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A B S T R A C T   

In this work, chicken meat and bones (C-MBM) waste is treated through a sequence of stages including hydro-
thermal treatment (HTT), nutrient recovery and anaerobic digestion, with the aim of evaluating their potential 
synergy as a circular economy approach. HTT was carried out at 170, 200 and 230 ◦C, under non-acidic and 
acidic conditions using 0.5 M HCl (HTT-A). Phosphorous from process water was recovered by chemical pre-
cipitation with the addition of a Mg salt, and the liquid effluent was anaerobically treated to degrade organic 
matter and produce a methane-rich biogas. Hydrochar obtained under non-acidic conditions presented poor 
combustion characteristics, while HTT-A yielded a bio-oil with high higher heating value (≈38 MJ/kg), good 
combustibility performance and high reactivity. More than 95% phosphorous (as phosphate) and almost 100% 
nitrogen (being 30% as NH4–N) content in C-MBM were solubilized in the process water upon HTT-A, while these 
nutrients were mainly retained in the hydrochar in non-acidic reactions. Chemical precipitation of P and NH4–N 
from HTT-A process water allowed recovering a crystalline solid identified as struvite and a struvite-apatite 
mixture, with negligible heavy metals content. High methane production (250–300 mL CH4/g CODadded) and 
organic matter removal (up to 75%) were achieved in the anaerobic tests. HTT proves to be a suitable treatment 
for material and energetic valorization of C-MBM, within a circular economy framework, which allows to obtain 
high value-added products (hydrochar/bio-oil, biofertilizers and biogas).   

1. Introduction 

Chicken meat and bones meal (C-MBM) is a waste produced from 
poultry slaughterhouse or rendering industries consisting in a mixture of 
small pieces of bones, fat, and residual fractions of meat. Meat and bones 
meal (MBM) is widely used as a low-cost pet food formulation, because 
of their high protein content, but the nutritional properties vary 
dramatically, and in some cases, further processing is required [1]. 
Although MBM can be seen as a waste from the slaughterhouse opera-
tions, this material become much more valuable after processing. In this 
way, MBM as feedstock for anaerobic digestion (AD) [2,3] or 
co-incineration in cements kilns [4] allows energy recovery. 

Anaerobic digestion of MBM is an attractive alternative with high 
methane production ≈340 mL CH4 per gram of volatile solids and a large 
organic matter removal 40–75% [3,5], while up to 40% of the coal can 
be replaced by MBM in cement kilns [6]. However, the presence of a 
high amount of solids (specially bones), high protein and fat content, 
produce several issues such as longer periods of time to degrade the 

feedstock, ammonia oversaturation and inhibition during AD [3,7]. 
Diversely, the large energy demands for MBM drying and grinding, as 
well as the large amount of residual ash in incineration led to an 
excessive amount of ash in chambers that could produce ash agglom-
eration, corrosion, fouling and energy deficiency in combustion systems 
[8,9]. 

MBM is generally rich in nutrients, specially phosphorus, which is a 
scarce mineral used as fertilizer [10]. Phosphorus is an essential nutrient 
to keep the agricultural yields and was added to the list of the “20 
Critical Raw Materials” in 2014 [11]. According to Leng et al. [12], up to 
25 kg of P could be recovered by ton of MBM. In the European Union 
more than 13 Mt of MBM was produced in 2020 [13], considering above 
assumption, MBM could represented up to 156,000 ton of P per year 
(≈12% of the total phosphorus consumption in the European Union) 
[14]. The bones contain up to 15% of phosphorus (as hydroxyapatite 
and ossein-apatite) in dry weight [15]. 

A possible way to complete valorization (energy and nutrient re-
covery) of MBM could be achieved by hydrothermal treatment (HTT). 
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Under hydrothermal carbonization conditions (170–250 ◦C, and self- 
generated pressure), wide range of wet biomass waste, are chemically 
transformed, promoting its dehydration and decarboxylation [16]. This 
process generates a carbon-rich solid called hydrochar with high carbon 
content and higher heating value (HHV) [17], and a liquid fraction, 
so-called process water, with high organic matter, nutrients, and mineral 
content [18], which can be valorized to obtain biofertilizers and biogas 
through chemical precipitation and AD, respectively [16]. 

Hydrochar is mainly used as a solid biofuel [19] because of its 
improved properties compared to raw biomass, but it has also been 
successfully used in several environmental applications such as soil 
amendment [20], energy storage [21], activated carbon precursor [22], 
and catalyst support [23]. On other hand, process water represents a 
potential source of nutrients (mainly N and P) [24] and energy recovery 
through chemical precipitation and AD, respectively [25]. However, 
conventional HTT retained most of the P (≈85%) and other nutrients (K, 
Mg, Ca) in the hydrochar structure [26]. In this way, acid-assisted HTT 
(HTT-A) has appeared as an effective technique which improves the 
solubilization of mineral and heavy metals, and nutrients to process 
water (above 90% P and N) improving waste carbonization and reducing 
the ash content in the hydrochar [27]. 

This work focuses on studying C-MBM management by HTT and 
acid-assisted HTT at temperatures in the range of 170–230 ◦C with the 
aim to obtain, in a first stage, a hydrochar and/or a bio-oil to be used as 
biofuel, according to their energetic characteristics and combustion 
properties. The valorization of process water to recover nutrients by 
precipitation of PO4–P and NH4–N as struvite, and the anaerobic treat-
ment of the liquid effluent to remove organic matter and produce a 
methane-rich biogas within a circular economy framework are also 
studied. So far, there is not a comprehensive study on the integration of 
hydrothermal treatment for the management of C-MBM, together with a 
material recovery stage (nutrients) and anaerobic digestion of the pro-
cess water for a complete valorization of this waste. 

2. Materials and methods 

2.1. Chicken meat and bones meal 

The C-MBM was collected from a butcher shop (Madrid, Spain), 
grounded with an industrial mixer MP350 and frozen at − 20 ◦C to 
facilitate its preservation. The C-MBM presented the following main 
characteristics: 66.0 ± 2.1 wt% moisture, pH 6.3 ± 0.5, measured with a 
Mettler-Toledo InLab Solids Pro-ISM pH-meter, 258.5 ± 1.2 g O2/L total 
chemical oxygen demand (TCOD), 665.2 ± 2.3 g/L total solid (TS), 
523.5 ± 1.4 g/L volatile solid (VS), 8.1 ± 0.6 g/L total Kjeldahl nitrogen 
(TKN), 26.9 ± 0.2 g PO4–P/kg, 39.1 ± 0.2 g Ca/kg and 4.9 ± 0.2 g K/kg. 

2.2. Hydrothermal experiments 

Hydrothermal treatment was carried out in an electrically heated 
ZipperClave pressure vessel (4 L) with heating ramp of 3 ◦C/min under 
non-acidic or acidic conditions. In each experiment, the reactor was 
loaded with 1.5 kg C-MBM (90 wt% moisture) by addition of deionized 
water and heated at 170 ◦C, 200 ◦C and 230 ◦C for 1 h. Acid-assisted HTT 
was carried out under 0.5 M HCl conditions (initial pH ⁓ 4), considering 
both the moisture of the feedstock and the added water to assure hy-
drothermal conditions in the reactor. The reaction was stopped by 
cooling with an internal heat exchanger using tap water. Conventional 
HTT products (hydrochar and process water) were separated by filtra-
tion with a 250 μm membrane vacuum filter. The acid-assisted HTT 
product, a mixture of bio-oil (BiO-A) and process water, was separated 
by centrifugation (Orto Alresa centrifuge) at 8000 rpm for 10 min, and 
the supernatant was filtered through a 250 μm filter. The HTT products 

were labeled as HC (hydrochar), and PW (process water) followed by the 
HTT temperature (i.e., HC170 or PW170, referred to the hydrochar and 
process water obtained in HTT at 170 ◦C for 1 h). After acid-assisted 
HTT, a bio-oil product was obtained instead of hydrochar, and it was 
labeled as BiO. In the case of acid-assisted HTT, the letter A, specifying 
acid addition, was added to BiO and PW, both followed by the HTT 
temperature (i.e., BiO170-A and PW170-A). The yield of the HTT 
products was calculated by the following equations. The yield of the 
HTT products was calculated by the following equations. Hydrochar 
mass yield (YHC), i.e., the weight ratio of hydrochar recovered (WHC) to 
C-MBM feedstock (WC-MBM) on a dry basis, was calculated with (Eq. (1)): 

YHC (wt.%) =
WHC

WC− MBM
⋅100 (1) 

Likewise, bio-oil mass yield (YBiO-A), is the weight ratio of bio-oil 
recovered (WBiO-A) to C-MBM (WC-MBM) on a dry basis, and was calcu-
lated with (Eq. (2)): 

YBiO− A(wt.%)=
WBiO− A

WC− MBM
⋅100 (2) 

The yield of process water (YPW) was calculated as TS present in PW 
(WPW-TS) to C-MBM (WC-MBM) ratio on a dry basis (Eq. (3)): 

YPW(wt. %)=
WPW − TS

WC− MBM
⋅100 (3)  

2.3. Nutrient recovery stage 

A magnesium agent (Mg(OH)2) was added to a sample of 50 mL of 
process water or acid process water (process water from HTT-A) to 
promote the struvite formation according to molar ratio of NH4:Mg:PO4 
to 1:1.3:1 [28]. The mixture was neutralized with 2 M NaOH to pH 9 and 
maintained under stirring for 20 min. The precipitated solid was sepa-
rated by filtration through 0.45 μm and dried by oven at 105 ◦C during 
24 h. The solid recovered were labeled as ST (in terms of struvite) fol-
lowed to the HTT operating conditions (i.e., ST170 or ST170-A). The 
liquid effluent resulting of the nutrients recovery stage was labeled as 
secondary process water PW-S, or PW-A-S. 

2.4. Anaerobic digestion experiments 

Anaerobic digestion runs were carried out in 120 mL glass serum 
vials, filled with 60 mL suspension of process water, inoculum, sub-
strate, deionized water and a basal medium with macro- and micro-
nutrients [29]. Granular anaerobic sludge, from a brewery wastewater 
treatment plant (operating at 35 ◦C), was used as inoculum with the 
following characteristics: 53.7 ± 0.9 g TS/L, 46.2 ± 0.9 g VS/L and a 
TCOD of 33.1 ± 2.0 g O2/L. The initial inoculum concentration was set 
at 15 g VS/L and the inoculum-to-substrate ratio at 2 on a COD basis for 
all runs. The vials were sealed with rubber stops and metal crimps and 
were flushed with N2 for 3 min to ensure anaerobic conditions. The vials 
were kept under mesophilic conditions (35 ± 1 ◦C) in a thermostatic 
shaking water bath at 100 rpm. AD was monitored using 10 vials for 
each run: three for biogas measurements (volume and composition), and 
the other seven were sacrificed during the experiment to monitor pa-
rameters such as pH, soluble COD (SCOD), alkalinity, total volatile fatty 
acid (TVFA) and ammoniacal nitrogen. Triplicate blank samples with no 
substrate were run to determine the background methane yield of the 
inoculum, and triplicate control experiments were also performed with 
starch to check inoculum activity. Methane yield was calculated by 
subtracting the amount of methane produced by blanks, and methane 
volume at standard temperature and pressure (STP; 0 ◦C, 1 atm) was 
recorded. 
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2.5. Analytical methods 

The elemental composition (C, H, N and S) of hydrochar, bio-oil, 
process water and P-rich precipitate was determined on a CHNS 
analyzer (LECO CHNS-932), while inorganic elements (mineral and 
heavy metals) composition was measured by inductively coupled optical 
emission spectroscopy (ICP-OES) on an Iris Intrepid II XDL instrument 
(ThermoFisher Scientific). Proximate analysis (moisture, fixed carbon 
(FC), volatile matter (VM) and ash content) was done by thermogravi-
metric analysis using a Discovery SDT thermogravimetric (TG 209, F3, 
Netzsch), according to ASTM methods D3173, D3174, and D3175, 
respectively [30]. The oxygen content was calculated by difference 
(100− C–H–N–S–ash (wt.%)). The HHV of the hydrochar and BiO-A was 
estimated by Eq. (4) [31], where the concentration of C, H, S, N, O and 
ash is expressed as wt.% on a dry basis. The energy density, ratio of the 
higher heating value of hydrochar (HHVHC) or bio-oil (HHVBiO-A) to that 
of the feedstock (HHVC-MBM), was calculated by equation (5). The energy 
yield (Eyield) of hydrochar and bio-oil, was calculated using Eq. (6): 

HHV (MJ/kg) = 0.349⋅C + 1.033⋅H + 0.100⋅S − 0.103⋅O − 0.015⋅N

− 0.021⋅Ash (4)  

Energy density=
HHVHC/BiO− A

HHVC− MBM
(5)  

Eyield(%) = YHC/BiO− A⋅Energy density (6) 

Crystal structure of solid obtained in the nutrient recovery stage was 
analyzed by total reflection X-ray fluorescence (TXRF) spectroscopy on 
an Extra-II Rich & Seifert spectrometer equipped with a Si–Li detector. 

Process water (before and after nutrient recovery stage) was char-
acterized by measuring TS and VS according to standard methods 2540B 
and 2540E APHA, respectively [32], and TCOD by the method described 
in Raposo et al. [33]. Sacrificed samples were filtered (0.45 μm) and 
analyzed to determine: pH (Crison 20 Basic pH meter), SCOD and TKN 
applying the standard method 5220D and 4500B, respectively [32]. 
Ammonia nitrogen (NH4–N) was determined by distillation and titration 
(method 4500C) [32]. NO2–N and NO3–N content was determined on a 
Dionex ICS-900 ion chromatograph with chemical suppression and 
fitted with a 4 × 250 mm Dionex IonPac AS22 column, using a mobile 
phase of 1 mL/min of 1.4/4.5 mM NaHCO3 and Na2CO3, respectively. 
Phosphate was analyzed photometrically using a Hach Lange LCK350 
cuvette test. Total organic carbon (TOC) was determined using an OI 

Analytical TOC analyzer (model 1010, Texas, USA). Individual VFA 
concentration were identified by gas chromatography (GC) in a Varian 
430-GC instrument as described on a study carried by de la Rubia et al. 
[34]. Biogas production was determined using a manometric method, 
measuring the pressure increase in each vial with an electronic pressure 
monitor (ifm, PN 7097) [35], and biogas composition was determined 
using a Thermo Fisher Trace 1300 GC equipped with a thermal con-
ductivity detector (TCD) [34]. 

2.6. Thermogravimetric and differential thermogravimetric analysis 

Thermogravimetric analysis (TG) and differential thermogravimetric 
(DTG) of hydrochar and BiO-A, were carried out by a Discovery SDT 650 
thermogravimetric analyzer to determine ignition (Ti), burnout (Tb), 
and peak temperature of the maximum loss weight (Tm), characteristic 
parameters of combustion reflecting the thermal behavior of fuels dur-
ing the combustion process. In addition, the thermal analysis allowed 
the determination of kinetic parameters by Flynn-Wall-Ozawa (FWO) 
model [36], which describes the dependence of the activation energy 
(Ea) and the degree of conversion during the combustion. Equations (6)– 
(8) describe the kinetic and combustion parameters: 

ln(β)= ln
(

A⋅Ea

R⋅g(α)

)

− 5.331 − 1.052 ⋅
Ea

R
⋅
1
T

(6a)  

α= m0 − mf

m0 − m∞
(7)  

where β is the heating rate, A is the frequency factor, Ea is the activation 
energy, R is the universal gas constant (8.314 J/mol), g(α) is the con-
version degree, T is the absolute temperature (K), m0, mf and m∞ are the 
initial, current, and final weights of the samples, respectively. The 
values of Ea can be determined from the slope of ln (β) against 1/T, while 
frequency factor is calculated from the intercept of this straight line 
[25]. 

The comprehensive combustion index (CCI) was calculated with (Eq. 
(8)) [25]: 

CCI
(
min− 2 ⋅ ◦C− 3)=

DTGm⋅DTGmean

T2
i ⋅Tb

(8)  

where DTGm and DTGmean are the maximum and the average rate of 
weight loss, respectively, and Ti and Tb are the ignition and the burnout 
temperatures, respectively. 

Table 1 
Characteristics and combustion kinetic properties of C-MBM, hydrochars, and bio-oils (d.b.).   

C-MBM HC170 HC200 HC230 BiO170-A BiO200-A BiO230-A 

Yield (%) – 33.3 ± 0.3 31.3 ± 0.7 20.7 ± 1.2 9.2 ± 1.0 8.6 ± 1.2 8.5 ± 0.9 
C (%) 53.7 ± 0.8 28.1 ± 1.5 23.5 ± 0.1 41.7 ± 0.4 74.9 ± 0.0 75.1 ± 0.0 75.3 ± 0.1 
H (%) 7.5 ± 0.1 4.1 ± 0.2 2.2 ± 0.0 3.7 ± 0.1 11.1 ± 0.0 11.2 ± 0.0 11.2 ± 0.1 
N (%) 7.8 ± 0.2 2.3 ± 0.0 1.5 ± 0.1 1.5 ± 0.0 0.3 ± 0.0 0.3 ± 0.0 0.5 ± 0.0 
S (%) 0.5 ± 0.0 0.2 ± 0.0 0.1 ± 0.0 0.1 ± 0.0 0.1 ± 0.0 0.1 ± 0.0 0.1 ± 0.0 
Oa (%) 17.8 ± 0.1 24.7 ± 0.2 26.5 ± 0.0 12.7 ± 0.1 13.4 ± 0.0 13.0 ± 0.0 12.6 ± 0.0 
HHV (MJ/kg) 25.4 ± 0.1 10.9 ± 0.1 11.6 ± 0.0 19.8 ± 0.0 37.9 ± 0.0 38.1 ± 0.0 38.2 ± 0.0 
VM (%) 86.2 ± 0.6 59.0 ± 1.2 52.3 ± 0.4 55.3 ± 0.3 98.9 ± 0.1 98.5 ± 0.1 98.8 ± 0.1 
FC (%) 1.0 ± 0.3 0.4 ± 0.2 1.5 ± 0.1 4.4 ± 0.2 0.9 ± 0.0 1.2 ± 0.0 1.0 ± 0.0 
Ash (%) 12.8 ± 0.2 40.6 ± 0.3 46.3 ± 0.3 40.3 ± 0.2 0.2 ± 12.3 0.3 ± 12.3 0.2 ± 12.3 
P (%) 26.8 ± 0.1 7.1 ± 0.1 7.3 ± 0.0 10.9 ± 0.1 4.1 ± 0.1 0.1 ± 0.0 9.2 ± 0.0 
Ti (◦C) 249 280 300 302 236 239 212 
Tm (◦C) 369 336 322 398 409 405 379 
Tb (◦C) 725 654 582 520 486 492 485 
CCI⋅107 (min¡2⋅◦C¡3) 6.6 4.4 2.20 5.60 16.6 22.10 32.10 
Ea (kJ/mol) 41.6 39.8 41.8 29.4 16.4 19.6 11.4 
Energy density – 0.43 0.46 0.78 1.49 1.50 1.50 
Energy yield (%) – 14.3 14.4 16.2 13.7 12.9 12.8  

a Calculated from the mass balance: O = 100-C-H-N-S-ash. 
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3. Results 

3.1. Characterization of feedstock, hydrochars and bio-oils 

Table 1 summarizes the main characteristics of the feedstock, as well 
as hydrochar and bio-oil from HTT and HTT-A, respectively. The C-MBM 
was characterized by a high carbon (≈54%) and nitrogen (8%) content 
from animal protein and fat, and a moderate ash content (≈13%) mainly 
due to the calcium and phosphorus (≈50%) of the bones. In addition, C- 
MBM presented a significant HHV value (≈26 MJ/kg) and a minimal FC 
content, mainly associated with the significant carbonate content of the 
bones [37]. The hydrochar showed a strongly drop up to 50% in average 
in carbon, nitrogen and HHV, while ash content increased by a 3-fold 
compared to C-MBM. HC230 showed a lower decrease in carbon con-
tent and HHV (≈20% in both cases) regarding C-MBM, with similar ash 
content of the other hydrochars (HC170 and HC200). The sharp 
reduction of carbon and HHV in HC170 and HC200 was due to the high 
hydrolyzable compounds content such as carbohydrates, proteins and 
fatty acids [3,38], which were transferred to process water. This high 
content of hydrolyzable compounds resulted in low YHC value (21–33%, 
being 45% ash) (see Table 1). However, the high YHC, carbon content 
and HHV in HC230 probably was due of most severe condition that 
contributed to the formation of secondary hydrochar, by polymeriza-
tion, condensation, aromatization and Maillard reactions of soluble 
compounds in the process water that precipitate again in the hydrochar 
[39]. These results suggest high feedstock decomposition through 

hydrolysis, dehydration, and decarboxylation reactions as temperature 
increases and an increase of the recombination of carbon-rich soluble 
compounds, which precipitate on the hydrochar, favoring carbon and 
energy densification as YHC decreases [40]. The mineral compounds 
forming the bone structure of C-MBM, such as carbonates, hydroxyap-
atite, ossein-apatite, lutein among others [41] were not affected by the 
hydrothermal treatment and remained in the hydrochar. The FC content 
remained almost constant, while the VM content was significantly 
reduced (32–40%), confirming the high solubilization of hydrolyzable 
organic compounds to the process water. 

Acid-assisted HTT yielded a bio-oil (instead of the hydrochar) and a 
process water as HTT products. The bio-oil showed high carbon content 
(≈75%) and HHV (≈38 MJ/kg), and low N, S, and ash content (<0.5% 
in all cases). Considering the standard ISO/TS 17225-8 [42], which 
recommend a HHV >17 MJ/kg, N < 3%, S < 0.5%, ash <20% and VM <
75% for the use of biofuels from thermochemical process of biomass 
waste as alternative biofuel at industrial level, the hydrochar presented 
inadequate characteristics to be considered as biofuel because of the 
high ash content (≈40%) and low HHV (excepting HC230). Considering 
the energy density values, HC170 and HC200 would not be suitable for 
use as fuel because of their low energy density (<1), indicating that the 
energy content of the hydrochar was lower than that of the feedstock. 
Otherwise, the bio-oil showed a suitable characteristic to be used as 
alternative biofuel at industrial level. However, the YBiO-A was lower 
than 10% in all cases, reaching poor energy recovery (Eyield< 15%), 
slightly lower than the energy recovery of the hydrochar ≈ 25%. These 

Fig. 1. Thermogravimetric and differential thermogravimetric profiles of hydrochars and bio-oils.  

Fig. 2. Time course of nitrogen (a) and phosphorus (b) in process water from acid-free and acid-assisted HTT.  
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low energy yields, demand the valorization of process water by AD to 
improve the overall energy performance of the process. 

Fig. 1 shows the TG and DTG data of hydrochar and bio-oil. TG and 
DTG combustion profiles of hydrochar and bio-oil showed different 
trends and combustion stages. Hydrochar presented a remarkable 
degradation between 280 and 400 ◦C with a weight loss up to 55 wt%, 
which is associated with the volatile matter of the hydrochars. A second 
stage between 500 and 600 ◦C was only evident for HC170, owing to 
combustion of FC and degradation of carbonates into CO2 [43]. On other 
hand, TG and DTG profiles of bio-oils showed two different and marked 
zones of weight loss. These two degradation stages are probably related 
to the presence of compounds with different molecular weight and 
different ignition points [44,45]. In all cases, the bio-oil degradation was 
greater than 98 wt% during combustion. 

The kinetic analysis from TG and DTG profiles shows that bio-oil 
displays higher CCI, and lower Ti and Ea than hydrochar (Table 1). 
Hydrochars and bio-oils showed a satisfactory combustion characteristic 
and turn both into a potential solid fuel. However, the better CCI and 
low Ti and Ea together with the high HHV and energy density, and low N, 
S, and ash content make to bio-oil a better and suitable fuel for industrial 
energy production than hydrochars. Despite of aforementioned, the low 
YHC and YBio-A values suggest that these biofuels can be blended with 
mineral coals or hydrochars with elevated Ea and Ti [46]. 

3.2. Fate of nutrients, minerals, and organics 

Fig. 2 shows the time course of nitrogen and phosphorus concen-
tration into the process water during non-acidic and acid-assisted HTT. 
The increase of temperature and reaction time along non-acidic re-
actions showed a positive effect on the release of N into process water, 
because of the hydrolysis of proteins, amino acids, and multipeptides 
present in the feedstock [47], allowing obtaining a high nitrogen con-
centration in PW230 at 30 min (~9.3 g/L, equivalent to 76.5 g/kg 
C-MBM), and remained constant at the end of the reaction (Fig. 2a). 
Likewise, HTT-A favored the N solubilization at the lowest reaction 
temperature (~9.5 g/L, equivalent to 79.5 g/kg C-MBM), because of the 
positive effect of the acid on the hydrolysis of nitrogenous organic 
compounds [26]. This effect is consistent with the results obtained by 
Dai et al. (2017) [48], who reported that N solubilization increased (up 
to 64% N contained in feedstock) with increasing concentrations of HCl 
added during HTT, achieving the maximum N release at lower HTT 
temperature. Similarly, Sarrion et al. (2021) [26] concluded that, under 
hydrothermal conditions, the most relevant factor on N solubilization of 
food waste was the acid addition (0.5 M HCl) rather than temperature, 
achieving almost 100% N solubilization at 170 ◦C. 

The nitrogen speciation (Org-N, NH4–N, NO3–N and NO2–N) in the 
PW after 60 min reaction time indicated that the concentration of 

Fig. 3. Mineral distribution after 60 min reaction time for acid-free and acid-assisted HTT.  

Fig. 4. Organic compounds detected in PW170, PW170-A, PW200, and PW200-A after 60 min reaction time.  
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detected species was equivalent to the nitrogen contained in the initial 
feedstock. Org-N was the largest in the process water, decreasing from 
71% in PW170 to 61% in PW230, respectively. NH4–N increased with 
the reaction temperature to 30% of the total nitrogen in process water. 
In all cases, an increase of reaction temperature showed a significant 
effect on the mineralization of Org-N to NH4–N, and this effect was 
enhanced under acidic conditions. The acid addition in the reaction 
improved the mineralization of Org-N to NH4–N up to 55% of the total 
nitrogen in process water. The NO2–N and NO3–N concentration was 
negligible and accounted <0.1% of the total nitrogen in the process 
waters. 

Fig. 2b shows the time course of phosphorus concentration (as 
PO4–P) in the process water. In the non-acidic HTT, the maximum PO4–P 
concentration (0.35–0.36 g/L, equivalent to 4.0–4.2 g/kg feedstock) 
reached at 200 and 230 ◦C after 60 min reaction time, around 30% 
higher than that obtained at 170 ◦C. Phosphorous in C-MBM is located in 
bones as inorganic phosphates, limited its releasing since these com-
pounds are very stable under conventional HTT conditions [15]. 
Acid-assisted HTT increased up to 10-fold the PO4–P solubilization in 
process water compared with non-acidic conditions. 

These values showed a positive effect on the solubilization of PO4–P, 
by action of acid in the reaction promoting the mineralization and sol-
ubilization of organic P (mainly contained in proteins and bones) to 
process water [26,49]. In this way, P contained in bones appears mainly 
as P-complex with Ca, being both highly soluble elements under acid 
conditions [48]. As reported Sarrion et al. (2021) [26] and Qaramaleki 
et al. (2020) [50], HCl-assisted HTT enhanced P solubilization (mainly 

as PO4–P) from food waste (⁓94% initially present P in the feedstock) 
and swine manure (⁓96% initial P), respectively, compared to con-
ventional HTT tests, achieving a maximum concentration when HCl 
concentration increased to 0.5 M. In this work, the maximum PO4–P 
concentration is obtained at PW170-A and PW200-A (≈3 g/L in both 
cases). However, increasing the temperature to 230 ◦C resulted in a 
decrease in PO4–P concentration, around 30% (≈1.9 g/L), which sug-
gests that at high temperatures, polymerization reactions are favored, 
leading to the bonding of P with the solubilized elements, keeping them 
retained within the bio-oil phase [51]. This decrease in PO4–P content 
together with the energetic cost of increasing the temperature to 230 ◦C 
led to discard these process waters (PW230 and PW230-A) to evaluate 
both nutrient recovery and methane potential. 

Fig. 3 shows the distribution of the main mineral elements (Al, Ca, 
Fe, Mg, Na and K) in the HTT products at 60 min of reaction. Metals such 
as Al, Fe, Ca and Mg did not suffer leaching to process water during non- 
acidic HTT and were retained in hydrochar structure [26,52]. Similar 
trend was observed in ash content (above mentioned) which did not 
present alteration during HTT process. Monovalent metals, such as Na 
and K, leached (70% and 85%, respectively) to the process water, while 
divalent and trivalent metals remain in the hydrochar, mainly due to the 
formation of insoluble P-complexes under hydrothermal conditions 
[51]. 

Acid-assisted HTT promoted the metal leaching to the process water. 
Monovalent metals were completely lixiviated, while divalent metals 
(Ca and Mg) were almost dissolved in the process water, highlighting 
that acid addition improves the degradation of the building components 

Table 2 
Organic compounds in process water from non-acidic and acid-assisted HTT.  

Number Compound Peak area 

PW170 PW170-A PW200 PW200-A 

1 2-Methyl-2-propanamine – – – 7.28⋅107 

2 Trimethylamine 7.25⋅107 – 8.56⋅107 – 
3 Butane – 4.96⋅107 – – 
4 2,3-Dimethyl pentanal 9.18⋅107 9.87⋅107 8.68⋅107 3.92⋅107 

5 2-Chloro acetamide 1.46⋅108 6.49⋅107 9.66⋅107 4.34⋅107 

6 Dimethyl disulfide 7.43⋅107 5.25⋅107 9.12⋅107 4.66⋅107 

7 Prednisolone acetate 1.57⋅107 – 4.27⋅107 – 
8 Phenyl ester carbamic acid – 6.97⋅107 – – 
9 Ethanethioamide 2.64⋅107 – 4.11⋅107 – 
10 Undecan-1-ol – 3.90⋅107 – 2.54⋅107 

11 2,3,6-Trichlorobenzaldehyde 1.75⋅107 6.06⋅106 2.22⋅107 1.05⋅107 

12 Hexadecen-1-ol – – – 6.06⋅106 

13 N-((7S)-5,6,7,9-tetrahidro-1,2,3,10-tetrametoxi-9- oxobenzo(a)heptalen-7-il)-acetamida 3.20⋅107 1.89⋅107 3.43⋅107 2.45⋅107 

14 1,3-Dioxolane 1.42⋅107 6.47⋅106 1.33⋅107 1.27⋅107 

15 Undecane 5.08⋅106 – 7.18⋅106 6.23⋅106 

16 Acetone – 4.52⋅107 – 2.98⋅107 

17 Ethylparaben – – – 1.02⋅107 

18 Dexamethasone 2-acetate 9.80⋅106 – 1.25⋅107 – 
19 2,4,6-Trimethoxyacetophenone 1.88⋅108 4.43⋅108 4.10⋅108 2.80⋅108 

20 t-Butylacetylene 1.35⋅107 8.37⋅106 1.15⋅107 5.53⋅106 

- relates to the compound was not detected. 

Table 3 
Characterization of process water before and after phosphorous recovery.   

PW170 PW200 PW170-A PW200-A PW170–S PW200–S PW170-A-S PW200-A-S 

pH 6.5 ± 0.1 6.8 ± 0.1 1.5 ± 0.1 1.8 ± 0.1 8.1 ± 0.1 8.3 ± 0.1 8.1 ± 0.1 8.2 ± 0.1 
SCOD (g/L) 75.2 ± 0.6 82.3 ± 0.1 64.3 ± 0.2 61.2 ± 0.4 74.1 ± 0.9 80.5 ± 0.3 64.7 ± 0.6 60.7 ± 1.7 
TS (g/L) 63.8 ± 0.7 65.9 ± 0.2 85.5 ± 1.1 81.0 ± 0.8 58.2 ± 1.1 61.0 ± 0.3 79.5 ± 1.0 75.5 ± 0.5 
VS (g/L) 55.2 ± 0.8 59.9 ± 0.4 55.2 ± 0.7 51.1 ± 1.0 52.3 ± 1.8 56.0 ± 0.0 50.7 ± 1.0 47.6 ± 1.4 
TKN (g/L) 8.7 ± 0.1 9.0 ± 0.1 9.6 ± 0.1 9.5 ± 0.1 8.1 ± 0.2 7.4 ± 0.2 8.7 ± 0.1 7.6 ± 0.1 
Org-N (g/L) 7.7 ± 0.1 7.0 ± 0.1 8.0 ± 0.1 7.1 ± 0.1 7.5 ± 0.2 6.8 ± 0.2 8.3 ± 0.2 7.0 ± 0.1 
NH4–N (g/L) 1.0 ± 0.1 1.9 ± 0.1 1.5 ± 0.1 2.3 ± 0.1 0.6 ± 0.0 0.6 ± 0.1 0.4 ± 0.0 0.6 ± 0.0 
NO3–N (g/L) 0.03 ± 0.0 0.05 ± 0.0 0.05 ± 0.0 0.06 ± 0.0 0.02 ± 0.0 0.05 ± 0.0 0.05 ± 0.0 0.05 ± 0.0 
NO2–N (g/L) <0.01 ± 0.0 <0.01 ± 0.0 <0.01 ± 0.0 <0.01 ± 0.0 <0.01 ± 0.0 <0.01 ± 0.0 <0.01 ± 0.0 <0.01 ± 0.0 
PO4–P (g/L) 0.3 ± 1.6 0.4 ± 1.2 3.0 ± 1.2 3.0 ± 1.3 <0.1 ± 0.0 <0.1 ± 0.0 1.0 ± 0.2 0.5 ± 0.1 
Ca (g/L) 0.7 ± 0.0 0.3 ± 0.0 3.5 ± 0.1 3.9 ± 0.1 <0.1 ± 0.0 <0.1 ± 0.0 0.1 ± 0.0 0.1 ± 0.0 
Mg (g/L) <0.1 ± 0.0 <0.1 ± 0.0 0.1 ± 0.0 0.4 ± 0.0 <0.1 ± 0.0 <0.1 ± 0.0 4.3 ± 0.2 1.5 ± 0.1  
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of the bones structure to the process water (see Table 1 and Fig. 3). 
Fig. 4 and Table 2 show the main organic compounds in PW and PW- 

A at 170 and 200 ◦C. The increase of temperature reduced the presence 
of short chain organic compounds and increased the amount of long 
chain compound (e.g. 2,3-dimethyl pentanal) and aromatic species (e.g. 
1,3-dioxolane). It is associated with the reaction pathways during con-
ventional HTT, which include hydrolysis, dehydration, decarboxylation, 
condensation, polymerization, and aromatization reactions [29]. 
Furthermore, the compounds identified were similar to those observed 
in process waters from the HTC of cellulose and carbohydrates [53,54]. 
In the case of PW-A, long chain compounds and aromatic species 
decreased or were totally removed, indicating that the addition of acid 
favored their hydrolysis into short-chain compounds. Other compounds 
such as amines (e.g. trimethylamine), steres (e.g. phenyl ester carbamic 
acid), and sulphides (e.g. dimethyl disulphide) detected in acid-free 
process water were substantially removed or hydrolyzed in PW-A. 
Amine degradation under acidic conditions is associated with an in-
crease in the NH4–N content in PW-A. 

Likewise, compounds such as aldehydes, alcohols, or acetone, not 
detected in process water from non-acidic HTT, appears in process water 
from acid-assisted HTT. Noteworthy that complex compounds related to 
drugs or antibiotics used in animal husbandry (prednisolone acetate, 
dexamethasone 2-acetate) were detected in process water from con-
ventional HTT but were not detected in process water from acidic HTT 
(Fig. 4) probably due to the severity of HTT process at acidic conditions. 

3.3. Phosphorous and nitrogen recovery from process water 

Process water from non-acidic and acid-assisted HTT were charac-
terized before and after nutrient recovery stage. Table 3 collects the 
main characteristics of process waters (PW, PW-A, PW-S and PW-A-S). 
Acid-free PW and PW-A obtained at 230 ◦C were discarded for pre-
senting the lowest P concentration. 

As expected, the PW-A presents low pH (<2), while acid-free PW 
shows close to neutral pH (≈7). This pH difference has a remarkable 
impact on the solubilization of metals. The solubility product of metals 
increases at acidic pH values, which has already been observed in the 
distribution of nutrients and metals (see Figs. 2 and 3). The content of 
Ca, Mg and P in PW-A was remarkably higher than in acid-free PW 
(Table 3). Likewise, the nitrogen content (TKN and NH4–N) was slightly 
high in PW-A than in acid-free PW, with a minimum contribution of 
NO3–N and NO2–N (being <0.1 g/L in all cases, which represents less 
than 1% of total dissolved nitrogen). 

PW and PW-A, except those obtained at 230 ◦C as previously 
mentioned were subjected to nutrient recovery to produce struvite. After 
nutrient recovery stage the phosphorus and nitrogen content were 
reduced up to 95 and 51%, respectively. In addition, Ca and Mg content 
was almost removed in PW-S, which also affects the TS content, reduced 
on average around 10%. The nitrogen content (TKN and NH4–N) also 
decreased, mainly due to the removal of NH4–N (which participated in 
the formation of struvite; (NH4)MgPO4⋅6H2O), while the Org-N 
remained unchanged. 

Table 4 and Fig. 5 show the mineral and heavy metals content and 
diffraction patterns of solid precipitates. Although the solids recovered 
from PW170 and PW200 (ST170 and ST200) were rich in P and Mg, the 
crystalline structure of these materials did not present a defined shape. 
The amorphous shape of ST170 and ST200 was probably caused by the 
high concentration of Ca (≈71 and 106 g/kg, respectively), which could 
indicate the formation of calcium phosphate salts, such as apatite or 
hydroxyapatite instead of struvite [55]. Similar results were observed 
for ST200-A, where the peaks resembled apatite more than struvite [56], 
which is corroborated by the higher Ca than Mg content. On other hand, 
the structure of ST170-A presented clear crystalline peaks similar to pure 
struvite [56] and higher content of PO4–P (126 g/kg) and Mg (100 
g/kg). The N/P/K content of the solids was in the range of 
1.3–2.3/7.2–12.6/0.1–0.5. However, the recovery yield of ST170-A and 
ST200-A (201–204 g solid per kg dry C-MBM) was more interesting 
compared to that of ST170 and ST200 (20–23 g solid per kg dry C-MBM). 
Additionally, the nutrient recovery step did not result in a precipitate 

Table 4 
Mineral and heavy metal content of struvite-like solids.  

Mineral metals (g/kg) ST170 ST200 ST170-A ST200-A 

Na 5.0 0.8 2.6 13.6 
Ca 70.9 1.5 4.3 117 
K 1.3 4.4 4.7 2.7 
Mg 157 147 100 14.6 
P 72.0 189 126 132 

Heavy metals (mg/kg) 
Cd 0.1 0.1 <0.01 0.1 
Cr 10.6 14.7 4.3 33.4 
Cu 5.6 0.4 0.8 1.0 
Ni 17.1 1.2 1.3 2.6 
Pb 5.3 2.8 0.8 2.5 
Zn 659 214 19.4 253  

Fig. 5. X-ray diffractogram and nutrients content of struvite-like solids.  

Fig. 6. Methane production and SCOD removal. Symbols represent experi-
mental values and solid lines indicate theoretical values (first-order equation) 
for methane production. Symbols and dash lines correspond to experimental 
SCOD time course. 
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with a high organic matter (ranging from 1.8 to 2.6% in all cases) and 
heavy metal content. The heavy metals content in the precipitated solids 
showed values below those established in the Regulation (EU) 
2019/1009 [57], for the use of mineral fertilizers on agricultural soils. 

3.4. Anaerobic digestion of secondary process water 

Fig. 6 shows the SCOD removal and methane production along 
anaerobic digestion of PW170–S, PW200–S, PW170-A-S, and PW200-A- 
S. A rapid decrease in SCOD (15–20%) and an increase of methane 
production (85–150 mL STP CH4/g CODadded), related to easily assimi-
lated soluble compounds, mainly as acetate (650 mg COD/L), were 
observed in the first days. The methane production was around 
250–305 mL STP CH4/g CODadded with a SCOD removal between 50 and 
75%. According to these values, the increase in temperature and the 
acidic HTT conditions showed a detrimental effect on the methanogenic 
microorganisms, reflected in the lower methane production and organic 
matter removal. Furthermore, the increase in temperature played a 
more outstanding role than the addition of acid, since the highest 
methane production and the organic matter removal were determined in 
the process water obtained at the lowest temperature tested. 

The experimental methane production fitted adequately to a first- 
order kinetic model (Fig. 6, Table 5) since no lag phase was observed 
at the beginning of the test, which indicates that it is a substrate with a 
high content of biodegradable organic matter. The low presence of 
recalcitrant compounds is associated with the negligible carbohydrate 
content as well as the high protein and fat content of C-MBM. According 
to Yang et al. [58] recalcitrant compounds are generally formed by 
Maillard reactions between an amino acid and a carbohydrate, which 
due to the nature of C-MBM discourages the formation of recalcitrant 
compounds that usually inhibit methanogenic microorganisms. This is 
evidenced by the analysis of the diversity of organic compounds in the 
process water (see Table 2 and Fig. 4). The process water is rich in alkyl 
compounds and has a low content of aromatic compounds. The kinetic 
constant (k) was in the range of 0.05–0.059 d− 1, while Mannarino et al. 
(2021) obtained 0.105 d− 1 from process water of food waste composed 
mainly of fruits and vegetables [59]. Considering the theoretical 
methane production and the high organic matter content of the process 
water, around 20–23 L CH4 STP/kg C-MBM were obtained. 

4. Conclusions 

Hydrothermal treatment is presented as a potential technology to 
valorize meat and poultry bone meal waste. Conventional HTT produced 
a hydrochar with poor characteristics to be used as biofuel, while acid- 
assisted HTT yielded a bio-oil with high HHV and suitable characteris-
tics to be used as an alternative biofuel. Acid-assisted HTT almost 
completely promoted the solubilization of phosphorus, calcium, mag-
nesium, and nitrogen in the process water. The solid precipitated by 
addition of a Mg salt showed a crystalline structure in a struvite-apatite 
mixture. Anaerobic digestion of the process water allowed removal of up 
to 75% organic matter and high methane production (250–305 CH4 
STP/g CODadded) with a better performance for process water obtained 

at 170 ◦C. The treatment of chicken meat and bone meal waste by HTT 
represents a new management pathway for material and energy valo-
rization in a circular economy framework. 
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