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Hydrothermal carbonization (HTC) is a highly efficient and valuable technology for treating wet solid wastes and
producing solid carbon-based materials named hydrochar. In this work, a hydrochar coming from the HTC of an
anaerobic digestion sludge of wastewater treatment plant was used to assess the influence of several activation
agents, a base (KOH) and different chloride salts (FeCls, ZnCly, and CuCly) with the exact molar quantities, to
develop materials with enhanced surface area and potential inclusion of metal active species for application in
wet air oxidation processes. The KOH as an activating agent increased the surface area of hydrochar up to ca.
1000 m?/g of BET surface area. The employment of CuCly and FeCls as activating agents allows Cu- and Fe-rich
doped materials of remarkable surface areas with 49.1 and 42.5 wt% of each metal, respectively. Likewise, the
catalytic behavior of the different synthesized carbon-based materials as metal-free and metal-doped catalysts
was evaluated for the Catalytic Wet Air Oxidation (CWAO) of a HTC aqueous liquor from a HTC process of
animal manure to produce a valuable stream of higher biochemical methane potential in anaerobic digestion.
CWADO effluents increased the proportion of carboxylic acids as final by-products due to the oxidation of more
complex organic compounds of the initial effluent (ketones, phenols, aromatics and olefins). The CWAO treat-
ments improve the anaerobic digestion rate in biochemical methane potential tests, although the methane
production was limited by the lower TOC concentration of the treated streams after CWAO. This research
contributes to developing sustainable and efficient strategies for the HTC-liquor treatment, using its solid
hydrochar as catalysts, closing the loop of a Circular Economy.

salts, have produced activated carbon materials with high specific sur-
face areas and surface oxygenated functional groups using mild tem-

1. Introduction

Hydrothermal carbonization (HTC) is an eco-friendly, flexible and
highly efficient technology typically used to treat wet solid wastes [1,2].
Hydrochar, the primary solid product of hydrothermal carbonization
(HTQ), is considered a waste-to-char product. Its structure is like natural
lignite, characterized by its high energy density, low levels of sulfur and
chlorine, and high carbon content. However, hydrochar obtained
through HTC often exhibits a small surface area and porosity, limiting its
potential for other applications, such as adsorbents or catalysts [2]. To
overcome those limitations, it is necessary to enhance the existing pores
by developing new pores to improve the quality of the raw hydrochar.
The main activation methods include both chemical and physical pro-
cesses [1]. Chemical activation agents, such as inorganic acids, bases, or

peratures and short activation times [1,3]. However, a notable novelty
in this field lies in the scarcity of studies that systematically compare
activation processes using the same quantity of activating agents,
making comparisons challenging and labor-intensive. Furthermore, it
underscores the importance of metal incorporation in the activation
process, which could enhance the catalytic properties of the resulting
material [1].

On the other hand, because of the HTC process, a liquid fraction is
produced. Depending on the HTC operating conditions, the HTC liquor
can contain up to 15-20% of the initial carbon, primarily as formic and
acetic acids, sugars, nutrients, and other compounds [4]. This leads to
chemical oxygen demand (COD), ranging from 2 to 70 g/L [5].
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However, recalcitrant or inhibitory compounds such as alcohols, ke-
tones, phenols, and cyclic oxygenates (furans) are also generated during
the HTC process [6]. Cyclic hydrocarbons, including derivates of ben-
zene and polycyclic aromatic hydrocarbons, are often present, posing
potential ecological hazards if left untreated [7]. Furthermore, certain
nitrogen compounds may be toxic, such as indole, pyrrole derivatives,
amino phenol compounds and pyrazine, which can be detrimental to
microorganisms in a conventional wastewater treatment plant [8].
Consequently, using microalgae or anaerobic digestion to treat HTC
effluents results in inefficiency since toxic compounds in the aqueous
phase inhibit these processes [4].

The toxicity of the HTC liquor was examined by Czerwinska et al. for
agriculture purposes, who consider its use as a potential fertilizer. Plants
were exposed to HTC liquor for seven days, revealing that the liquid’s
toxicity was at 100%. To mitigate this toxicity, the HTC solution had to
be diluted at least 100-fold [9]. Moreover, it has been demonstrated that
when this effluent is directly discharged into the environment, it con-
tributes to 100% freshwater eutrophication and a 90% freshwater
eco-toxicity potential factor due to the release of nutrients and harmful
metals [10]. Consequently, the liquid fraction derived from HTC rep-
resents a significant challenge that hinders the progress of HTC tech-
nology [7,11].

Before treating the liquor, many studies have studied its recirculation
to the HTC process, which results in a final HTC liquor with a higher
organic matter [12]. More innovative solutions propose its valorization
through advanced oxidation processes [13-15]. One attractive alterna-
tive is the wet air oxidation (WAQ) process. WAO involves a process
conducted at high temperatures (200-320 °C) and pressure (20-200 bar)
while introducing an excess of air or oxygen in the reactor [16]. While
wet oxidation has been successfully applied to sewage sludge and
several industrial wastewater streams, there have been relatively few
studies on its application for treating the liquid phase resulting from
hydrothermal carbonization [6,17]. Using metal catalysts to decrease
the temperature and pressure operation conditions in this process has
also been explored. Thus, catalytic wet air oxidation (CWAO) has been
proven to be a promising alternative, mainly when operating under mild
conditions using effective catalysts [18].

Cost-effective and stable solid catalysts that avoid metallic sludge
streams after subsequent separation steps when using dissolved metal
salts are one of the main challenges for industrial implementation [19].
Transition metal-based catalysts such as iron, manganese, cobalt, and
copper have exhibited significant activity in degrading organic pollut-
ants [20,21]. During the process of CWAO, catalytic active sites produce
active oxygen species from O, that gradually convert organic pollutants
into shortened oxidized organic compounds, CO2 and HyO [22]. More-
over, the leaching of transition metals as active components during re-
actions is also a serious issue that must be addressed [21]. Metal-free
activated carbon materials (AC) synthesized without transition metals
also offer a promising alternative for CWAO processes in wastewater
treatments. The absence of metals in the carbon-based catalysts elimi-
nates concerns regarding leaching and subsequent post-treatment re-
quirements often associated with metal-containing catalysts [23].

The novelty of this work is focused on: i) the study of the effective-
ness of different agents (KOH base and chloride salts like FeCls, ZnCly,
and CuCl, using the exact molar concentration) for the activation of
hydrochar materials (increased porosity and metal doping); and ii) the
catalytic performance of metal-free activated carbon (AC) and doped-AC
catalysts in the catalytic wet air oxidation of the HTC aqueous liquor to
produce more biodegradable streams for anaerobic digestion with
higher biochemical methane potential. The results of this work expand
the potential use of the HTC solid hydrochar product as catalysts and
offer solutions for the valorization of the HTC aqueous liquor through
catalytic wet air oxidation processes.
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2. Materials and methods
2.1. Origin of hydrochar and HTC aqueous liquor

The hydrochar and the HTC aqueous liquor used in this work were
provided by Ingelia using two different feedstocks in the HTC process: i)
the slurry of an anaerobic digester of a wastewater treatment plant for
the hydrochar and ii) the animal manure for the aqueous liquor. In both
cases, the operation conditions of the HTC process were 200 °C, 20 bar
and 4 h of operation. The aqueous liquor was collected and stored at 4 °C
to prevent alterations in their composition.

The HTC aqueous liquor was exhaustively characterized. The pH was
monitored using a GLP-22 digital pH meter (HACH LANGE SPAIN, S.L.
U). Chemical Oxygen Demand (COD), Total Solids (TS), Volatile Total
Solids (VTS) and Total Suspended Solids (TSS) were measured following
APHA-AWWA Standard Methods 5220. D, 2540. B, 2540. E and 2540. D,
respectively. Total Kjeldahl Nitrogen (TKN) was measured using a
Vapodest 450 (Gerhardt, Analytical Systems) for the digestion of the
samples, following APHA-AWWA Standard Method 4500-Norg C. NH}
and PO?{ were determined using a Smartchem 140 (AMS Alliance),
following APHA-AWWA Standard Methods 4500-NO, B and 4500-P E,
respectively.

2.2. Synthesis and characterization of the activated hydrochar materials

Activating agents FeCls (98%), ZnCl, (98%), CuCly (99%) and KOH
(85%) were purchased from Scharlab, Across Organic and Labkem. HCl
(35-38%) and H2SO4 (98%) for materials washing were both from
Labkem.

The modified hydrochar was all obtained via solid mixing of the four
activating agents with the hydrochar (HC sample). 1 g of hydrochar (HC)
was mixed with 6 mmol of FeCls, ZnCl,, CuCl, or KOH, similar to pre-
vious work [24]. Later, the hydrochar materials were thermally acti-
vated through a modified method described elsewhere [25] in a tubular
furnace ST-115020-PAD P (Forns Hobersal S.L) equipped with quartz
tubes and a maximum working temperature of 1150 °C. The synthesis
protocol involves a carbonization step at 420 °C for 30 min in a flow Ny
atmosphere (heating rate of 4 °C/min), an activation step (850 °C for 80
min) in a flow Ny atmosphere with a 4 °C/min of heating rate. Finally,
the materials were washed with HCI 0.2 M and water up to neutral pH in
the rising water and dried at 100 °C overnight. To decrease the ashes
content and, thus, increase the specific surface area, the KOH-modified
hydrochar was washed with HySO4 (50%) at 150 °C for 3 h. The
hydrochars activated with KOH, FeCls, ZnCly, CuCl, were labelled as
K-AC, FeCl3-AC, ZnCl,-AC and CuCly-AC, respectively. The hydrochar
activated with KOH and further washed with sulfuric acid was labeled
K-SA-AC. For a comparative purpose, HC was also treated with sulfuric
acid and subsequent thermal activation using the abovementioned
method, resulting in an SA-AC sample. An additional pyrochar (PC) was
also prepared using the same thermal treatment without an activating
agent.

The synthesized carbon materials were characterized according to
the following techniques. Thermogravimetric Analysis (TGA) was per-
formed on a simultaneous TGA-DSC thermobalance (TGA-DCS1,
Mettler-Toledo, S.A.E.) using a flow rate of 100 mL/min of nitrogen and
a heating rate of 10 °C/min. Moisture, volatile matter and ashes were
determined from TGA. Moisture and volatile matter were resolved as
weight loss up to 105 °C and 900 °C at inert atmosphere, whereas ashes
content was calculated as the final percentage weight of samples at 900
°C at oxidant atmosphere. Finally, fixed carbon was determined as 100-
moisture (%) - volatile matter (%) — ashes (%). The elemental analysis
(CHNS) was carried out in a Flash 2000 analyzer (Thermo Fisher Sci-
entific, Massachusetts, USA), provided with a thermal conductivity de-
tector (TCD). The oxygen content was calculated by difference,
considering the ash and moisture content in the solid samples - O (Wt%)
=100 - C (Wt%) — N (wt%) — S (wt%) — H (wt%) — ashes content (Wt%)-.
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The metal content of the activated hydrochars was determined by ICP-
OES using Vista AX Pro-720ES equipment. The samples were previ-
ously digested under a strong acid medium (HNOs/HCI).

Nitrogen adsorption isotherms at 77 K were carried out using a Micro
Active Tristar II Plus (Micromeritics). The samples were outgassed using
a heating rate of 5 °C/min until 90 °C for 30 min and then by another
heating rate of 5 °C/min until 150 °C for 480 min. The specific surface
area was calculated by Brunauer-Emmett-Teller (Sggy) and Langmuir
(Srangmuir) methods [26]. The external surface area (Sex) and the
micropore volume (V,,;.) were obtained by the t-method (thickness was
calculated by employing ASTM standard D-6556-01), as detailed in
previous works [27,28]. The microporous surface area (Spi) was
determined as the subtraction of Sey from Sggr. The total pore volume
(V) was defined as the net amount of nitrogen adsorbed to the p/p° =
0.99.

X-ray photoelectron spectroscopy (XPS) measurements were per-
formed on a Physical Electronics Spectrometer (PHI 5700, Lake Drive
East, Chanhassen, MN, USA) with X-ray MgKa radiation (15 kV, 300 W
and 1253.6 eV) as the excitation source to analyze the surface chemistry
of each catalyst.

2.3. Catalytic wet air oxidation of HTC liquor and analytical techniques

CWAO experiments were performed in a 500 mL T316 stainless steel
autoclave reactor, resistant to high pressures and temperatures: model
4575 A manufactured by Parr Instrument Company, USA [29]. Typi-
cally, 200 mL of the HTC liquor and 2.4 g/L of activated carbon catalyst
are placed in the reactor. The catalyst dose was selected considering the
revised literature for treating high-loaded industrial wastewater in
which the TOC/[catalyst] ratio was around 1 [29-31]. The pH of the
wastewater (7.8 £+ 0.1) was not modified and adjusted before or during
the treatment. Initially, nitrogen gas flow was passed through the
headspace of the reaction vessel to ensure inert conditions and contin-
uous stirring was fixed at 400 rpm. Then, the air was supplied up to 50
bar to maintain the wastewater in the liquid phase. Finally, the reactor
was heated to the operating temperature (250 °C), reaching ca. 115 bar
of total pressure. Once the reactor was heated at the desired tempera-
ture, which took 60 min, samples were withdrawn after 0, 60, 90, 120
and 180 min, cooled, filtered, and immediately analyzed.

TOC (Total Organic Carbon) concentration was determined in a
combustion/non-dispersive infrared gas analyzer (TOC-L Shimadzu).
Furthermore, the pH of the solution was measured using a GLP-22 dig-
ital pH meter (HACH LANGE SPAIN, S.L.U). The metal content in the
filtered solution after the reaction was measured by ICP-OES analysis in
a Varian Vista AX spectrometer to determine the metal leaching in the
effluent.

GCxGC-TOFMS analyses were performed on Pegasus4D (Leco, St.
Joseph, MI) with an Agilent Technologies 7890 gas chromatograph
(Palo Alto, CA) equipped with a second oven and a cryogenic modulator.
The GC column combination consisted of a MegaWax-1 (30 m length;
0.25 mm inner diameter; 0.25 um film thickness) and a ZB-50 in the
second oven (1,5 m length; 0.1 mm inner diameter; 0.1 pym film
thickness).

Color number (CN) was evaluated following the methodology re-
ported in the literature [32,33]. Firstly, spectral absorption coefficient
(SAC;) was determined by absorption (Abs;) at 436, 525 and 620 nm
wavelengths as SAC; mH= Abs; /%, where x refers to the path length of
the cuvette used in measurements (0.01 m). Then CN was determined
from each SAC; as detailed in Eq. (1):

_ SACi?f) + SAC§25 + SAC%ZU

CN(m™) = 1
(m™) SACu36 + SACsys + SACen0 D

2.4. Biochemical methane potential (BMP) tests

Anaerobic digestibility of the remnant fraction upon the
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thermochemical experiments was explored through standard BMP tests.
The anaerobic inoculum was sourced from an expanded granular sludge
bed reactor treating brewery wastewater in Guadalajara, Spain. The
experiments were performed in triplicate in 160 mL serum bottles
inoculated with 1.5 gVS/L of anaerobic granular sludge. After the
thermal treatments, the bottles were filled with 16.67 mL of the remnant
liquid fractions. A source of macro and micronutrients was added, as per
Puyol et al. [34]. A source of alkalinity was added at 1 g NaHCO3/L. The
bottles were filled with Milli-Q water up to 100 mL. The bottles were
closed with a rubber stopper and sealed with aluminum crimps before
flushing with N3 to achieve anaerobic conditions. Then, the bottles were
incubated statically in a 37 °C-controlled incubator for 20 d. Negative
control was also performed in triplicate, where no liquid substrate was
added. The negative control was used to subtract the amount of methane
produced by the self-digestion of the granular sludge. A positive control
was also included, where 4 gCOD/L (1.327 gC/L) of a mixture of acetic,
propionic, and butyric acids was used as substrate at a 1:1:1 COD ratio.
The positive control was used to estimate the specific methanogenic
activity of the granular sludge. The methane production was measured
by checking the gas pressure daily and extracting 8 mL of gas samples
twice weekly. The samples were injected into a gas chromatograph with
a thermal conductivity detector (Agilent 7820 A GC, Santa Clara, CA,
USA). More details about the method are provided elsewhere [35].
Liquid samples were extracted at the end of the experiment to analyze
the soluble TOC, thereby calculating the TOC consumption over the BMP
tests.

Kinetic parameters of the anaerobic digestion were estimated by
fitting the experimental data of mL CH4/gTOC to a first-order model as
[36], thus calculating the first-order hydrolysis rate (kH, in 1/d) and the
BMP (B, in mL CH4/gTOC). Parameter uncertainty was determined
using two-tailed t-tests calculated from the standard error in the
parameter value obtained from the Fisher information matrix. The
parameter uncertainty surface (with ky, Bo, J = Jerit, 5% significance
threshold) has also been assessed as described in [37]. Confidence in-
tervals (at 95%) were also calculated based on two-tailed t-tests from the
parameter standard error, as above, and used for statistical representa-
tive comparisons. All the statistical analyses of BMP tests were per-
formed by using Aquasim 2.1d.

3. Results and discussion
3.1. Catalyst thermal stability

The raw hydrochar (HC sample) and the prepared activated carbons
(ACs) were analysed by TGA in air and nitrogen atmosphere at 10 °C/
min to compare each other and obtain their proximate analyses. Weight
loss profiles as a function of the temperature are depicted in Fig. 1. At air
atmosphere, activated hydrochar materials prepared using copper, zinc
and iron chlorides present a significant weight loss around 540 °C
reaching values of 25.0, 27.3 and 49.1 wt% for CuCly-AC, FeCl3-AC,
ZnCly-AG, respectively (Fig. 1.a and e). This denoted a high oxidation
resistance, only 100 °C less than ordered structured carbon-based ma-
terials such as graphite or carbon nanotubes [38]. The slope of the curve
profile among chloride-salt activated materials directly depends on the
quantity loss since the fastest losses were found for ZnCly~AC material
(up to —0.82 wt%/°C), followed by FeCl3-AC (—0.20 wt%/°C) and
CuCl,-AC (—0.08 wt%/°C). Non-activated materials (pyrochar and sul-
furic acid treated hydrochars) also show a weight loss starting at 400 °C
with similar slope curve profiles between them (—0.28 and —0.26 wt
%,/°C for PC and SA-AC, respectively) (Fig. 1b and d). However, con-
stant mass losses were kept longer than chloride-activated materials,
reaching 35.4 and 72.4 wt% for PC and SA-AC weight loss, respectively.
Potassium-activated materials (K-AC and K-SA-AC) show lower ther-
mal stability than previous materials since they also present one primary
mass loss at a lower temperature, 300 °C (Fig. 1.b and f). The highest
mass loss is at 441 °C (—0.24 wt%/°C) and 477 °C (—0.89 wt%/°C) for
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Fig. 1. Thermogravimetric analysis in air (a-b) and nitrogen atmosphere (c-d); and signal derivative (e-f, g-h, respectively) of metal chloride precursors and raw and

activated hydrochar materials.

K-AC and K-SA-AC, respectively. As expected, the lowest thermal sta-
bility is found for raw precursor (HC sample), which shows mass losses
from ca. 200 °C to 500 °C. In that range, two main peaks are located at
299.2 °C and 371.7 °C, likely due to two main components in the matrix
of the hydrochar produced from the digestate obtained in the anaerobic
wastewater treatment plant digester. In biomass feedstock, even
hydrochars prepared at low temperatures, similar peaks are observed
and associated with the cellulose and hemicellulose components of the
biomass [1,39].

The thermogravimetric analyses of the catalysts at inert conditions
show that materials are highly stable, as expected, considering they all
were prepared up to 850 °C. Only the HC raw precursors show signifi-
cant mass losses in a similar range of temperatures than those observed
in oxidant conditions (from ca. 200 °C to 500 °C) (Fig. 1.d and h).

Table 1 summarizes the proximate analysis obtained from TGA re-
sults for each catalyst prepared. The moisture content of the materials is
due to the water ambient adsorbed during the short time of their prep-
aration since they were dried previously at 105 °C overnight. The vol-
atile contents of the ACs do not show significant differences, taking
values from 10.3 to 16.1 wt% for ACs. As expected, HC raw precursor
presents a higher content value since it was stabilised at 200 °C. The ash
content of materials takes the highest values and gives the following

Table 1
Proximate analysis of activated hydrochars.

Moisture content ~ Volatile matter ~ Ash content Fixed carbon*

Catalyst  (wt%) (wWt%) (wt%) (Wt%)
CuCl,-AC 2.8 15.2 75.1 6.9
ZnCl,-AC 4.9 12.2 50.9 31.9
FeCl3-AC 2.6 16.1 72.7 8.6
K-AC 2.5 10.3 61.2 25.9
K-SA-AC 3.1 11.4 32.1 53.4
SA-AC 1.4 13.3 27.6 57.7
PC 0.6 2.3 66.7 30.4
HC 2.0 48.6 38.4 11.1

* Fixed carbon = 100 — moisture (%) — volatile matter (%) — ashes (%)

order: CuCly-AC (75.1 wt%) > FeCl3-AC (72.7 wt%) > PC (66.7 wt%)
>K-AC (61.2wt%) > ZnCl,-AC (50.9 wt%) > HC (38.4 wt%)
> K-SA-AC (32.1 wt%) > SA-AC (27.6 wt%). As observed, acid-treated
materials show the lowest ash content, even lower than raw HC pre-
cursor, likely due to the washing of metals by acid attack, as observed in
previous works [40,41]. The fact that PC presents higher ashes content
than raw precursor is also typically found in literature since volatile
content is released during thermal treatment and inorganic matter is
concentrated in the resulting material. The highest quantities of ash
contents were found for CuCly-AC and FeCl3-AC, which may be ascribed
to partial loads of copper and iron on the surface of the materials.

When biomass is used as feedstock, ash content takes values lower
than those observed for the materials in this work. However, catalysts
prepared from solid wastes used to have a more complex matrix and
inorganic content are highlighted. In previous reports, thermal and
activation methods of matured compost obtained from municipal solid
wastes lead to up to 81.5 wt% of ashes in some materials [40,41]. The
fixed carbon of the catalysts takes the following order: SA-AC (57.7 wt
%) > K-SA-AC (53.4 wt%) > ZnCly-AC (31.9 wt%) > PC (30.4 wt%)
>K-AC (25.9wt%) >HC (11.1 wt%) > FeCls-AC (8.6 wt%)
> CuCly-AC (6.9 wt%). As observed, acid-treated materials show the
highest quantity of fixed carbon due to both the release of volatile
content and the leaching of metal species, leading to obtained C-rich
materials. Surprisingly, FeCl3—AC and CuCl,-AC present lower contents
than HC raw precursor, likely due to a higher release of organic content
during the activation process and the dope of the materials with the
copper or iron metals.

3.2. Catalyst composition

The catalyst composition was determined through CHNS-elemental
analysis and ICP-OES (Table 2). As observed, C-content takes values
close to those obtained for fixed carbon. Notably, all materials show
higher values of C than fixed carbon, likely due to the volatile content of
materials compromised volatile organic compounds. Only two materials
present a value of C content lower than those observed for fixed carbon,
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Table 2
Results of the ultimate analysis (CHNS elemental analysis) and ICP-OES.
Catalyst C (Wt% H (wt%) N (wt%) C/H (wt./wt.) O* (Wt%) Cu (Wt%) Zn (wt%) Fe (wt%) K (wt%)
CuCl,-AC 221+0.3 0.39 £ 0.01 0.53 + 0.02 58.2 1.2 49+3 0.2+0.1 47+£0.3 0.41 +0.05
ZnCly-AC 38.3 +£0.2 0.81 + 0.08 0.6+ 0.1 47.3 8.0 <DL 0.50 + 0.05 6.1+ 0.2 0.42 + 0.01
FeCl3-AC 18.2+0.3 0.28 + 0.01 0.9+0.1 65.0 7.5 <DL <DL 43+2 0.33 + 0.05
K-AC 29+3 1.4+ 0.1 0.12 + 0.06 20.7 8.2 <DL <DL 11.1£0.5 5.6 + 0.2
K-SA-AC 52.0 £ 0.1 0.72 + 0.08 0.39 + 0.09 72.2 14.8 <DL <DL 0.1+0.1 0.5
SA-AC 46.3+0.2 1.20 £ 0.1 0.22 + 0.07 38.6 23.0 - - - -
PC 31.5+0.3 0.63 = 0.02 0.19 + 0.02 50.0 2.1 0.02 <DL 11.5 £ 0.6 0.74 + 0.05
HC 37.2+0.3 2.32 +0.02 4.41 +0.04 16.0 17.0 <DL <DL 4.4+04 0.35 + 0.07
Oxygen content was determined as O (wt%) = 100 — C (wt%) — N (wt%) — S (wt%) — H (wt%) — ashes content (Wt%).
and those are the acid-treated materials (53.4 and 57.7 wt% of fixed Table 3
carbon, whereas C-content is 52.0 and 46.3 wt% for K-SA-AC and Ta te | vies of activated hvdroch
. . . . . extural properties or activate: rochars.
SA-AC, respectively) (see Fig. S1 for more details). This may be ascribed prop Y
to the fact that surface oxygen groups may be released during thermal 1 Bur;'Off Seer  Suamgmar  Smic - Sew - Vmie, Vi
. . . talyst t
treatment, so the volatile matter of those catalysts is not carbon volatile Catalyst _(wt%) (m/g) (m7/g) (m/g) (m'/g) (em'/g) (cm/g)
matter. The H and N content of pyrolyzed materials reached values up to CuCl-AC 14.8 112 192 96 16 0.05 0.07
1.7 wt%, with no significant differences among the treatments per- ZnCl-AC 397 670 985 588 82 0.303 0.349
‘ d. The hvd d ni £ H . FeCl;-AC 25.3 277 676 143 134 0.076  0.25
ormed. The hydrogen and nitrogen content of HC raw precursor is KoAC 644 448 949 249 199 0131  0.353
higher than the thermally treated materials, likely due to the release of H K-SA-AC 84.4 997 2440 465 532 0.238 0913
and N-rich volatile matter during the treatments. Accordingly, the C/H SA-AC 583 66 117 48 18 0.025  0.042
(wt./wt.) ratio increases from 16.0 for the HC sample to 72.7 due to the PC 51.9 65 285 8 57 0.003 0.09
HC - 15 <1D <LD <LD <D <1D

carbonization process, with a predominance of dehydration and
aromatization reactions [42]. In a previous work dealing with the HTC
of compost and further pyrolysis [32], it was observed that the pyrochar
had a lower carbon-to-hydrogen ratio (by weight) and a higher con-
centration of ashes compared to the PC sample. This demonstrates that
the carbon source used in this research enables the preparation of more
carbon-rich materials, as indicated by their higher fixed carbon content.

The organic oxygen content of the materials takes values from 1.2 to
23.0 wt%. The highest values were found for acid-treated materials
(14.8 and 23.0 wt% for K-SA-AC and SA-AC, respectively) due to the
acid attack likely generating functional oxygen groups that agree with
the difference between fixed carbon and carbon content determined for
these materials. The oxygen content for the non-acid treated materials
ranges from 1.2 to 8.2 wt%, which is lower than the O-content of HC raw
precursor, as expected considering the oxygen released during thermal
treatments.

ICP-OES analysis of the acid-digested samples allows to determine
the metal content of the catalysts. As observed, using CuCl; and FeCl; as
activating agents to develop porosity also allows a metal-doped material
rich in each metal. At the abovementioned conditions, the activation
with CuCl; and FeCls of the HC raw precursor led to a catalyst with 49.1
and 42.5 wt% of copper and iron, respectively. However, using ZnCl; as
an activating agent does not allow activating and doping of the HC raw
precursor since 0.5 wt% of Zn content was obtained. The lower evapo-
ration temperature of metallic zinc compared to metallic copper and
iron is likely the reason for the complete disappearance of zinc in the
ZnCly-AC sample [43]. The activation with KOH leads to slightly
incorporating potassium on the resultant material (5.6 wt% of K in K-AC
sample), which is removed whether acid treatment is conducted (0.5 wt
% of K was observed for K-SA-AC catalyst). Even the iron content of HC
precursor (4.4 wt%) decreases with the acid treatment (0.1 wt%
K-SA-AC). If an acid treatment is not conducted, iron is concentrated
due to the release of volatile matter during pyrolysis from 4.4 wt% for
the HC sample to 4.7-11.5 wt% for non-iron activated samples. In brief,
it can be concluded that using metal species as activating agents may
lead to developing textural properties and dope materials with specified
attractive metals for a catalytic process.

3.3. Burn-off and textural properties

Table 3 summarizes the burn-off observed during thermal treatments
coupled with textural properties. BET, Langmuir, microporous and

external surface area, micropore, and total pore volume. As follows, the
burn-off obtained during the preparation of materials takes values from
14.8 wt% to 84.4 wt%. The lowest values were observed for materials
activated with chloride agents (14.8, 25.3 and 39.7 wt% for CuCl>-AC,
FeCl3-AC, and ZnCl,-AC) and higher mass losses during pyrolysis were
observed for SA-AC (58.3 wt%) > K-AC (64.4 wt%) > K-SA-AC
(84.4 wt%). The development of porosity followed a similar trend that
mass losses, as depicted in Fig. S2. Accordingly, the highest surface areas
and pore volume were obtained for K-SA-AC catalyst (Sggr = 997 m?/ g,
Stangmuir = 2440 m%/g, Sexe = 532 m?/g, and Vr = 0.913 cm®/g). How-
ever, the highest micropore development was achieved using ZnCl; as an
activating agent, reaching 588 m?/g of micropore surface area and 86%
of micropore volume (determined as Vyy;./V7-100).

The relationship between textural properties and burn-off is well-
known [44,45], as demonstrated in Fig.S2 for the materials prepared
in this work. However, a closer relationship was found between the BET
surface area and the ashes’ content among these materials (Fig. 2.)
Plotted data shows that the lower the ashes content, the higher the BET

T T T T T
1000 B K-SA-ACH
800 -
C) m ZnCl-AC
é 600 —
~
[55)
A m K-AC
400 -
m FeCl{-AC
200 —
m CuCl-AC
0 T T T T T
80 70 60 50 40 30 20
Ashes (wt.%)

Fig. 2. BET surface area as a function of ashes content of the catalysts.
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surface area; in other words, BET surface area increases when ashes
content decreases. This means that the porosity of these materials comes
from their organic part (the C-rich matrix), whereas there is no signifi-
cant contribution to porosity from inorganic matter.

3.4. Surface chemistry

The XPS technique explored the elemental content and functional
surface groups of the catalysts, and the deconvolution of the peaks was
obtained in the analyses. Table 4 summarizes the O/C atomic ratio of
each prepared material according to XPS analysis. As observed, oxygen
(both organic and inorganic) per atom of carbon takes the highest values
for potassium-activated materials (0.66 at/at for both K-AC and
K-SA-AC), whereas the lowest value was observed for FeCl3-AC (0.14
at/at). Among chloride-activated carbon materials, significant differ-
ences were observed among them: CuCly-AC (0.59) > ZnCl>-AC (0.49)
> FeCl3-AC (0.14), that was precisely the opposite difference for
organic oxygen per carbon determined by CHNS-elemental analysis:
CuCl>-AC (0.06) < ZnCl>—AC (0.21) < FeCl3-AC (0.41). This means that
the oxygen surface content of CuCl2-AC due to the inorganic content
(copper oxides) on the surface of materials is considerably higher than
the oxygen in the other materials.

The nature of the surface oxygen groups on the materials was
determined by deconvolution of the O1s region spectra obtained by XPS.
For that purpose, 7 peaks were considered and associated with metal
oxides and other organic functionalities, following the literature [24,
46-48]. Considered peaks were O1: Fe304, CuO, ZnO (529.7 eV), 02:
Fe;03, FeO, CuO (530 eV), 03: C=0, metal hydroxides, alumina and
carbonates (531.2 eV), O4: hydroxyls, ethers and C-O in esters, amides,
anhydrides (532.3 eV), 05: C-O in esters and anhydrides (533.3 eV),
06: carboxylic groups (534.2 eV), and O7-water (536.1 eV). More de-
tails can be found in Table S1. The peaks obtained, coupled with the
relative areas of each one and the cumulative fit peak, are depicted in
Fig. 3.

As observed, chloride-activated materials present the highest quan-
tities of O1 and O2 (1.7-9.7% and 8.7-16.8% of relative area, respec-
tively) due to metal oxides on their surface. Most of the materials present
on the surface high quantities of carbonyl and hydroxyl oxygen groups
(03 and O4 take values up to 48.6% and 35.1% of relative area,
respectively), except acid-treated materials, which take the lowest
values of these groups (4.1% and 15.7% of relative area of O3 and O4 for
K-SA-AC material, and 10.9% and 23.6% of relative area of O3 and O4
for SA-AC, respectively). This may be ascribed to the highest contri-
bution of O5 and 06 (carboxylic groups) on these materials (39.8% and
31.4% of relative area of O5 and 06 for K-SA-AC material, and 26.0%
and 27.6% of relative area of O5 and 06 for SA-AC, respectively), which
it is the highest relative area found for O5 and O6 among all materials,
likely due to the acid attack conducted in the preparation of K-SA-AC
and SA-AC.

Fig. 4 represents the Cu2p specter region of the CuClo—~AC and the
deconvolution performed according to the data available in the litera-
ture [48,49]. Briefly, Cus0O (932 eV) and CuO (2 peaks at 933.1 and
934.6 eV) were considered. However, the Cu2p specter region is quite

Table 4
Semiquantitative O/C atomic ratio obtained
through XPS analysis.

Catalyst 0/C (at./at.)
CuCly-AC 0.59
ZnCl,-AC 0.49
FeCl3-AC 0.14
K-AC 0.66
K-SA-AC 0.66
SA-AC 0.23
PC 0.43
HC 0.33
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similar to those found for CuO materials in the literature [49,50], and
Cuy0 was negligible, verifying that the copper presence on the surface of
the material is CuO.

3.5. Evaluation of the catalytic wet air oxidation performance of HTC

effluent

The HTC aqueous liquor is an actual effluent coming from a hydro-
thermal carbonization process. Table 5 shows the characterization of the
effluent considered in this work. It is essential to note the high organic
matter content concerning the TOC and COD of this effluent. Addi-
tionally, the HTC aqueous liquor showed a low concentration of metals,
a neutral pH and a very dark color due to the compounds produced
during the HTC process. Moreover, it contains 2.2 g/L of TS. These
characteristics classify this process stream as hazardous waste, making it
challenging to handle and treat [51,52].

Wet air oxidation (WAO) has proven to be an effective process for
treating wastewater with high organic matter content, allowing the total
or partial degradation of toxic or refractory compounds for biological
treatment [53]. Initially, operation conditions of 250 °C and 50 bar of air
pressure were used for testing the catalytic performance of activated
hydrochars [29]. In CWAO processes, the role of metallic species and the
porosity of the carbon surface have been considered beneficial for
enhancing organic removal [54]. Thus, the catalytic effect of the acti-
vating agent by equal mmol of the agent was compared, as shown in
Fig. 5a. The conversion of TOC obtained with different catalysts suggests
that the presence of Cu had a very positive effect rather than other
metals or surface area when the catalytic activity of CuCly-AC
ai2 m2/g of Spgr) is compared to other catalysts. In this sense, Cu is the
active center of the CuCly—AC catalyst. Reza et al. studied the CWAO of
HTC effluent using a CuO catalyst. They also obtained a 74% of TOC
reduction [6]. However, the HTC process liquor was diluted, whereas in
the present study, the HTC liquor was treated as received. Wakabayshi
and Okuwaki also found powdered copper metal to be a very efficient
catalyst (compared to the metal powders of nickel, chromium, manga-
nese, and cobalt) for the high-temperature (250 °C) CWAO of sodium
acetate in highly alkaline solution [55]. The reasons for the high activity
of copper-based catalysts are poorly understood. The activity could be
due, in part, to the tendency of copper to complex with some compounds
(such as some acids) and due to copper initiating/generating free-radical
intermediates that catalyze the WAO [56]. To discard the first assump-
tion, the leaching of the copper was further determined.

The catalyst activated with other activating agents presents lower
catalytic activity despite the high specific surface area (K-SA-AC) or iron
content (FeCl3-AC). It is shown that the ZnCl,-AC catalyst is very active,
although the zinc is not retained in the structure due to the acid washing.
The best performance of this catalyst compared with the one activating
with FeCls could be related to the higher specific surface area (670 and
277 mz/g of Spgr for ZnCly and FeCls, respectively) and the lower O/C
ratio for the FeClz material (0.49 and 0.14 for ZnCl, and FeCls,
respectively, Table 4). The influence of the textural properties of carbon
materials in CWAO is well understood (pore size and surface area);
however, the role of surface chemistry still needs to be fully understood
[23]. The ability of carbon atoms to bind with each other in various ways
to form linear, planar, and tetrahedral arrangements leads to the pro-
duction of carbon materials with a wide range of properties. Most au-
thors support the positive effect of O surface groups [57], as shown in
these experiments, where the highest activity is obtained for the mate-
rial with a higher O/C ratio (CuCl-AC > ZnCly-AC > FeCl3-AQC).
Regarding the catalyst activated with KOH, the critical role of the spe-
cific surface area can be seen, as higher activity was obtained for the
K-SA-AC catalyst with almost 1000 m?/g and a high O/C ratio of 0.66.
However, this latter data would strongly indicate that although porosity
and oxygen surface groups benefit CWAO, the high loading of metallic
species plays a crucial role in the catalytic performance of the materials
prepared in this work.
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Concerning the works reported in the literature, impressive results of
iron and copper catalysts were obtained for wet air oxidation of real
and petroleum refining [58] wastewaters,
achieving up to 95% and 87% of TOC removals, respectively. However,
these catalysts were not carbon-based materials and did not involve the

pharmaceutical [18]
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Fig. 4. XPS deconvolution fit of CuCl,~AC catalyst.

a) CuCl,-AC b) K-AC c)PC
—— 01 (9.7%) ——01 (<0.1%) —_ol ol
02 (8.7%) 02 (3.9%) 02 (7.6 /Z)
—— 03 (48.6%) ——03 (30.5%) 03 (47.4%)
04 (28.1%) 04 (39.7%) 04 (34«84)
05 (3.4%) — 05 (204%) o aem
06 (1.5%) 06 (5.6%) 06 G.1%)
—— 07 (<0.1%) Signal Signal
Signal
T T T T T T T T T T T T T T T T T T T T T
d) ZnCl,-AC ¢) K-SA-AC f) HC
01 (21%) 0l (<0.1%) Ol (<0.1%)
02 (16.8%) 02 (1.4%) 02 (6'9/2)
03 (3.1%) | ——o03 4.1%) 03 (50.6%)
04 (27.5%) 04 (15.7%) o4 (31‘4[./“ )
05 (6.5%) 05 (39.8%) 05 (1.1%)
06 (3.3%) 06 (31.4%) 09 (<O'IOA) )
07 (0.8%) 07 (1.7%) 07 (<0.1%)
Signal Signal Signal
T T T T T T T T T T T T T T T T T T T T T
526 528 530 532 534 536 538 540
g) FeCl,-AC h) SA-AC o
ot 4 | o1 05w Binding energy (eV)
02 (14.9%) 02 (2.5%)
——03 (29.9%) | —— 03 (10.9%)
04 (35.1%) 04 (23.6%)
——05 (123%) | —— 05 (26.0%)
06 (6.1%) 06 (27.6%)
——07 (<0.1%)| ——07 (8.9%)
Signal Signal
T T T T T T T T T T T T T T
526 528 530 532 534 536 538 540526 528 530 532 534 536 538 540
Binding energy (eV) Binding energy (eV)
Fig. 3. XPS deconvolution fit.
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Cu2p3/2 Actual HTC liquor characterization.
Parameter Value
. CODy(g/L) 9.9 £0.6
Cuzplp  Satellite TS (g/1) 22403
VTS (g/L) 1.4+ 0.2
. TSS (g/L) 0.60 + 0.02
Satellite VSS (g/L) 0.46 + 0.01
COD; (g/L) 7.440.2
TOC (g/L) 2.4+0.3
pH 7.8£0.1
PO3 (mg/L) 80 +2
. NHy (mg/L) 118 + 2
Signal TKN (mg/L) 505 + 50
— CuO Peak 1
— CuO Peak 2
Background utilization of waste materials. On the other hand, more examples can be
found in literature focused on the catalytic performance of numerous
-— 777 materials but using model pollutants. In this sense, for instance, a copper
925 930 935 940 945 950 955 960 965 970 975 oxide-loaded activated carbon catalyst achieved complete dye decolor-
Binding energy (cV) ization (100%) and an 88% COD conversion for CWAO of an azo dye

compound [59]. Additionally, Gutiérrez-Sanchez et al. investigated the

degradation of ciprofloxacin using an iron/activated carbon (Fe/AC)

catalyst derived from pyrolysis of sludge with almost complete antibiotic

removal after 2 h and achieving a 70% TOC conversion [31]. Other
authors have also noted the significance of iron in WAO processes,
reporting COD degradations ranging from 61% to 96% for model com-
pounds such as glyphosate, methyl orange, and various other dyes [60,
61]. While these previous studies have reported the potential of Fe or Cu
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Fig. 5. TOC removal of different activated hydrochar (a) and blank reactions (b).

catalysts to enhance the performance of WAO processes, the present
work explores the application of carbon-based catalysts derived from
hydrochar materials produced from waste feedstocks, avoiding the use
of costly synthesized catalysts, and the treatment of potential hazard
aqueous streams for valorization in subsequent processes instead
degradation.

Regarding the catalyst activated with KOH, the critical role of the
specific surface area can be seen, as higher activity was obtained for the
K-SA-AC catalyst with almost 1000 m%/g. However, this latter data
would strongly indicate that although porosity is essential, high loading
of metallic species plays a crucial role in the catalytic performance of the
materials prepared in this work. The stability of a catalyst is the most
important parameter for evaluating whether its practical application is
economically feasible. The hydrothermal stability of the catalytic ma-
terials for the CWAO of an HTC effluent was assessed in terms of the
metal leaching. The amount of metal leached out from the catalyst was
negligible (below the detection limit) for all the metals except for the
copper in the CuCly-AC metal-doped material, where 1.17 mg/L of
copper was leached out. Most authors justified the metal leaching due to
an integrated effect of the pH and the reaction temperature [59]. Despite
the high temperature used in this work (250 °C), the pH of the treated
effluent was in the range of 6.2-6.8 in all the cases, so the catalyst would
be more stable under these conditions. It is noteworthy that there are
very few studies regarding the application of WAO for HTC liquor. Still,
the study of Reza et al. determined that WAO in the presence of CuO may
not be feasible for sludge-derived HTC process liquid [6]. Other studies
on individual compounds with heterogeneous-based catalysts have
shown considerable copper loss during testing (~60%) [62-64]. So, it is
essential to emphasize the high stability of the copper hydrochar-based
catalyst.

However, the copper leached from the catalyst could be active in a
homogeneous CWAO process. Thus, a homogeneous reaction using
1.5 mg/L of cu?t (CuCl,) was carried out, and the results with other
blank reactions (WAO and CWAO with the pyrochar) are shown in
Fig. 5b. In all cases, the degradation rates are significantly slower than
that obtained for the CWAO process with the activated hydrochar. WAO,
the homogeneous reaction with Cu** and the CWAO with the pyrochar
show all similar values for TOC removal of ca. 22%, confirming the
outstanding activity of the CuCly-AC derived hydrochar material for
treating the HTC effluent. The low removal of TOC using pyrochar
should be attributed to its low porosity and absence of active metal
species. In all the studied cases, the physical appearance of WAO efflu-
ents is much more transparent than the HTC process liquid, although it
still contains a fair amount of TOC. Thus, the color number was evalu-
ated for each WAO effluent. High removal values were obtained be-
tween 93.8% and 99.3% for the WAO and CWAO using CuCl,-CWAO

experiments, respectively. This color difference indicates that the
products formed during the reaction differ from the initial HTC liquor.

Fig. 6 and Tables S2 and S3 show the product distribution obtained
by GCxGC-TOFMS of the initial effluent and those obtained in the
CWAO process with the most active catalysts (CuClz-AC and ZnCl,-AC)
compared with the WAO.

Up to 97 compounds identified in the initial HTC liquor were
grouped into different chemical families, such as organic acids, ketones,
alcohols, phenols, aromatics, olefins and others [6]. The relative dis-
tribution of these identified compounds showed a dominance of organic
acids such as acetic acid, propanoic acid, pentanoic acid or cyclohexane
carboxylic acid (ca. 40%), followed by ketones (23%), phenol and de-
rivatives (9.2%), aromatics (1.5%) and olefins (0.8%). Nitrogenous
compounds such as pyrazine and pyridine derivatives were also identi-
fied, which are considered one of the main toxic compounds of the HTC
liquor, along with phenol compounds and some ketones [65].

WAO and CWAO processes produce the mineralization of the organic
matter to CO5 and H,0, as well as other oxygenated by-products such as
alcohols, aldehydes, ketones, and carboxylic acids resulting from the
oxidation process. Acetic acid is often one of the more refractory acid
compounds that remain in higher concentration as an end by-product
after WAO and CWAO treatments. A general pathway of the conver-
sion of organic compounds into CO, and H,0 through wet air oxidation
reactions is illustrated in Fig. 7 [53]. The distribution of final oxygen-
ated by-products strongly depends on the oxidation conditions (tem-
perature and pressure) and catalytic performance in the case of CWAO
[66].

As shown in Fig. 6, relevant changes are observed for the treated
WAO and CWAO samples. Concerning the number of the compounds
initially identified in the original HTC aqueous liquor, both WAO and
CWAQO treatments showed a significant decrease (26, 21 and 6 for WAO,
CWAO-AC-CuCl, and CWAO-AC-ZnCl, experiments, respectively).
Moreover, phenolic compounds, ketones, aromatics and olefins signifi-
cantly decreased or completely disappeared for the WAO and CWAO
experiments. The presence of ketones and pyrazine derivatives in the
WAO sample was still significant. Pyrazine derivatives were also
detected for the CWAO experiment with CuCly-AC catalyst. The organic
acids also decreased after WAO and CWAO treatments. These become
the dominant family of by-products, particularly for CWAO experi-
ments, considering all the identified compounds with an overall
contribution of ca. 47.3%, 80.5% and 77.2% for WAO, CWAO-AC-CuCl,
and CWAO-AC-ZnCly, respectively. Additionally, it must be pointed out
that acetic acid was the most abundant organic acid among the detected
acids. Remarkably, few compounds were found when using the ZnCl,-
AC catalyst compared to the CuCly-AC catalyst. This observation was
made considering the outcomes of TOC removal, in which the CuCl,-AC
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catalyst exhibited more significant mineralization. Consequently, con-
ducting a more thorough examination of the resultant by-products after
wet air oxidation processes is essential to uncover the compounds not
being identified through the analytical technique.

It was also noteworthy that total Nitrogen (TN) was slightly reduced
(2%) in the WAO process, and more significantly in the case of CWAO for
the most active catalysts (9% for the CuCl,-AC and 11% for the ZnCly).
Potentially, this could be of concern if it indicates the production of
NOx.

3.6. Biochemical methane potential (BMP) tests

Fig. 8 shows the summary of the BMP tests. Fig. 8a shows the time
course of the biochemical methane potential. At first sight, the liquid
sample after standard WAO achieved the highest BMP with 742 + 129
mLCH,4/gTOC, corresponding to around 250 mLCH4/gCOD by applying
a TOC/COD ratio of 1/3. This value is relatively high compared to in-
dustrial effluents treated by WAO that yielded less than 100 mLCHy4/
gCoD [67].

The CWAO treatments with metal-doped materials also obtained
relatively high BMP values of 540 + 75 and 505 + 80 mLCH4/gTOC for
the CuCly-AC and ZnCl>-AC experiments, respectively, which roughly
corresponds to 180 and 168 mLCH4/gCOD, respectively. In any case, the
CWAQO treatments seem to improve the anaerobic digestion rate, espe-
cially the treatment with CuCly-AC. As seen in Fig. 8b, the hydrolysis
rate of the CuCl,-AC and ZnCl,-AC effluents are 1.16 and 1.14-fold the
value estimated for the standard WAO effluent. But, the highest differ-
ence between treatments was obtained in the TOC removal. Indeed, the
anaerobic digestion of the CuClz-AC effluent was the most effective
treatment, achieving a final TOC of only 37 mgTOC/L after the anaer-
obic treatment. This low organic carbon content is suggested to be
composed of recalcitrant organic compounds that can never be trans-
formed. It can explain why the TOC removal efficiency of the CuCl,-AC
anaerobic treatment is slightly lower than the observed for the standard
WAO effluent (87 vs. 95%, respectively), where the initial TOC of the
WAO effluent was much higher than this from the CuCly-AC effluent
(1.81 vs. 0.57 gTOC/L, respectively). As the final TOC of the CuCl,-AC
effluent is lower than that of the standard WAO effluent, it can be
concluded that the CuCl,-AC improved the overall biodegradability.

4. Conclusions

Hydrochar materials produced from HTC were activated using KOH,
FeCls, ZnCly, and CuCly with equal molar mass to ascertain the most
effective activating agent for subsequent application as catalysts in the
treatment of the HTC liquor through wet air oxidation processes.
Regarding the K-SA-AC catalyst activated with KOH and washed with
sulphuric acid, the highest surface area of ca. Sggr 1000 rnz/g was ob-
tained. However, the activity in the CWAO was 35% of TOC conversion
after 3 h. The activation with metal chlorides led to the incorporation of
iron and copper into the structure of the activated metal-doped mate-
rials. The Cu-doped material with ca. 70% TOC conversion and a Sggy of
112 m?/g proved to be a very efficient catalyst compared to the iron-
doped material, which showed lower catalytic activity despite the
high specific surface area. These results evidence that the loading of
metallic species into the activated carbon materials plays a more critical
role than the superficial porosity of the material in the catalytic per-
formance. Moreover, the high stability of the hydrochar-based catalysts
synthesized in this study should be underlined. On the other hand, WAO
and CWAO enhance the rate of anaerobic digestion. This fact is attrib-
uted to the increase of biodegradable carboxylic acids as end by-
products as well as the decrease of more toxic compounds of the HTC
liquor such as ketones, phenols, aromatics, or nitrogenous pyrazine and
pyridine derivatives. The effluent coming from the treatment of the
CuCly-AC catalyst achieved the lowest final TOC concentration after the
biochemical methane tests.
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