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A B S T R A C T   

Organic fraction of municipal solid waste is a type of biomass that is attractive due to its marginal cost and 
suitability for biogas production. The residual product of organic waste digestion is digestate, the high moisture 
content of which is a problem, even after mechanical dewatering, due to the significant heat requirement for 
drying. Hydrothermal carbonisation is a process that can potentially offer great benefits by improved mechanical 
dewatering and valorisation of the digestate into a better-quality solid fuel. However, such valorisation produces 
liquid by-product effluent rich in organic compounds. Membrane separation could be used to treat such effluent 
and increase the concentration of the organic compounds while at the same time facilitating the recovery of clean 
water in the permeate. This work presents the results of the investigation performed using polymeric membranes. 
The study showed that membrane separation keeps a significant fraction of organics in the retentate. Such 
concentration significantly increases the biomethane potential of such effluent as well as the energy that could be 
theoretically used for the generation of process heat using the concentrated retentate in the wet oxidation 
process.   

1. Introduction 

Biogas plants are typically associated with lower thermo-ecological 
costs when compared to other renewable energy sources [1], espe-
cially for intermittent energy sources like wind without proper energy 
storage [2]. Moreover, integrating biogas plants with intermittent 
renewable energy sources (e.g., photovoltaics) into trigeneration plants 
could provide effects of synergy such as improved sustainability and 

lower CO2 footprint of such installations [3]. Hydrothermal carbon-
isation (HTC) is promising in terms of the valorisation of various types of 
wet biomass, including digestates from biogas production [4–7]. HTC is 
a thermal valorisation process, which takes place in subcritical water at 
elevated temperatures (typically 170–260 ◦C) [8–11] with residence 
time ranging between 30 min and a couple of hours [12–15], and mostly 
autogenic pressures ranging between 2 and 6 MPa [16] (above satura-
tion pressure for particular temperature). During HTC, complex reaction 
pathways occur, with different reactions proceeding in parallel [17–19]. 
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Hydrolysis decomposes biomass into various monomers and oligomers 
[18,20], with the rate being diffusion controlled [21]. Products of hy-
drolysis of cellulose and hemicellulose undergo isomerisation, dehy-
dration, and fermentation, thus creating intermediates [18,20,22]. In 
the case of proteins, hydrolysis yields amino acids, which subsequently 
take part in Maillard reactions, forming N-containing ring compounds 
[17]. Soluble lignin, after hydrolysis, forms phenolic compounds [18]. 
Recalcitrant residues, which have not been significantly decomposed by 
hydrolysis, form primary hydrochar [18,23]. Hydrolysis is followed by 
dehydration and decarboxylation [20,22,24]. Dehydration decreases 
the number of hydroxyl groups (OH) [20]. Intermediates form 
solid-phase aromatic structures by means of polymerisation, condensa-
tion, and aromatisation [18,20,22]. Some intermediates, such as HMF, 
Diels-Alder reactions, nucleophilic substitution, aldol condensation, 
acetalisation and ring opening, are also mentioned by the literature 
[25]. Subsequent precipitation makes secondary hydrochars deposit on 
the surface of primary hydrochars [18,26]. 

From the practical perspective, a loss of hydroxyl groups makes 
hydrochars more hydrophobic, both in terms of decreased equilibrium 
moisture content [27] and facilitating mechanical dewatering [28–30]. 
Moreover, the grindability of the hydrochars is also improved as a 
consequence of the treatment [31,32]. Some studies reported easier 
pelletising of hydrochars compared to raw biomass [24]. Moreover, a 
part of inorganic fraction of biomass can be removed during HTC, thus 
changing ash chemistry for subsequent combustion [33–36]. Further-
more, positive influence of HTC on subsequent pyrolysis has been re-
ported by some studies [37–39]. Some studies have proven hydrochars 
as effective adsorbents of substances such as isoproturon [40]. Due to 
these features, HTC of low-quality, high-moisture biomass could lead to 
effective upcycling of the used feedstock, with optimised energy use, as 
shown by LCA (Life Cycle Assessment) [41–44]. 

However, along with some improvements that come with HTC, new 
problems occur, as the effluent left after mechanical separation of the 
solid and liquid phase of HTC (also called process water) treated biomass 
contains significant amounts of a wide variety of organic compounds 
[45]. Attempts to separate a part of organic fraction in the liquid fraction 
of HTC products have been performed using membranes [46–48], or 
distillation [49]. 

It is possible to utilise the chemical energy contained in the organic 
fraction by the production of biogas. Xiao et al. [50] proposed HTC 
pretreatment of algae as a way to break down recalcitrant matter, thus 
enhancing anaerobic digestion (AD), and confirmed the feasibility of 
such application by LCA. Marin-Batista et al. [51] reported cumulative 
yields of CH4 ranging between 294 and 235 mL/g of volatile solids 
added for post-HTC process water obtained after HTC of dairy manure 
performed at 200 ◦C and 170 ◦C, respectively. Process water samples 

from HTC of dairy manure performed at 200 ◦C and 170 ◦C contained 
soluble COD (Chemical Oxygen Demand) as high as 18.3 and 12.8 
gO2/L, respectively [51]. However, process water obtained after HTC of 
dairy manure at 230 ◦C yielded lower amounts of biogas, in comparison 
to untreated dairy manure, despite soluble COD reaching 21.3 gO2/L 
[51]. This was attributed to the inhibiting influence of aromatic hy-
drocarbons, such as 1,3,5-cycloheptatriene, ethyl-benzene, 2-methoxy--
phenol, 4-hydroxy-benzenemethanol, produced during HTC at 230 ◦C 
[51]. A similar trend was confirmed by another work by Marin-Batista 
et al. [52], which reported anaerobic digestion of the HTC process 
water, obtained during HTC of microalgal biomass at 240 ◦C, performed 
only slightly better than unprocessed biomass and worse than HTC 
process water samples obtained at 180 ◦C and 210 ◦C. On the other hand, 
Aragon-Briceño et al. [53] reported the biomethane potential of the 
process water, after HTC of sewage sludge, reaching 260.0, 277.2, and 
225.8 mL of CH4/g of COD, for process water from HTC at 160, 220, and 
250 ◦C, respectively. Ahmed et al. [29] observed the detrimental influ-
ence of HTC residence time on the biomethane potential of the post-HTC 
effluent from HTC of a mixture of digestate and dewatered sewage 
sludge at 190 ◦C, as methane production reached 103, 92 and 84 mL of 
CH4/g of COD for the HTC effluents obtained for residence times of 1, 2, 
and 3 h, respectively. 

Wet oxidation is a hydrothermal process during which oxidisable 
organic and inorganic compounds are degraded at high temperatures in 
the liquid phase using oxygen [54]. Reported process conditions vary 
significantly, with reported temperatures ranging between 112 and 
350 ◦C [55,56]. Industrial, non-catalytic wet oxidation processes, such 
as Zimpro, Wetox, Vertech, Kenox, and Oxyjet, operate within the range 
of 150 up to 325 ◦C [55]. Among oxidising agents, one can distinguish 
oxygen, air, as well as hydrogen peroxide [54–56]. 

Few works reported results of wet oxidation of post-HTC effluent. 
Wilk et al. [57] performed wet oxidation at 240 ◦C, using process water 
from HTC of sewage sludge performed at 200 ◦C and 220 ◦C, with a 
residence time of 2 h. Wet oxidation at such process conditions allowed 
reducing COD of HTC effluents from 45.9 (HTC at 200 ◦C) and 43.5 
(HTC at 220 ◦C) gO2/L to 18.2 and 18.5 gO2/L, respectively [57]. Weiner 
et al. [58] achieved COD removal of 30–55% by wet oxidation per-
formed at 200 ◦C, using the effluent from HTC of sewage sludge per-
formed at temperatures between 170 and 210 ◦C. Wet oxidation 
performed at 120 ◦C resulted in a reduction of COD below 10% [58]. 
Riedel et al. [59] performed wet oxidation at 120–200 ◦C, using as a 
feedstock effluent from HTC of brewer’s spent grain at 200 ◦C, achieving 
COD reduction between 40 and 55%. Toufiq Reza et al. [60] reported 
decrease of total organic carbon (TOC) reaching 60% for wet air 
oxidation performed at 260 ◦C, with effluents from HTC of dairy manure 
and wastewater sludge digestate performed at 220 ◦C. Little information 
is available on requirements for external heat of wet oxidation. On the 
other hand concentration of organic compounds in retentate, which 
could be achieved with membrane treatment of HTC effluent with 
simultaneous decrease of COD in permeate [47,48], could potentially 
make wet oxidation autothermal. Moreover, the optimisation of cascade 
membrane systems for the purification of HTC effluents could increase 
the effect of synergy. 

The aim of this work is an optimisation of a cascade system of dead- 
end polymeric membranes consisting of microfiltration (MF), ultrafil-
tration (UF), and nanofiltration (NF) used for concentrating organic 
substances present in the HTC effluent of digestate. Moreover, the aim of 
this work is to assess possible recovery of energy in the liquid fraction of 
HTC products. Firstly, the work shows possible increase in biomethane 
potential (BMP) of retentates, in comparison to liquid fraction of HTC 
products. Secondly, retentates after membrane filtration of the liquid 
fraction of HTC products are assessed in terms of the heat that could be 
obtained through oxidation of the organics present in the liquid effluent, 
as well as the temperature, which could be achieved during such 
process. 

Nomenclature 

HTC hydrothermal carbonisation 
HMF hydroxymethylfurfural 
LCA life cycle assessment 
AD anaerobic digestion 
COD chemical oxygen demand 
TOC total organic cabron 
MF microfiltration 
UF ultrafiltration 
NF nanofiltration 
BMP biomethane potential 
DOC dissolved organic carbon 
BOD biological oxygen demand 
CAPEX capital expenditure 
GC-MS gas chromatograph – mass spectrometer  
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2. Materials and methods 

2.1. HTC of digestate 

Samples of the digestate were taken from an agricultural biogas plant 
owned by Butor Group in Silesia, Poland. A sample of the digestate was 
taken from a sampling point between AD reactor and mechanical dew-
atering installation. A diagram of the experimental setup (Fig. 1) shows 
the autoclave rig. The autoclave was filled with 3.8 L of wet digestate, 
which had a solid content of 10.1%, determined with Radwag MA. X2.A 
at 105 ◦C. 

HTC temperature of 190 ◦C was chosen, based on the literature range 
between 200 ◦C and 260 ◦C [61,62], and taking into account the design 
preference of industrial scale HTC installations for a lower range of 
pressure, which allows the comparably lower thickness of reactor’s walls 
and is better from safety perspective [63]. After heating up, the biomass 
was kept in the reactor for 30 min. Subsequently, the heating was 
switched off, and the rig was left to cool overnight. 

2.2. Cascade membrane filtration 

Various types of flat polymeric membranes were used in the tests: 

- Microfiltration membrane (MF 0.02 μm) (Hoechst Celgard Corpo-
ration), made of 25.4 μm thick polypropylene, 45% porosity, a pore 
size of 0.02 μm, 

- Ultrafiltration membranes (UF) (Microdyn Nadir), made of poly-
ethersulphone (UF PES10, UF PES30) and regenerated cellulose (UF 
C10 and UF C30) with 10 kDa and 30 kDa MWCO,  

- Nanofiltration membranes (NF) (Microdyn Nadir) NPO10P and 
NPO30P made of polyethersulphone with MWCO in the range 
1010–1400 Da and 520–700 Da, as well as Na2SO4 retention in the 
range 25–40% and 80–95%, respectively. 

All the tested membranes had an effective filtration surface of 38.5 
cm2. The properties of the test solution (HTC effluent) are shown in 
Table 1. 

The post-HTC liquid was treated in the integrated processes, which 
was a combination of 3 stages of membrane separation: MF, UF and NF 

combined in selected variants (Fig. 2) (see Fig. 3). 
The evaluation of the possibility of sequential purification of the 

agricultural post-HTC digestate liquid fraction was conducted on a test 
bench with an Amicon 8400 cell. It is a one-way dead-end flow system 
with a capacity of 400 mL equipped with a magnetic stirrer to equalise 
concentrations in the entire volume of solution. The pressure of 0.4 MPa 
in the system was caused by compressed nitrogen fed from the cylinder. 

The process efficiency was determined by measuring the organic 
compounds concentration expressed as BOD5, COD and DOC. COD and 
BOD5 were determined using standard methods: dichromate and dilu-
tion, respectively. The concentration of dissolved organic carbon (DOC) 
was measured using the HACH IL550 TOC-TN analyser. All treatment 
experiments were duplicated. Based on the measured factor in raw HTC 
effluent (c0) and liquid after membrane filtration (c), removal efficiency 
(R) for each factor was calculated according to the following equation: 

R=
c0 − c

c0
• 100,% (1) 

The hydraulic capacity of the membranes was determined by 
determining the permeate flux (J) calculated from equation (2) in which 
V denotes volume of collected permeate in t time, and A is the membrane 
surface. 

J =
V

A • t
,

mL
h • cm2 (2) 

Vulnerability of membranes to fouling, resulting from deposition on 
their surface and in the membrane structure of contaminants from the 
treated solution, and resulting in a decrease in the hydraulic efficiency of 
the membranes was determined by calculating the relative permeability 
(J/J0), where J0 is the flux measured for distilled water. 

2.3. Calculations for determination of biomethane potential and heat 
effect of retentates in the wet oxidation process 

Possibilities of assessing potential for chemical energy recovery from 
retentates are assessed by looking at the that could be obtained through 
oxidation of retentates or biomethane potential, i.e., quantities of bio-
methane present in biogas, which could be produced by anaerobic 
digestion of the retentates. Chemical energy of biogas can be converted 
to heat or mechanical energy by combustion of the methane contained in 
the biogas [64,65]. 

Equation (3) presents the formula for the calculation of the theo-
retical biomethane potential (BMP) in the retentate. 

Fig. 1. Diagram of the HTC rig (1 – vessel; 2 –thermocouple; 3 – PLC; 4 – 
heaters; 5 – cotton filter; 6 – filter’s base; 7 – effluent; 8 – separated hydrochar; 
9 – safety valve; 10 – purge gas; Memb. – cascade of membranes). 

Table 1 
Characteristics of the liquid fraction of the HTC digestate from an agricultural 
biogas plant (COD – chemical oxygen demand; BOD5 – 5-day biochemical oxy-
gen demand; DOC – dissolved organic carbon).  

Index Value Unit 

pH 7.2 – 
Conductivity 14.95 mS/cm 
Total suspended solids 3950 mg/L 
COD 38,595 mg O2/L 
BOD5 12,320 mg O2/L 
DOC 23,070 mg C/L 
Na 521.3 mg/L 
K 1966.5 mg/L 
Ca 104.7 mg/L 
Mg 101.9 mg/L 
Fe 15.9 mg/L 
Mn 1.5 mg/L 
Cu 0.545 mg/L 
Zn 3.977 mg/L 
Hg 0.0029 mg/L 
Co 0.069 mg/L 
Ni 0.147 mg/L  
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BMPTh = 0.39 • COD •
DOC
COD

• 0.9, LCH4
/

Lliquid
(3) 

To calculate the BMP of the retentate, the stochiometric formula (4) 
of methane oxidation was used. This formula allows the calculation of 
the potential amount of methane produced based on the chemical oxy-
gen demand (COD) balance of a sample [66]. 

The COD conversion to methane at 35 ◦C is 0.39 L of CH4 per gram of 
COD. Furthermore, second correction factors were applied to make the 
prediction more accurate. The first correction factor referred to the 

DOC/COD ratio that was used since the COD refers to all the organics 
and inorganics that can be oxidised and the DOC only to the organic 
carbon compounds that potentially can be converted into methane. The 
second correction factor is related to the biodegradability of HTC pro-
cess water, which is 90%. This factor was based on a comparison of the 
real BMP reported in previous studies versus the theoretical BMP value 
from the normal conversion of the stochiometric formula [53,67]: 

CH4 + 2O2 → CO2 + 2H2O (4) 

Fig. 2. Different configurations of the cascades membrane systems used in the investigation (R – retentate; P – permeate).  
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The retentates were analysed, in order to identify potential inhibitors 
of anaerobic digestion, using GC-MS consisting of the Agilent 7820-A 
GC, with Stabilwax-DA column, and the Agilent 5977 B MSD. NIST-14 
MS library was used for compounds’ identification using mass spectra 
with a minimum match factor of 80%. 

The heat that could potentially be generated during wet oxidation of 
the retentate, depending on the filtration time and configuration of 
membrane cascade, was calculated under the assumption that wet 
oxidation could reduce the COD of the retentate by 55%, based on values 
reported by Weiner et al. [58], whereas wet oxidation enthalpy was 
assumed to be 13.1 ± 0.7 MJ per kg of consumed oxygen, as reported by 
Riedel et al. [59]. For calculating the achievable temperature during the 
wet oxidation process, it was assumed that the temperature of retentate 
before the start wet oxidation process was 20 ◦C. All performed calcu-
lations assumed batch sizes of 1 L, with fluxes measured during the 
experiments for each of the cascades for nanofiltration as a limiting step 
for transmembrane pressure of 0.4 MPa (Table 2). Maximum filtration 
time was assumed to be 1350 min (22.5 h), thus assuming 90 min per 
day for backflushing of membranes in order to remove the cake layer, 
thus preventing fouling. 

3. Results and discussion 

3.1. Results of membrane filtration experiments 

The efficiency of sequential purification of the liquid fraction from 
HTC of an agricultural digestate varies, and the final quality of the so-
lution is determined by the combination of separation properties of the 
individual membranes. The conducted study showed that the combi-
nation of MF, UF and NF resulted in a significant increase in the effi-
ciency of removal of organic compounds from the analysed liquid. This 
effect was observed for all analysed cases, regardless of the membrane’s 
limiting resolution or its material. The results obtained are shown in 
Figs. 4 and 5. 

Analysis of the efficiency of the self-contained microfiltration process 

of the HTC effluent showed that the use of a 0.02 μm pore diameter 
membrane allowed the solution to be purified to a very low degree. The 
values of DOC, BOD5 and DOC retention rate in the purified samples of 
the digestate were, respectively: 14%, 17% and 0.3% (TMP 0.4 MPa). 
The use of the UF process after MF for further purification of the liquid 
made it possible to observe an improvement in the efficiency of the 
separation of organic compounds. It was also found that the final quality 
of the purified solution is determined by the cut-off (MWCO) of the 
membrane used. The deterioration in the quality of the purified solution 
can be easily noticed as the cut-off value, and thus the average pore size 
increased. This is due to the fact that for a higher cut-off value of the 
membrane, larger particles of organic pollutants penetrated into the 
purified solution. 

Analysing the material of the ultrafiltration membrane used in the 
MF-UF combination, it was found that it had no significant effect on the 
separation properties of the membranes tested. Both polyethersulfone 
(PES) and regenerated cellulose (C) caused the content of organic 
compounds in the permeate to remain at comparable levels. For 
example, at a constant transmembrane pressure of 0.4 MPa, the RDOC, 
RBOD5 and RCOD values, depending on the cut-off of the membrane used, 
were, respectively: 36–40%, 67–69% and 26–27% (when using a 10 kDa 
cut-off membrane) and 27–28%, 51–57% and 11–15% (when using a 30 
kDa cut-off membrane). 

The combination of the three pressure-driven membrane processes 
analysed allowed a significant improvement in the efficiency of post- 
HTC digestate purification. This effect was observed in the course of 
all tested variants of the application of different types of membranes 
(micro-, ultra- and nanofiltration). The final quality of the permeate was 
determined by the combination of properties of the successively applied 
membranes. The values of DOC, BOD5 and COD retention coefficients 
obtained for both nanofiltration membranes tested demonstrate how 
much the composition of the permeate was affected by the type of NF 
membrane used. It was easy to see that the use of a less dense membrane 
(NPO10P) resulted in a deterioration of the quality of the final permeate. 
For example, the NPO30P membrane allowed achieving DOC, BOD5 and 
COD retention of 67, 82 and 70%, while the NPO10P membrane allowed 
reducing DOC, BOD5 and COD by 57, 74 and 41%, respectively (when 
preceded by MF 0.02 μm-UF PES 10 sequence). The better separation 
properties of the NPO30P membrane may result from its dense structure 
[68]. Membrane filtration results are in good quantitative agreement 
with other works, e.g., Czerwińska et al. [46] achieved 25.5%, 73.0%, 
and 84.9% of COD removal efficiency, for ultrafiltration, nanofiltration, 
and double nanofiltration, respectively. 

Based on the results, it was found that the best results, i.e., the best 
quality of the permeate in terms of organic content, were obtained by 
conducting sequential treatment in the variant microfiltration (0.02 μm 
membrane) → ultrafiltration (10 kDa PES membrane) → nanofiltration 
(NPO30P membrane). 

The goal of combining membrane processes, in addition to increasing 
separation efficiency, is to reduce the intensity of membrane fouling, 
such as by purifying solutions in integrated systems using sequential 
membrane processes. The use of the sequence of membrane techniques 
analysed (Fig. 6) has partially reduced membrane fouling. A comparison 
of the J/J0 values obtained in the stand-alone UF and NF processes with 
those determined for the MF-UF and MF-UF-NF system indicates that the 
use of prefiltration allows for improving the transport properties of the 
last membrane in the process chain. MF applied before UF removes some 
of the compounds blocking the next membrane, while the use of a more 
compact UF membrane (10 kDa) made of PES or C between MF and NF 
removes the remaining compounds deposited on the surfaces of NF 
membranes. The use of a UF membrane with a cut-off of 30 kDa, which 
has a larger pore size and thus lower contaminant separation efficiency, 
does not improve the transport properties of NF membranes as signifi-
cantly since fractions remaining in the permeate can penetrate the pores 
of NF membranes or settle on their surface, contributing to their 
blockage. At the same time, it has been observed that the type of 

Fig. 3. Amicon 8400 dead-end membrane system (1 - ultrafiltration cell, 2 - 
membrane, 3 - stirrer, 4 - pressurised nitrogen cylinder, 5 - pressure valve). 

Table 2 
Fluxes measured for each of cascade experiments for nanofiltration step.   

J 

mL/h⋅cm2 

MF 0.02 μm + UF PES10 + NF NPO10P 0.935 
MF 0.02 μm + UF C10 + NF NPO10P 1.870 
MF 0.02 μm + UF PES10 + NF NPO30P 0.935 
MF 0.02 μm + UF C10 + NF NPO30P 0.904 
MF 0.02 μm + UF PES30 + NF NPO30P 0.779 
MF 0.02 μm + UF C30 + NF NPO30P 0.686 
MF 0.02 μm + UF PES30 + NF NPO10P 0.935 
MF 0.02 μm + UF C30 + NF NPO10P 1.403  
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membrane used in NF also matters in terms of the membrane’s suscep-
tibility to blocking. The values of relative membrane permeability (J/J0) 
were when the NPO30P membrane was the final element of the 
sequence, lower than when the NPO10P membrane was used, which 
may be due, among other things, to the more compact structure of the 
second membrane. In this case, its fouling is mainly due to the external 
blocking phenomenon. According to Kovacs and Samhaber [68], the 
cut-off value of the NPO10P membrane is higher and is in the range of 
1010–1400 Da (with a pore diameter of 0.80–1.29 nm), while that of the 
NPO30P membrane is in the range of 500–700 Da (with a pore diameter 
of 0.57–0.93 nm). This may result in higher hydraulic resistance and, 
thus, lower permeability of NPO30P membranes. 

3.2. Biomethane potential of retentates 

Based on the achieved densification of chemical energy, expressed as 
either COD or DOC (Figs. 7 and 8), it could be clearly observed that the 
separation of organics, using a cascade of dead-end membranes, is a 
sensible strategy in terms of obtaining the liquid retentate with higher 
energy generation potential. 

Fig. 9 clearly shows that significant densification of chemical energy 
could be achieved, increasing the biomethane potential from approx. 5 L 
of methane for liquid effluent from HTC up to almost 200 L of methane 
for retentates’ mixture from all levels of the cascade after a whole day of 
dead-end membrane separation. It should be noted that it will not in-
crease the total energy that could be recovered since the volume of the 
retentate will be much smaller than the volume of post-HTC effluent. 
However, as a consequence of chemical energy densification, the biogas 
reactor could be much smaller in comparison to the reactor for the un-
treated effluent, cutting down on the CAPEX of such installation. 
Moreover, much less inoculum would be needed in order to maintain the 
desired solid ratio in such a reactor. Furthermore, if the production of 
biogas from the retentates got integrated with the primary anaerobic 
digestion reactor (source of the digestate), recalculation of the retentates 
would not have such an extensive influence on the solid ratio in the 
reactor, in comparison to recirculation of untreated post-HTC effluent. 
Results obtained for the cascades consisting of MF 0.02 μm + UF C10 +
NF NPO10P as well as MF 0.02 μm + UF C30 + NF NPO10P it can be 
clearly seen that even higher relative ratios of batch size to the mem-
brane surface of dead-end membranes could be achieved, thus enabling 

Fig. 4. Efficiency of DOC, BOD₅ and COD removal in different membrane process configurations when using UF membranes made of polyethersulphone.  

Fig. 5. Efficiency of DOC, BOD₅ and COD removal in different membrane process configurations when using UF membranes made of regenerated cellulose.  
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processing of bigger batches for the same membrane surface area, during 
24 h operation. Thus, relatively lower investment costs could be ach-
ieved for these cascades. 

Some researchers approached recovery of chemical energy from 
retentates after membrane filtration of wastewater in similar manner, i. 
e., by using the organics in retentate to produce biogas. Luo et al. [69] 
suggested the use of retentate from membrane filtration of diary 
wastewater, containing high concentration of organics, as a substrate for 
production of biogas. Chen et al. [70] suggested an integrated process, 
consisting of isoelectric precipitation, nanofiltration and anaerobic 
digestion as a way of utilisation of organics in the dairy wastewater. The 

study reported increased production of acetate, butyrate, and hydrogen, 
using a nanofiltration retentate as substrate. Campell et al. [71] mixed 
performed anaerobic digestion of HTC process water before and after 
nanofiltration and reverse osmosis treatment. The retentates achieved 
93.5% COD degradation during anaerobic digestion, comparing to 
69.6% COD degradation of untreated HTC process water. Ara-
gón-Briceño et al. [53] reported increased COD degradation efficiency 
for process waters after HTC of sewage sludge, in comparison to sewage 
sludge digestate. Digestate achieved COD degradation of 56.6%, in 
comparison to 69.1%, 79.6%, and 63.8%, for process waters from HTC 
of sewage sludge performed at 160 ◦C, 220 ◦C, and 250 ◦C, respectively. 

Fig. 6. Relative membrane permeability in different membrane process configurations (in the case of a sequence of processes, the J/J0 of the last process is given).  

Fig. 7. Increase of COD with increased filtration time for different configuration of membrane cascades.  
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Fig. 8. Increase of DOC with increased filtration time for different configuration of membrane cascades.  

Fig. 9. Increasing BMP of the retentate depending on the filtration time and configuration of membrane cascade.  
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Parmar and Ross [72] obtained methane yields ranging between 100 
and 180 mLCH4/gCOD for anaerobic digestion of HTC process water from 
HTC of sewage sludge and agricultural residues. De la Rubia et al. [73] 
reported methane yields ranging between 99 and 177 mLCH4/gCOD for 
anaerobic digestion of HTC process water from HTC of dewatered 
sewage sludge at 208 ◦C, depending on the source of inoculum. This 
suggests that resilience of microbial culture is an important factor. 
Therefore, it is important to look for possible inhibitors of anaerobic 
digestion process in the liquid fraction of HTC products, especially 
retentates after filtration, for which concentrations might increase, in 
comparison to the process water. 

GC-MS analysis (Table 3) has shown that the compounds present in 
the retentates consisted of heterocyclic compounds (mainly pyrazine 
and its isomers), volatile fatty acids (acetic acid, propanoic acid, buta-
noic acid), as well as other carboxylic acids containing phenyl group 
(hydrocinnamic acid, benzeneacetic acid), phenol, and 3-Pyridinol. No 
clear trend could be observed regarding the retention of these com-
pounds by the membrane cascades, which could be attributed to the fact 
that the cut-off of NF membranes [47] was an order of magnitude bigger 
than the atomic masses of detected compounds. This suggests that any 
retention of volatile organic compounds in the retentate could be 
attributed to interaction with filtering cake on the surfaces of the 
membranes rather than to membrane separation properties. 

Among the detected compounds, those with significantly high peaks 
were quantified (Table 3). Volatile fatty acids are products of acido-
genesis [74,75], and others are still present among products of aceto-
genesis [74], which are used by methanogenic bacterial communities. 
Some of the pyrazines used to be applied as flavouring agents [76]. Some 
bacteria produce pyrazines [77]. However, in some cases, excess me-
tabolites are known to exhibit a detrimental influence on microbial 
communities’ growth. Moreover, Marin-Batista et al. [51] reported that 
pyrazines could be consumed during the anaerobic digestion process. 
However, De la Rubia et al. [73] reported that consumption of pyrazine, 
2,5-dimethyl from HTC process water varied substantially, depending 
on inoculum, with removal rates for the compound being 0%, 23%, and 
88%, for granular inoculum obtained from an internal circulation 
anaerobic reactor treating brewery wastewater, granular anaerobic 
sludge from an up-flow anaerobic sludge blanket reactor treating sugar 
beet effluent, and flocculent anaerobic sludge from a sewage sludge 
digester, respectively. Moreover, 2,5-bis(1-methylethyl)-pyrazine anti-
microbial influence has been proven [78]. However, concentrations of 
dominating pyrazine isomers detected in retentates (Table 3) were 
relatively low. Regarding compounds detected with qualitative GC-MS 
analysis, the antimicrobial influence of 3-pirydinol is not known. 
However, it has been used, along with Co(II) 3,5-difluorobenzoate, to 
synthesise antibiotics [79]. Phenols are known for their detrimental 
influence on biogas production [80]. However, such influence is known 
for concentrations >2 g/L [80], which is not the case for retentates’ 
solutions within the scope of this study. Overall, inhibitive influence of 
detected organic compounds seems to be unlikely. However, further 

experimental research on biomethane potential of highly concentrated 
retentates is needed to confirm this hypothesis. It might be that other 
measures, e.g., pH adjustment, would be needed to maintain stable 
biogas production with highly concentrated retentates. 

3.3. Wet oxidation of retentates 

Such densification of chemical energy has even more significant 
consequences when wet oxidation is used to convert such chemical en-
ergy into process heat. In terms of the potential, the shape of the curve 
for wet oxidation (Fig. 10) looks similar to the BMP curve (Fig. 9). 
However, the practical consequences for the process are much more 
profound since significant densification allows for achieving higher 
temperatures of the effluent in the wet oxidation process (Fig. 11). 

For optimised membrane cascades, retentates during wet oxidation 
could achieve temperatures within the supercritical region exceeding 
580 ◦C, which is much higher than the HTC temperature. However, this 
is also the temperature much higher than the critical point for water 
(373.946 ◦C, 22.064 MPa), which would make oxidation perform in the 
supercritical region. Such hot liquid, after wet oxidation, would greatly 
facilitate optimisation of process heat supply to HTC reactor, thus 
allowing effective recovery of chemical energy, which would otherwise 
be wasted. However, such high temperatures are not needed either for 
wet oxidation or for HTC. What can be seen in Fig. 11 is that a couple of 
different cascades of membranes are capable of sufficiently concen-
trating a batch of effluent to make it exceed 200 ◦C and, at the same 
time, provide a possibility to operate wet oxidation as an autothermal 
process, without supplying an external source of heat. 

4. Conclusions 

The research presented in this paper has shown that a significant 
densification of chemical energy in the retentates could be achieved 
using a cascade membrane system. An increase in the BMP for densified 
retentates’ mixture facilitates optimisation of the solid ratio of biogas 
reactors as well as the CAPEX of such investment in energy recovery 
from the liquid HTC by-products through anaerobic digestion. An in-
crease of the maximum temperature, which could be achieved during 
the wet oxidation process due to chemical energy densification, is sig-
nificant for the optimised conversion of chemical energy in the liquid 
post-HTC effluent when converting to process heat for HTC. Tempera-
tures exceeding the temperature of the HTC process could be easily 
achieved, thus allowing for effective heat recovery, with ΔT sufficient 
for heat exchangers reasonable in size. The screening mechanisms 
combination of sequentially connected membranes significantly in-
creases the organic compounds removing effectiveness from the agri-
cultural digestate liquid fraction. Overall, biomethane potential as high 
as 200 LCH4/Lretentate could be expected. Moreover, for most cascades, it 
is possible to concentrate the chemical energy in the retentate high 
enough to make wet oxidation autothermal. Further research is required 

Table 3 
Quantitative GC-MS analysis for selected compounds (c – concentration; U – uncertainty).   

Pyrazine Pyrazine, 2,5-dimethyl Pyrazine, ethyl- Acetic acid Acetamide Hydrocinnamic acid 

mg/L mg/L mg/L mg/L mg/L mg/L 

c U c U c U c U c U c U 

MF 0.02 μm 31.51 ±8.14 25.38 ±9.17 25.63 ±9.10 87.62 ±238.02 16.55 ±16.81 79.24 ±39.28 
MF 0.02 μm + UF PES10 31.88 ±7.16 28.85 ±8.30 27.81 ±8.32 397.28 ±237.84 41.26 ±16.60 58.89 ±32.07 
MF 0.02 μm + UF PES10 + NF NPO10P 39.54 ±9.93 30.27 ±10.55 29.31 ±10.50 62.11 ±237.83 16.35 ±16.65 55.98 ±31.86 
MF 0.02 μm + UF C10 + NF NPO10P 37.93 ±7.65 29.84 ±8.58 28.66 ±8.55 237.61 ±237.96 10.70 ±16.60 63.61 ±31.83 
MF 0.02 μm + UF PES10 + NF NPO30P 25.46 ±7.13 16.55 ±8.30 12.06 ±8.31 60.14 ±237.83 11.93 ±16.60 56.55 ±31.80 
MF 0.02 μm + UF C10 + NF NPO30P 24.77 ±7.11 16.28 ±8.30 11.85 ±8.30 58.32 ±237.80 12.04 ±16.60 55.71 ±31.80 
MF 0.02 μm + UF PES30 35.19 ±7.10 28.65 ±8.31 27.32 ±8.31 132.72 ±237.92 50.52 ±16.60 59.28 ±31.81 
MF 0.02 μm + UF PES30 + NF NPO30P 26.87 ±7.10 16.41 ±8.31 12.32 ±8.30 58.59 ±238.01 11.76 ±16.60 56.94 ±31.81 
MF 0.02 μm + UF C30 34.02 ±7.10 27.91 ±8.32 27.64 ±8.30 84.17 ±237.83 41.44 ±16.60 60.26 ±31.81 
MF 0.02 μm + UF C30 + NF NPO30P 25.75 ±7.11 15.81 ±8.30 11.95 ±8.30 56.99 ±237.80 52.21 ±16.60 57.17 ±31.80  
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Fig. 10. Increasing the heat potential for wet oxidation of the retentate, depending on the filtration time and configuration of membrane cascade.  

Fig. 11. Increasing the achievable wet oxidation temperature for the retentate, depending on the filtration time and configuration of membrane cascade.  
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to obtain empirical verification of the results of the performed 
assessment. 
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[5] Aragon-Briceño C, Pożarlik A, Bramer E, Brem G, Wang S, Wen Y, et al. Integration 
of hydrothermal carbonization treatment for water and energy recovery from 
organic fraction of municipal solid waste digestate. Renew Energy 2022;184: 
577–91. https://doi.org/10.1016/j.renene.2021.11.106. 

[6] Numviyimana C, Warchoł J, Khalaf N, Leahy JJ, Chojnacka K. Phosphorus recovery 
as struvite from hydrothermal carbonization liquor of chemically produced dairy 
sludge by extraction and precipitation. J Environ Chem Eng 2022;10. https://doi. 
org/10.1016/j.jece.2021.106947. 

[7] Mlonka-Mędrala A, Sieradzka M, Magdziarz A. Thermal upgrading of hydrochar 
from anaerobic digestion of municipal solid waste organic fraction. Fuel 2022;324: 
124435. https://doi.org/10.1016/j.fuel.2022.124435. 
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