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Abstract

Hydrothermal carbonization was evaluated as a food waste valorization strategy to obtain a
solid fuel (hydrochar) and to recover nutrients (P, N and K). In the hydrothermal treatment,
variables such as temperature (170 - 230 °C), reaction time (5 - 60 min) and the addition of
HCI to the reaction medium (0.1 - 0.5 M) were analyzed. Compared to the feedstock, the
hydrochars showed an increase in fixed carbon (> 45 %), a decrease in volatile matter (< 65
%) and ash content (< 7 %), and high higher heating value (18.6 - 26.2 MJ/kg), which allows
their direct application as solid fuel for industrial application, according to 1SO 17225-8. The
hydrochars obtained in the absence of HCI showed a high P and N content, around 75 and 40
% of the feedstock content. Acid mediated treatment with HCI allowed solubilizing most of
the N and P in the process water (98 % P, as POs-P, 98 % K and almost the total N content,
being 16 % NH4-N and the rest organic N), operating at 170 °C for 60 min and incorporating

0.5 M HCI.

Keywords: Biomass valorization, hydrochar, hydrothermal carbonization, nutrient recovery,

food waste, solid biofuel.
1. Introduction

Currently, one of the most worrying social problems focuses on the inadequate management
of waste generation, which causes several negative impacts on the environment such as soil

and water pollution, excessive depletion of natural resources, degradation of ecosystems and a
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progressive worsening of the health [1]. In 2019, more than 2,000 million tonnes of municipal
solid waste (MSW) were generated worldwide and it is estimated to increase up to 70 % by
2050, with 44 % corresponding to the organic fraction of municipal waste (OFMW), mainly
composed by food waste [2]. This high increase is attributed to rapid population growth, high
urban overcrowding or an inefficient production system that shortens the lifetime of the
materials [3]. The current European legislation in terms of biowaste management establishes
some actions to minimize their impact on environment through a circular economic policy
based on the reduction of the carbon footprint of waste through useful knowledge of eco-

friendly management [4].

Food waste consist mainly of organic compounds and mineral salts [5], including a significant
concentration in essential nutrients (mainly phosphorus, nitrogen and potassium), whose
scarcity in natural sources makes it necessary to find new ways of recovery [6]. These
nutrients are the main components of any fertilizer for agricultural application [7], crucial to
attend the needs of the huge population growth in the coming years (up to 9,700 million
people in 2050) [8]. Furthermore, the opportunity to recover nutrients from food waste is
coupled with the achievement of the current European Directive 2018/851, focused on
recovering more than 50 % of biowaste-based materials through recycling by 2025 and

managing them through a non-conventional alternative to landfilling.

In addition to biological processes (mainly composting and anaerobic digestion),
thermochemical conversion represent a feasible route for handling food waste. In this
framework, hydrothermal carbonization (HTC) emerges as a technology that allows the
recovery of nutrients from biowaste with a high degree of moisture together with a subsequent
energy valorization of the feedstock. HTC is an exothermic thermochemical process in which
the wet feedstock is treated at 170-250 °C and with low residence times (5-240 min) under

self-generated pressure. Though hydrolysis, condensation, aromatization, dehydration and
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decarboxylation reactions, a carbon-rich solid product, known as hydrochar (HC), with fuel
properties similar to those of lignite, a process water (PW) containing inorganic salts and
organic compounds, and a gaseous stream consisting mainly of CO> are obtained [9]. Due to
the physical and energetic properties of hydrochar, its main potential applications include its
use as solid fuel [10,11], catalyst support [3,12], activated carbon precursor [13,14], soil
amendment [15], energy storage in batteries, fuel cells or supercapacitors [16,17], as well as

being used directly as an alternative nutrient source [18].

Table 1 provides information on nutrient recovery from biomass waste. The simplest strategy
is based on direct acid washing of biomass [19,20]. Some authors have examined the
possibility of HTC-mediated nutrient recovery from biomass as a strategy to promote nutrient
leaching to the PW [21,22] or their concentration in HC [18,23]. Acid-mediated HTC as an
option to facilitate the release of N and P from biomass has been scarcely studied despite
interesting results obtained by Dai et al. [24], Ekpo et al. [25] and Qaramaleki et al. [26]. In
this sense, the aim of this work is to study the fate of nutrients (N, P and K), in the HC and
PW obtained in the HTC of food waste at various temperatures (170-230 °C), residence times

(5-60 min), including the possibility of adding HCI (0.1-0.5 M) during carbonization process.

2. Materials and methods

2.1. Food waste

Food waste was collected from a local management plant operating in a food distribution
platform (Madrid, Spain). The raw food waste was grinded and stored in 1.5 kg portions at -
20 °C to facilitate its preservation. In each experiment, moisture of defrosted portions of food

waste was measured (91 - 93 wt. %). Table 2 shows the main characteristics of the feedstock.

2.2. Hydrothermal carbonization experiments
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Hydrothermal experiments were carried out in an electrically heated ZipperClave stirred
pressure vessel (4 L). In each run, the reactor was loaded with 1.5 kg of defrosted feedstock.
The operating temperature (170-230 °C) was reached by heating the reactor at a rate of 3 °C
mint and holding the selected temperature for 1 h. The effect of temperature and HCI
addition (0.1-0.5 M) was studied using response surface methodology based on a fractional
factorial design with a duplicate central point. Using Minitab 19 software, 3 acid-free
experiments and 6 acid-mediated experiments (4 factorial points and 2 replicates of the central

point) were generated. Each experiment was performed by duplicated.

Samples of process water (40 mL) were withdrawn from the reactor at 5, 15, 30 and 60 min
using a sample collection system. The reaction was stopped after 60 min by cooling with an
internal heat exchanger using tap water. The slurry (HC and PW) was then separated by
filtration using 250 um membrane vacuum filters. HC was obtained by oven drying the solid
fraction overnight at 105 °C with subsequent grounding and sieving to a particle size between
100 and 200 um. The PW was filtrated through 0.45 um Scharlab glass filters and stored at 4
°C. The mass yield of HC (Ync) was defined as the weight ratio of recovered HC (WHc) to

food waste feedstock (Wrw) on a dry basis (equation 1).
Yie (%) = Wye/Wew) - 100 1)

The yield of PW (Ypw) was calculated as the ratio of the volume of PW recovered (Vpw) to

the liquid volume of the raw food waste (Vrw) (equation 2).
Yow (%) = (Vpw /Vrw) - 100 2
2.3. Phosphorus, nitrogen and potassium leaching from the hydrochar

A sample of HC (10 g) from acid-free HTC (170-230 °C) was treated with 100 mL of 0.5 M
HCI using an orbital shaker for 2 h for the extraction of P, N and K. The resulting leachate

and washed HC were separated by vacuum filtration for further analysis.
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2.4. Analytical methods

The elemental composition (C, H, N and S) of the PW, leachate and HC samples (including
washed HC) was determined on a CHNS analyzer (LECO CHNS-932). Oxygen content was
calculated by difference. Proximate analysis was performed according to ASTM methods
D3173-11, D3174-11, and D3175-11, to determine moisture, ash, volatile matter (VM) and
fixed carbon (FC) content (by difference). The HHV of dried solid samples was determined
using equation 3, a correlation for calculating HHV from elemental composition (in

percentage) according to Channiwala and Parikh [27].

HHV (MJ/kg) = 0.349 C + 1.178 H + 0.100 S — 0.1030 — 0.015N — 0.021Ash  (3)
The concentration of other mineral elements was quantified by inductively coupled optical
emission spectroscopy (ICP-OES) on a ThermoFisher Scientific IRIS INTREPID Il XDL
instrument. A known volume of liquid sample was digested with 10 mL of concentrated
H2SOs in the presence of a copper-based catalyst to determine the ammonium (NH4-N) and
organic nitrogen (Org-N) content (which is converted to ammonium) by the Kjeldahl method.
The digested samples were mixed with NaOH (6 N, PanReac) to convert ammonium to
ammonia and then distilled into 50 mL H3BOs solution, which was titrated with H.SO4 (0.02
N, PanReac) to measure the total Kjeldahl nitrogen (TKN). To determine the NH4*-N content,
aliquots of PW samples were used directly in the distillation step without prior digestion.
Subsequently, titration was carried out as the determination of TKN. Nitrite (NO2) and nitrate
(NO3s") were quantified on a Dionex ICS-900 ion chromatograph with chemical suppression
and fitted with a Dionex lonPac AS22 4 x 250 mm column, using a 1 mL min"* mobile phase
1.4/4.5 mM of NaHCO3 and Na,COs, respectively. Ortho-PO4> in the PW and leachates was
analysed photometrically with a Hach Lange LCK350 cuvette test. On the other hand, the
Standards Measurements and Testing (SMT) protocol [28] was applied in washed HC to

analyze its residual P speciation. Total P was extracted by mixing 0.2 g of HC (previously
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calcinated for 3 h at 450 °C) with 20 mL of HCI 3.5 M under continuous stirring for 16 h at
room temperature. Ortho-PO4* was extracted by mixing 0.2 g of HC with 20 mL of 1 M HCI

under continuous stirring for 16 h at 25 °C.
3. Results and discussion
3.1. Characterization of raw food waste and resulting hydrochar

Table 2 shows the proximate and final analysis of the feedstock and HC resulting from the
HTC after 60 min. The crude food waste contains 7.2 wt.% solid content, low fixed carbon
(FC) content due to the high amount of volatile matter (VM) derived from the high content of
organic compounds in the feedstock [29]. HHV was in the range of biomass fuels (15-20

MJ/kg) due to its low carbonaceous composition and high oxygen content [30].

With regard to hydrochars, the HC yield showed a remarkable decrease with increasing
carbonization temperature, especially in the presence of HCI and temperatures above 170 °C
(Table 2), which promote degradation reactions and solubilization of organic matter to the
PW [23,31]. The FC of HC increased with carbonization temperature, as a consequence of the
volatilization of oxygen-containing functional groups, which may allow for a more constant
and stable flame during combustion and a higher fuel firing temperature [32]. The ash content
in HC obtained in the absence of acid increased with increasing temperature, because the
inorganic compounds present in the feedstock remain in the solid phase after heat treatment.
In HCIl-mediated HTC, the HC have lower ash content as they solubilize in the process water,

improving the suitability of the acid-washed coal for use as clean fuel.

The elemental composition of the HC shows an increase in carbon content and a decrease in
oxygen content with carbonization temperature and acid concentration used. The hydrogen
content was not affected by temperature or acid addition, so the O/C and H/C atomic ratios

decreased, indicating an increase in the degree of carbonization of the HC, due to dehydration,
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carboxylation and condensation reactions [13]. The sulphur content remained below 0.3 wt. %
in all cases. The HHV of HC was similar to that of lignite [33]. Thus, the HHV of HC from
acid-free HTC gradually increased with temperature to values 25 % higher than that of the
feedstock. In acid-mediated carbonization, a significant increase in HHV was observed,
reaching a value of 26.2 MJ/kg using a temperature of 230 °C and 0.5 M HCI, related to the
low yield at HC (27.2 wt. %). The HHV values were comparable to those obtained from other
food waste [34] or different bio-waste such as pig manure [25], sewage sludge [35] and
pruning waste [11]. The fixed C content of HC obtained with HCI addition, and the reduced
values in N, S, and ash content allow meeting the current parameters of energy recovery from

biomass, according to 1ISO 17225-8, as a promising alternative biofuel.
3.2. Nutrient recovery from hydrochar

The HC obtained by plain HTC were washed with HCI to extract P and N. Fig. 1 shows the
distribution of total P (as POs%*), N and K extracted in the leachate, as well as the content of
these nutrients retained in the washed HC, and the corresponding recovery of P, N and K in
the leachate with respect to the raw feedstock. The resulting HC retained 64.2, 93.8 and 99.8
% of the P initially present in the food waste at 170, 200 and 230 °C, respectively. The
increase in P concentration with carbonization temperature could be related to the
precipitation in the HC of insoluble PO4* salts formed by cations present in the PW such as
Ca?*, Mg?*, AI**, Fe?* (see Fig. 3). HCI washing of these HC resulted in the release of 66 - 74
% of P from the HC. This contribution together with the existing P in the PW accounts for a
recovery of 80 % of the initial P in the food waste working at 170 °C. Similar recovery was
achieved by direct acid washing of fresh sewage sludge with 1 M H>SO4 for 2 h (65 % P

recovery) [20], or from dried pig manure with 0.04 M HCI for 1 h (88 % P recovery) [19].
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Nitrogen and potassium, however, were mainly concentrated in PW, with only 32.7, 38.9 and
40.6 wt. %, and 14.1, 22.8 and 24.6 wt. %, being retained in HC at 170, 200 and 230 °C,
respectively. In contrast to P, acid washing of HC did not favour the release of N by acid
extraction, with a small contribution in the range 8.7 - 16 %, compared to the N content of
food waste. This behaviour could be related to the initial speciation of N in the raw feedstock,
where proteins are hydrolyzed to amino acids under HTC conditions, to be released to the
PW. In addition, a higher nitrate content than ammonium causes strong N bonds with solved
compounds promoting salt precipitation in HC [36—38]. Therefore, a N and K recovery
around 77 and 93 %, respectively, present in the raw food waste was concentrated in the

aqueous phase, irrespective of the carbonization temperature.
3.3. Nutrient recovery from process water
3.3.1. Fate of phosphorus

Fig. 2a shows the evolution of the P concentration in the PW, which is in all cases in the form
of PO4*, throughout the HTC process. In the absence of acid, the P concentration reached its
maximum at 5 min of reaction, reaching a significantly higher value in the carbonization
carried out at 170 °C (0.2 g P/L), equivalent to 2.3 g P/kg food waste. From that time
onwards, the P concentration decreased progressively at the tested temperatures, which is
attributed to the integration of P in the HC by precipitation of PO4* with dissolved metallic
elements along the reaction [39]. Fig. 3a,b shows the time evolution of the main dissolved
cations, Ca?*, Fe?*, Mg?* and AI**, in the reaction medium for the HTC reactions performed at
170 and 230 °C, respectively. At the lowest temperature (170 °C), mainly the decrease of Ca?*
and P concentration was observed, indicating the formation of calcium phosphate salts, which
precipitates in the HC. At 230 °C, the decrease in Ca?* concentration is much smaller, as is

the concentration of PO4% in the PW.
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In HCI-mediated HTC (Fig. 2b), P concentration in the PW decreases with increasing
temperature and, for the same temperature, increases with increasing HCI concentration. The
addition of mineral acids in the HTC process has been beneficial for P extraction to PW in the
hydrothermal treatment of pig manure [25] and cow manure [26]. The positive effect of HCI
addition on P extraction decreases significantly with increasing temperature from 170 to 200
°C and above. In the 170 °C test with 0.5 M HCI, a P concentration of 0.44 g/L (equivalent to
4.9 g P/kg food waste) was observed in the PW, a value three times higher than that obtained
in the experiments without acid addition at the same temperature. In the 0.5 M HCI mediated
carbonization at 170 °C (Fig. 3c), the concentration of Ca?* and Fe?* increases throughout the
reaction favouring the presence of P in the PW. At 230 °C (Fig. 3d) this trend is not observed,

maintaining these cations at a almost constant concentration.

Fig. 4a shows the response surface of total TP recovery (as PO4-P) versus temperature and
acid concentration at 60 min, the time at which the highest P concentration is reached in the

PW. The evolution of the P recovery was fitted to equation 4:
TP =2.8283 —-0.01239-T —0.708-C + 0.00725-T-C 4)

where T is the HTC temperature (°C), C is the HCI concentration (M) and TP is the fraction of
P recovered in the PW. A diagnostic analysis (R? (99.93 %) and p-value (< 0.05)) validated
the model and showed that the correlation was well fitted and adequate to predict an evolution
of P recovery, close to that obtained with the experimental results. P recovery increased with
decreasing temperature and increasing HCI addition, reaching a 98 % recovery of P from food
waste at 60 min for 0.5 M HCI-mediated HTC at 170 °C. In the non-acid experiments, P
recovery significantly decreased (32.9 % P recovery in PW at 170 °C). The P recovery
obtained using 0.5 M HCl is significantly higher than that obtained with food waste (70 % P

recovery at 225 °C) [21], and even higher than those obtained for other P-rich biowaste such
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as sewage sludge (82 % P recovery after HTC at 230 °C) [40] or manure (92 % P recovery

after HTC mediated by 0.1 M H,SOg4 at 170 °C) [25].

3.3.2. Fate of nitrogen

A complementary analysis on N recovery in the PW was performed. Fig. 2c,d shows the
evolution of the N concentration in the PW resulting from acid-free and HCI-mediated HTC,
respectively. In the acid-free experiments (Fig. 2c), the N concentration in the PW was similar
after 5 min of reaction at the three temperatures studied (1.8 g N/L), with a slight decrease of
this concentration over the reaction time in the PW obtained at 200 and 230 °C. This fact
could be attributed to the related effective adsorption properties of HC, causing the sorption

of nitrogen-containing substances at higher temperature and reaction time [41,42].

In the case of HCI-mediated HTC (Fig. 5b), a noticeable effect of acid on the increase of N
concentration in the PW was observed because of the hydrolysis of nitrogen-bearing organic
compounds [25, 29]. With the lowest HCI addition (0.1 M), the maximum N concentration in
the PW occurs at 170 °C, highlighting that an increase in HTC temperature is not associated
with an increase in N leaching, while practically the same results, in terms of N concentration
in the aqueous phase, were obtained along HTC at 170 and 230 °C with 0.5 M HCI. In these
latter conditions, N concentration in the PW reaches 2.8 g/L (corresponding to 30.4 g N/kg
food waste), showing no significant differences along time. The positive effect of acid
addition during HTC was previously observed by Dai et al. [24], who studied HCI-mediated
manure HTC, achieving 64 % initial N concentration in the PW at the optimal operating
conditions (190 °C and 0.6 M HCI) versus 39 % initial N recovery at 190 °C in the absence of

acid.

The analysis of the N compounds present in the PW (Fig. 5) showed that the majority

nitrogen species, in the reaction carried out in the absence of acid, were nitrate (74-78 %) and



240

241

242

243

244

245

246

247

248

249

250

251

252

253

254

255

256

257

258

259

260

261

262

263

ammonium (21-23 %), regardless of temperature employed. In the acid-mediated reactions,
the N concentration in form of nitrogen-bearing organic compounds increased up to 55 % at
170 °C and 0.5 M HCI, which could mainly be amino acids from hydrolysis of proteins, and
their subsequent decomposition to NH4-N under hydrothermal conditions [24,36,43]. In the
reactions with the highest HCI concentration (0.5 M), the presence of nitrate decreases
significantly (24-27 %) and practically no nitrite is observed (< 0.1 %), so they have not been

considered in the following analysis.

Again, Fig. 4b,c shows the response surface of N recovery in process water (as total nitrogen
and as ammonia nitrogen) at 60 min of reaction. Equations (5) and (6) describe the evolution
of total N and, also, NHs-N recovery in PW as a function of temperature and HCI
concentration. The statistical parameters obtained (p < 0.05 and R? > 99.7 %) validate the

response surfaces shown.
TN =1,26 —-0,0026-T—-0,46-C +0,005-T-C (5)
TNH,— N =0,18—-0,00015-T -0,23-C +0,0015-T-C (6)

where, TNL and TNH4-N the fraction of total N and NH4, as N concentration, recovered in the

PW, respectively.

As can be seen, the HCI concentration is crucial in the release of N to the PW. The maximum
N recovery in the PW is achieved with 0.5 M HCI-mediated HTC at 170 °C, being slightly
higher than that obtained with 0.5 M HCI at 230 °C. However, only 16 % of the TN was
recovered as NHs-N, because the corresponding transformation of the released organic N to
NHa is favoured with reaction time and HTC temperature. In this sense, at 230 °C and 0.5 M
HCI the amount of NH4-N in the PW increased by about 7 % over the reaction time, being 22
% higher than that obtained when the temperature was 170 °C. Then, HCI-mediated HTC of

food waste seems to be a promising process allowing improved N recovery compared to other
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biomasses such as manure, treated by Szogi et al. [19] with direct acid washing with HCI at
ambient conditions (47 % N recovery) or, more recently, by Dai et al. [24] in HCI-mediated
HTC of cow manure at 190 °C for 12 h (recovered 63 and 45 % of total N and NHas-N,

respectively).
3.3.3. Fate of potassium

The highest K extraction in PW was observed at the lowest temperature (170 °C), and its
concentration increased with reaction time in all cases. These results were expected due to the
high solubility of K in water. Acid-mediated HTC enhanced the solubility of K in PW, with
the highest K concentration being obtained at 170 °C using 0.5 M HCI (37.5 g K/kg food
waste). The response surface study for K recovery (Fig. 4d) yielded equation 7 (p < 0.05 and

R2 > 99.7 %).
TK = 1,11 — 0,00093 - T — 0,26 - C + 0,0019-T - C (7)

where TK is the fraction of total K recovered in the PW. As can be seen, K was almost
completely extracted (more than 90 % of the initial K) for any of the temperatures and acid
concentration used, the latter being the most relevant variable. The highest K recovery in the
PW (98 % of the K in the feedstock) was achieved with 0.5 M HCI-mediated HTC,

irrespective of the temperature used.
4. Conclusions

Hydrothermal carbonization emerges as an interesting way to valorize food waste into solid
biofuels, also allowing nutrient (N, P and K) recovery. Solubilization of nutrients by plain
HTC was temperature dependent. In general, a soft temperature (170 °C) is recommended to
improve the nutrient recovery in aqueous phase after optimal reaction time of 60 min.

However, the addition of HCI during hydrothermal carbonization was crucial to maximize the
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recovery of N (mostly formed by organic-N and NHa), P (in form of POs*) and K directly in

the process water.

Additionally, HTC technology allows to obtain hydrochar with attractive characteristics to be
used in industry as solid biofuel. Thus, these results suggested that HTC mediated by HCI
simultaneously facilitate nutrient recovery from food waste and upgrade the resulting

hydrochar.
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Highlights

Promoting the nutrient recovery from food waste through hydrothermal carbonization
(HTC).

e Acid-mediated HTC improved hydrochar properties as a solid fuel.

e Low HTC temperature (170 °C) and acid-mediated (0.5 M HCI) HTC favoured nutrient
extraction to process water.

e Acid-mediated HTC increased the extraction of N and P as NHz-N and PO4-P.
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444 Table 1. Summary of optimal operating conditions and recovery percentage (in dry basis) of nutrients from biomass waste.

Nutrients in Nutrient
feedstock Operating conditions recovery Reference
Treatment  Waste biomass
(%) (%)
N P K  Time(min)/ T (°C)/Acidreagent N P K -
Pig manure 08 04 - 1/25/ HCI0.04 M 47 88 - Szdgi et al., 2015
Acid wash
Sewage sludge - 1.5 - 2/100/H,SO41 M - 65 - Shiba et al., 2017
Food waste 32 04 05 241225/ - 50 70 96 Idowu et al., 2017
HTC
Microalgae 97 22 05 1/250/- 63 39 100 Ekpo et al., 2015
HTC + Acid Pig manure 49 1.7 - 2/250/HCI0.4 M - 89 - Heilmannetal., 2014
wash Sewage sludge 3.7 3.1 - 2/190/ Citric acid 2 M - 9% - Becker et al., 2019
Acid- Cow manure 1.7 13 04 12/190/HCI0.6 M 64 96 90 Dai et al., 2017
mediated Pig manure 30 16 12 1/220- 250 / H2SO4 0.1 M 75 77 100 Ekpo et al., 2016
HTC Animal manure 18 04 04 0.1/170/ Citricacid 0.3 M 60 98 - Qaramaleki et al. 2020
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447 Table 2. Main characteristics of feedstock and hydrochar from HTC (dry basis)

Proximate analysis (wt. %) Ultimate analysis (wt. %) e

Sample T-HCI (MJ/kg)
Yield FC VM Ash C N S H o?

Food waste - 13.3+0.2 67.6+0.1 11.8+0.1 44.5+0.3 3.1+0.2 0.2+0.0 6.1+0.8 34.3+0.2 18.9+0.1
170°C 80.4+0.5 16.2+0.3 60.1+0.2 12.6+0.2 46.2+0.3 1.7+0.1 0.2+0.0 5.9+0.2 33.4+0.2 19.4%+0.2
" 200°C 67.7x2.2 19.0£0.4 57.8+1.6 13.6x0.3 48.6+0.1 2.0+0.2 0.2+0.0 5.720.2 29.4+0.2 20.3+0.2
e 230°C 61.2+1.6 21.0+0.9 56.2+0.2 14.3+0.2 54.840.9 2.3+0.3 0.2+0.0 6.1+0.1 23.2+0.1 23.7+0.1
170°C-0.1 M 555+1.2 21.0+0.5 62.7+0.2 7.8+0.2 458+0.1 1.2+0.0 0.2+0.0 5.7#0.2 39.3+0.2 18.6+0.2
170°C-0.5M 28.0+0.6 28.2+0.2 53.4+0.9 6.4%0.1 56.1+0.2 0.3+0.0 0.3x0.0 6.0+£0.2 30.9+0.2 23.3+0.2
" 200°C-0.3 M 39.240.8 39.5+2.3 41.7+1.1 7.5+0.4 54.0+0.1 1.2+0.0 0.3x0.0 6.0+0.1 31.0+0.1 22.6%0.1
AT 230°C-0.1M 48.2+1.8 44.9+0.1 41.5+0.2 6.8+0.3 56.1+0.1 2.2+0.1 0.3+0.0 5.9+0.2 25.840.2 23.7%+0.2
230°C-0.5M 27.242.3 48.9+0.3 35.5+0.2 4.7+0.4 62.1+0.2 0.5+0.0 0.3x0.0 6.2+0.2 26.2+0.1 26.2+0.1

448 2 by difference
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454  Fig. 2. Time course of phosphorous, nitrogen and potassium in the process water along HTC

455  reaction (a, ¢ and e) and HCI-mediated HTC reaction (b, d and f).
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Fig. 3. Time course of the main cations in the process water along HTC carried out at 170 °C
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462  Fig. 4. Response surface of (a) phosphorus (in form of ortho-phosphate), (b) nitrogen, (c) NHs-

463 N, and (d) potassium recovery in process water at 60 min of HCI-mediated HTC.
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466 Fig. 5. Distribution of nitrogen species in process water after HTC reaction.



