximately 250 ◦C and 600 ◦C, 
and two main hypotheses can explain its presence. It could be associated 
with the transformation of boehmite into alumina, a process involving 
dehydroxylation and water release. In fact, transition alumina-boehmite 
is a phenomenon commonly reported for alumina-based materials 
exposed to hydrothermal environments [40,60]. However, it has been 
demonstrated that the presence of organic molecules may affect the 
transformation pathways, preventing hydrolysis and formation of 
boehmite [60,61]. Furthermore, XRD analyses (Fig. 8-E) of the same 
spent catalyst did not reveal diffraction peaks attributable to crystalline 
boehmite, with characteristic peaks at 28◦, 38.2◦ and 49◦ [62]. In light 
of these observations, the weight loss may be mostly associated with the 
thermal decomposition and desorption of adsorbed species and carbo
naceous deposits formed during APR. The spent catalyst obtained from 
the untreated reaction exhibited a higher overall weight loss (10%) 
compared to the one obtained from the pretreated sample. This trend 
was consistent with the deactivation phenomenon and slight improve
ment discussed in Section 3.3.3 and suggested a higher accumulation of 
carbonaceous species on the catalyst surface in the absence of 
pretreatment.

The XRD of fresh and spent catalysts exhibited diffraction peaks at 
2θ = 37.7◦, 45.8◦, and 66.8◦, which can be attributed to the (311), (400), 
and (440) diffraction planes of γ-Al2O3 [63–65]. No distinct diffraction 
peaks attributable to crystalline Ru were observed in the XRD patterns. 
This suggested a high dispersion of Ru species on the support. The an
alyses of the spent catalyst used in the untreated reaction revealed 
diffraction peaks at 25.3◦ and 26.7◦ (Fig. 8-E). The first one was 
consistent with the angular range commonly reported for turbostratic or 
amorphous carbon [66,67], while the second could be assigned to the 
(002) plane of crystalline graphitic carbon [68].

The surface morphology of the spent catalysts was analyzed by FE- 
SEM coupled with EDX mapping. The surface of the spent catalyst ob
tained from the APR reaction preceded by sulfate adsorption was char
acterized by the presence of C-rich microspheres (Fig. 8-C). Elemental 
analysis confirmed a carbon concentration in the spent catalyst of 9 wt 
%, and the shape of these structures appeared to be consistent with 
secondary char, corelated with an aqueous phase degradation of 
biomass followed by the polymerization of organic molecules into a 
solid phase [69–71]. It was observed to manifest characteristically as 
microspherical particles, adhering to the surface of the primary char 
[72]. A markedly more pronounced formation of carbon-rich micro
spheres was observed on the spent catalyst recovered after APR per
formed with the untreated feed under the most concentrated condition, 
where extensive carbon deposition covered large portions of the catalyst 
surface (Fig. S7–A). Elemental analysis of this sample indicated a carbon 
content of 17 wt%, providing quantitative evidence of the significant 
carbon accumulation observed on the catalyst surface, as well as nitro
gen presence (approximately 1 wt%), suggesting the incorporation of 
nitrogen-containing Maillard-derived organic species within the carbo
naceous deposits. These observations further support that high organic 
load promotes polymerization and carbon deposition during APR, 
contributing to catalyst deactivation under concentrated conditions. 
Elemental analysis also revealed contents below 1 wt% for magnesium, 
silicon and calcium. The presence of phosphorus on the catalyst surface, 
accounting for 4%, is clearly shown in Fig. 8-D, which reports Ru/Al2O3 
recovered after reaction performed without any pretreatment at 270 ◦C 
using the 1:18 dilution. The nature of the phosphorus species was further 
investigated in order to clarify their possible role in catalyst deactiva
tion. Hydrothermal conditions such as those encountered during APR 
may promote the formation of aluminum phosphate phases; however, 
their development is generally associated with well-defined synthesis 
conditions that differ from those applied in the present system [73,74]. 
In the present case, XRD analysis did not reveal any diffraction features 
attributable to aluminophosphate phases. Consistently, XPS results 
showed Al 2p and O 1s binding energies (74.3 eV and 531 eV, respec
tively) characteristic of γ- Al2O3, with no evidence of the shifts typically 

reported for AlPO4-related species [75]. These results indicated that 
phosphorus was not incorporated into a distinct crystalline phase. 
Instead, phosphorus was more likely present as highly dispersed surface 
species. In this regard, phosphate groups are known to interact with 
γ-Al2O3 via surface hydroxyl functionalities, leading to the formation of 
Al–O–P linkages without the development of bulk aluminophosphate 
phases [76]. Further insight was provided by FESEM-EDX analysis of a 
catalyst recovered after APR performed under more concentrated con
ditions and following thermal pretreatment. In this case, the 
phosphorus-containing phase exhibited a more defined morphology, 
with polyhedral structures enriched in phosphorus and associated 
lamellar regions containing minor amounts of magnesium (Fig. S7–B). 
The spatial distribution of these elements, together with the observed 
morphologies, is consistent with the formation of Mg–P deposits typi
cally associated with precipitation processes in aqueous systems. 
Although their precise structural nature could not be conclusively 
determined, these observations suggest that, under more severe condi
tions, phosphorus deposition may also proceed via precipitation path
ways involving Mg–P species. Based on these observations, phosphorus 
deposition can be ascribed to both surface interactions with the support 
and, under more severe conditions, the formation of secondary inor
ganic deposits, thereby indicating the coexistence of multiple deposition 
pathways. Finally, in order to get insights on the superficial state of the 
active metal, XPS analysis confirmed the presence of phosphorus and 
magnesium species on the catalyst surface (Fig. S8). The high resolution 
XPS spectra of Ru 3p, reported in Fig. 8-F, showed no significant binding 
energy shifts between the fresh and spent catalysts, indicating that the 
superficial oxidation state of the active Ru species remained largely 
unchanged during APR. Overall, the combined catalytic results and 
post-reaction characterization allow a first semi-quantitative assessment 
of the deactivation routes. Under the diluted condition (1:18), the loss in 
glycolic acid conversion from ca. 90% for the fresh catalyst to ca. 25% 
for the spent one cannot be explained by pore blockage alone, since the 
corresponding decreases in surface area and pore volume were limited 
to 13% and 17%, respectively. Thermal pretreatment, which did not 
modify the inorganic composition of the feed, restored only about 10 
absolute percentage points of glycolic acid conversion (i.e., approxi
mately 15% of the total activity loss), indicating a secondary but 
non-negligible contribution of carbonaceous deposition and/or adsor
bed organics. By contrast, sulfate adsorption alone produced no appre
ciable effect, whereas combined sulfate and phosphate removal restored 
about 40 absolute percentage points of glycolic acid conversion (i.e., 
approximately 60% of the total loss), indicating that phosphorus-related 
surface deactivation is the dominant mechanism at low carbon loading. 
Under concentrated-feed conditions (1:3), the persistence of substantial 
solid formation even after preheating indicates that carbonaceous 
deposition, physical coverage, and phosphorus-related effects coexisted, 
so that their individual contributions cannot be reliably disentangled 
from the present dataset.

4. Conclusion

In this study, aqueous-phase reforming of the wastewater produced 
by hydrothermal carbonization of Chlorella sorokiniana was investigated. 
Process-water characterization identified the dominant organic con
stituents (glycerol, acetic acid, and propionic acid) together with rele
vant inorganic species, including Na-, S-, and P-containing compounds. 
The effects of initial carbon concentration and reaction temperature 
were systematically assessed in terms of H2 productivity and carbon 
conversion to gas. At high initial TOC, approximately 25% of the initial 
TOC was converted into a solid fraction during APR, which correlated 
with a marked deterioration in H2 production. Conversely, increasing 
reaction temperature consistently improved reforming outcomes, with 
H2 productivity rising from 6 to 13 mmol H2/gC and carbon conversion 
to gas increasing from ca. 3% to 25% across the investigated tempera
ture window. Catalyst deactivation was elucidated through a wide 
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characterization, which indicated concurrent carbon deposition and 
accumulation of phosphorus-containing species on the catalyst surface. 
The impact of deactivation was further isolated using glycolic acid as a 
probe molecule: glycolic acid conversion decreased from about 90% for 
the fresh catalyst to 3% after exposure to high-TOC wastewater, and to 
25% after low-TOC operation, confirming the strong dependence of 
deactivation severity on feed composition. Guided by these mechanistic 
insights, two mitigation strategies were explored: (i) thermal pretreat
ment to partially remove carbonaceous deposits, and (ii) upstream se
lective adsorption of inorganic species to limit inorganic-driven 
deactivation. These approaches substantially improved the hydrogen 
productivity (+130%) and catalyst reusability, increasing glycolic acid 
conversion to about 45% after thermal pretreatment and to 60% after 
phosphate adsorption. Overall, this work demonstrates that the 
aqueous-phase composition governs APR performance not only through 
its organic fraction but also, and critically, through inorganic presence, 
with phosphates emerging as a key deactivation driver. Further tests at 
longer reaction times are needed to assess how pretreatments influence 
the kinetic evolution of APR and to clarify whether the limited con
version of residual compounds is related to their recalcitrant nature, 
which may require more severe operating conditions for effective 
removal. Future work will extend these findings to continuous APR 
operation to evaluate long-term stability, regeneration requirements, 
and process robustness under undiluted realistic conditions.
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