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5 Zakład Gospodarowania Odpadami GAĆ Sp. z o.o., Gać 90, 55-200 Oława, Poland;
przemyslaw.seruga@zgo.org.pl

* Correspondence: agnieszka.urbanowska@pwr.edu.pl

Abstract: New regulations aimed at curbing the problem of eutrophication introduce limitations for
traditional ways to use the by-product of anaerobic digestion—the digestate. Hydrothermal carboni-
sation (HTC) can be a viable way to valorise the digestate in an energy-efficient manner and at the
same time maximise the synergy in terms of recovery of water, nutrients, followed by more efficient
use of the remaining carbon. Additionally, hydrothermal treatment is a feasible way to recirculate re-
calcitrant process residues. Recirculation to anaerobic digestion enables recovery of a significant part
of chemical energy lost in HTC by organics dissolved in the liquid effluent. Recirculating back to the
HTC process can enhance nutrient recovery by making process water more acidic. However, such an
effect of synergy can be exploited to its full extent only when viable separation techniques are applied
to separate organic by-products of HTC and water. The results presented in this study show that us-
ing cascade membrane systems (microfiltration (MF)→ ultrafiltration (UF)→ nanofiltration (NF)),
using polymeric membranes, can facilitate such separation. The best results were obtained by
conducting sequential treatment of the liquid by-product of HTC in the following membrane se-
quence: MF 0.2 µm→ UF PES 10→ NF NPO30P, which allowed reaching COD removal efficiency of
almost 60%.

Keywords: digestate; biogas plant; hydrothermal carbonisation; membrane processes; water recovery

1. Introduction

Biogas production is a proven way to incorporate, in practice, energy-to-waste strate-
gies using various sources of organic waste [1–6]. Typically, a footprint of 8 ha/MW of
installed power is required to handle and store typical biogas plants, which introduces high
costs [7]. Digestate management could be a feasible way to minimise the footprint. Thermal
drying, followed by pelletising, could decrease the volume of the digestate significantly [8].
Nonetheless, it comes at the cost of using valuable energy, e.g., using a part of the produced
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biogas [8], with open-air drying being the only energy-saving option. At the state-of-the-art
biogas plant, a liquid obtained after mechanical dewatering of digestate is stored in lagoons,
which can be counted as a significant part of the installation’s footprint. Literature reported
organic and nutrient removal process to solve the problem of toxicity with biofilms for more
economic nitrogen removal [9]. In wastewater treatment, it is stated that biofilm process is
present and has degradation possibilities for biogas effluent treatment and is cited in newer
publications regarding ORP control and electricity production combined with wastewa-
ter treatment [10]. The parameters such as pH, alkalinity, and inorganic carbon content
significantly influence the process [11,12]. Such technologies could be used to tackle the
problem of nitrogen removal, using extremophilic conditions, tolerating bacteria [13–15].
The liquid, rich in nutrients, is stabilised and can be later used for fertilisation purposes.
However, significant limitations to this practice are being introduced by the European
Nitrates Directive (91/676/EEC) [16], which aims at curbing the eutrophication problem
in the EU [16]. Therefore, relatively large areas are needed for spreading, complicating
the logistics of such solutions. Moreover, dewatering effluent’s storage inevitably leads
to water loss through evaporation, which nowadays is becoming an increasingly scarce
resource in the agriculture sector during climate change [17–20]. Additionally, digestate
still contains significant amounts of recalcitrant organic matter [21], which prompted many
investigations regarding increasing its availability for further digestion to produce addi-
tional amounts of biogas [22–26]. Furthermore, nowadays higienisation of digestate or
removal of ammonia is also considered as important issues [27,28].

Hydrothermal carbonisation (HTC) has been recently pointed out as a possibility
regarding synergetic recovery of recalcitrant organic matter and water from digestate [29].
HTC is a thermal valorisation process, typically performed at temperatures typically rang-
ing between 180 and 260 ◦C [30–32], in subcritical water, at elevated pressure, which
comes from water vapour pressure as well as from gaseous products of HTC [33–35].
The use of HTC can enhance mechanical dewatering, as reported for various wet types
of biomass [36–39]. At the temperatures of HTC, the ionic constant of water is a subject
of significant increase, nearly doubling at the upper range, compared to ambient tem-
peratures [40]. At such a temperature range, water behaves as a non-polar solvent [40].
A multitude of reactions coinciding with the output of multiple different products can
be considered typical for HTC of different types of biomass [41,42]. These reactions do
not represent consecutive steps but instead form parallel networks of different reaction
pathways [43]. Hydrolysis usually takes place in relatively low temperatures [44]. Dehy-
dration and decarboxylation are also named as reactions that are significant for the HTC
process [44,45].

The number of hydroxyl groups decreases due to dehydration [44,46,47], subsequently
causing a lower O/C ratio. Decreased amount of carboxyl and carbonyl groups, due to
decarboxylation, also slightly decreases solid products’ O/C ratio [44,46,47]. Intermediates
become substrates of polymerisation, condensation and aromatisation [43,47,48], which
are also instrumental in an aggregation of carbonaceous microspheres [43]. Microspheres
precipitate, thus forming secondary hydrochar [43,49].

A decrease in hydroxyl groups is crucial in making hydrothermally carbonised
biomass more hydrophobic [50]. This could effectively lower the equilibrium moisture
content of biomass [51] and make physical dewatering easier [44,52], which has the poten-
tial of significant energy savings since thermal drying of biomass is an energy-intensive
process [53–55]. The ability to decrease the O/C ratio is beneficial when valorisation is
performed, aiming to improve subsequent pyrolysis [56–60]. Moreover, some studies
reported relatively easy pelletising of hydrochars [61]. Studies suggested the application
of hydrothermal processing in biorefineries [62], opening novel routes for the production
of chemicals, such as HMF [63], fertilisers and soil amendments [64–68]. Additionally,
improvement in terms of properties relevant from the point of view of solid fuels could be
observed, when hydrochars are compared to raw biomass, prior to HTC treatment [69–72].
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This makes hydrothermal carbonisation a prospective valorisation process for low-quality
biomass with relatively high moisture content [73–76].

Overall, recirculation of the liquid by-products or its subsequent use for maximum
energy recovery and increased systemic efficiency offers many opportunities [43]. Several
studies report the composition of liquid HTC by-products [77–79], with many indicating
potential synergies between HTC and anaerobic digestion (AD) [52,80,81] or application of
the effluent in microbial fuel cells [82].

However, there is a significant gap, regarding the separation of the organic fraction of
liquid HTC by-products from water, in order to maximise the recirculation and, at the same
time, maintaining the possibility to keep the optimum solid loading of anaerobic digestion
reactor, which could be problematic for AD feedstocks with low solid content. Literature
sources suggest positive influence of HTC treatment on subsequent membrane separation,
with the possible effect of synergy [83]. Promising results were obtained by the authors
of his manuscript on ultrafiltration of the HTC effluent, with a significant reduction of
COD in the permeate [84]. This study is a consequent follow-up, and its purpose is further
optimisation of membrane separation of organic fraction of HTC effluent, using different
configurations of a cascade membrane system.

2. Materials and Methods

The research was conducted for the liquid fraction of the digestate from an agricultural
biogas plant located in the Silesia region, Poland. Samples were taken at the outlet of the
reactor prior to the mechanical dewatering stage. The digestate was stored in a cooler, at
the temperature of 5 ◦C, before the HTC experiment. Figure 1 shows a diagram of the
experimental setup. The autoclave vessel, equipped with an external heating mantle that
consisted of band heaters, was filled with 3.8 dm3 of wet digestate, which had a solids
content of 10.1%. Radwag MAX2A analyser (Radom, Poland), with a scale resolution of
0.001 g and a maximum sample mass of 50 g, was used to determine the moisture content
of the digestate, and dry solids content was obtained by difference. Moisture content test
was performed at 105 ◦C. The sample’s mass was considered to be in equilibrium when the
first derivative of the mass (dm/dt) was equal to or smaller than 1 mg/min.
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Figure 1. Experimental setup (1—autoclave; 2—type K thermocouple; 3—PLC controller; 4—heating
mantle, with band heaters; 5—cotton cloth; 6—colander; 7—HTC effluent; 8—hydrochar, after
separation; 9—pressure relief valve; 10—nitrogen for purging; Memb.—membrane purification
followed by analyses).
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The temperature of the heating mantle was controlled by a PLC. Additionally, the
temperature was measured inside of the reactor by a K type thermocouple inserted close to
the centre of the reactor. Setpoint temperature of 190 ◦C was chosen, with PID controller
keeping the temperature within ±5 ◦C, as lower temperatures of the typical HTC tempera-
ture range (180 ◦C and 260 ◦C) are recommended for digestates of agricultural origins by
various literature sources [85,86]. HTC pressure was measured by an analogue gauge, and
during the experiment, it was close to the water vapour saturation pressure. The residence
time in the reactor was 30 min. Reaching the setpoint temperature, the inside of the reactor
triggered the time measurement. After 30 min of the process, the mantle was turned off,
and the setup was left for cooling overnight. The colander, with clean cotton cloth, was
used for the subsequent separation of the effluent and hydrochar. The cooled material was
drained for approximately 20 min to let all of the effluents be drained.

The sample of the liquid by-products of HTC, obtained by draining, was also analysed
using a gas chromatograph connected to a mass spectrometer (GC-MS), i.e., chromatograph
7820-A and 5977B MSD spectrometer produced by Agilent Technologies (Santa Clara, CA,
USA). In the chromatograph, the Stabilwax-DA column from Restek was used. Helium,
with a flow rate of 1.5 cm3/min, was used as a carrier gas. The column’s heating program
was set in the following order: achieve 50 ◦C in 5 min, subsequently heat up with a ramp
of 10 ◦C/min until 200 ◦C and hold for another 20 min. Compounds were automatically
identified using NIST-14 MS library by comparing the mass spectra (a minimum match
factor of 80% was taken into account). The MS scanning range was m/z 10–450, with a
frequency of 1.7 scans/s. The gain factor and EM Volts were 0.5 and 1348.5, respectively.
The temperature of MS source and quadrupole was 230 ◦C and 150 ◦C, respectively.

Measurements were performed in triplicates for each sample. The calibration curve
was done for four different concentrations of each compound, with each concentration
done in triplicates. The uncertainty of quantitative GC-MS analysis was calculated for
each compound using the standard deviation of the sample, based on an entire population,
using the residual standard deviation as the measure of the fitting quality of the calibration
curve. The characteristics of the digestate liquid fraction after HTC from the rural biogas
plant are presented in Table 1. The assessment of sequential purification possibility of the
liquid fraction of the agricultural digestate after HTC was carried out by combining three
stages of membrane separation: microfiltration, ultrafiltration and nanofiltration. Figure 2
depicts the experimental matrix. First, an experiment with single microfiltration (MF)
membrane was performed and the sample of the permeate was taken (A—Figure 2). Then
four more experiments were performed using different combinations of microfiltration
and ultrafiltration (UF) membranes, with samples being taken after ultrafiltration (B, C,
D, E—Figure 2). This was followed by eight experiments with different combinations of
microfiltration, ultrafiltration and nanofiltration (NF) membranes, with samples being
taken at the end of the cascade (F, G, H, I, J, K, L, M—Figure 2).

Table 1. Composition of the liquid digestate fraction from the rural biogas plant after HTC.

Index Value

pH 7.2
Conductivity, mS/cm 14.95

Total suspended solids, mg/dm3 3950
Chemical oxygen demand (COD), mg O2/dm3 38.595

5-day biochemical oxygen demand (BOD5), mg O2/dm3 12.320
Dissolved organic carbon (DOC), mg C/dm3 23.070

Na, mg/dm3 521.3
K, mg/dm3 1966.5
Ca, mg/dm3 104.7
Mg, mg/dm3 101.9
Fe, mg/dm3 15.9
Mn, mg/dm3 1.5
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Table 1. Cont.

Index Value

Cu, mg/dm3 0.545
Zn, mg/dm3 3.977
Hg, mg/dm3 0.0029
Co, mg/dm3 0.069
Ni, mg/dm3 0.147
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The separation efficiency was measured by the value of removal rate (R), determined
from the equation:

R =

(
1−

cp

cf

)
·100% (1)

where: cp—concentration of contaminants in permeate, g/m3, cf—contaminant concentra-
tion in the feed, g/m3.

The following types of flat sheet membranes were used in the research:

• MF membrane with a pore size of 0.2 µm made of polypropylene, 25.4 µm thick and
60% porosity (Hoechst Celgard Corporation),

• Four types of UF membranes (PES 10, PES 30, C 10, C 30) (Microdyn Nadir),
• Two types of NF membranes (NPO10P and NPO30P) (Microdyn Nadir).

Properties of UF and NF membranes used in the study are presented in
Tables 2 and 3, respectively.

Table 2. UF membranes used in experiments.

Membrane
Symbol

Membrane
Material

Cut-Off,
kDa [87]

Mean Pore
Radius, nm [88]

Contact
Angle, ◦ *

Polarity,
% [88]

H2O Flux,
m3/m2d (0.4 MPa) *

PES 10 Polyethersulphone 10 2.04
52.0 44.27

6.6
PES 30 30 8.38 13.3

C 10 Regenerated
cellulose

10 5.01
37.8 49.92

2.7
C 30 30 12.55 21.5

* based on our own research.

Table 3. NF membranes used in experiments.

Membrane Type Membrane
Material

Na2SO4
Retention [87]

Cut-Off,
kDa [87]

Contact
Angle, ◦ *

H2O Flux,
m3/m2d (0.4 MPa) *

NP010P Polyethersulfone 25–40% 1040–1400 57.5 1.3
NP030P 80–95% 520–700 58.6 0.25

* based on our own research.

The purification of the liquid fraction of the HTC liquid fraction, after hydrothermal
carbonisation of the digestate from the agricultural biogas plant with the use of pressure
membrane processes was carried out on a test stand equipped with an Amicon 8400 cell
(Millipore, Burlington, MA, USA)—effective filtration surface 45.3 cm2. It allows for a
dead-end filtration process and is designed to work with flat membranes. To ensure
equal concentration in the entire volume of the solution the filtration cell was placed on
a magnetic stirrer. The transmembrane pressure (TMP) in the range of 0.1–0.4 MPa was
used in the tests. Nitrogen was used to generate necessary pressure, with limiting error
of 0.01 MPa. The following two parameters were used: volume flux of the permeate (J)
and organic substances retention coefficient (R) to estimate the separation and transport
properties of the membrane under study. The quotient of the permeate flux (J) to the
redistilled water flux (J0) was also calculated to determine the relative permeability (J/J0)
of the membranes and thus, the membrane fouling susceptibility.

The purification of the liquid fraction of the agricultural digestate was carried out in
various variants. The sequential use of the membranes resulted in further analysis:

• A—solution after MF membrane;
• B—solution after MF followed by UF using a PES 10 kDa membrane;
• C—solution after MF followed by UF using a PES 30 kDa membrane;
• D—solution after MF followed by UF using a C 10 kDa membrane;
• E—solution after MF followed by UF using a C 30 kDa membrane;
• F—solution after MF followed by UF using a PES 10 kDa membrane and NF using

NPO10P membrane;
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• G—solution after MF followed by UF using a PES 10 kDa membrane and NF using
NPO30P membrane;

• H—solution after MF followed by UF using a PES 30 kDa membrane and NF using
NPO10P membrane;

• I—solution after MF followed by UF using a PES 30 kDa membrane and NF using
NPO30P membrane;

• J—solution after MF followed by UF using a C 10 kDa membrane and NF using
NPO10P membrane;

• K—solution after MF followed by UF using a C 10 kDa membrane and NF using
NPO30P membrane;

• L—solution after MF followed by UF using a C 30 kDa membrane and NF using
NPO10P membrane;

• M—solution after MF followed by UF using a C 30 kDa membrane and NF using
NPO30P membrane.

The organic compound concentration in the permeates expressed as COD, 5-day
BOD (BOD5) and DOC was used to determine the efficiency of the process. Standard
methods: dichromate and dilution [89] was used to measure COD and BOD5, respec-
tively. The HACH IL550 TOC-TN analyser (Loveland, CO, USA) was used to measure the
DOC concentration.

3. Results and Discussion

Taking into account the fact that the main objective of the research was to separate
organic substances present in the digestate liquid fraction after HTC and to recover water
from it, which could be used, e.g., in agriculture, special attention was paid to the quality
of permeates obtained after successive membrane filtration stages. As an initial step, total
organic compounds (DOC) and their biodegradable fraction (BOD5), as well as chemical
oxygen demand (COD), were analysed. Subsequently, the content of selected compounds
in the permeates was determined using GC-MS analyses. Characteristics of these solutions
are presented in Figure 3.

Analysing the effectiveness of the sequential purification of the liquid fraction of the
agricultural digestate after HTC, it can be concluded that the final quality of the analysed
solution was determined by the combination of separation properties of individual mem-
branes. The combination of microfiltration (MF), ultrafiltration (UF) and nanofiltration (NF)
allows for a significant increase in the effectiveness of the purification of the raw solution
(liquid fraction of the agricultural digestate after HTC), compared to the effects obtained
for independent membrane processes. This effect has been observed for all analysed cases
regardless of the membrane cut-off or its material (Figure 4). Overall, it could be stated
that proper configuration of the cascade of membranes significantly outperformed single
ultrafiltration membrane, investigated in the previous study [84].

The use of microfiltration enables the separation of both colloids and fine suspensions,
as well as some macromolecular compounds and microorganisms. For example, at the
transmembrane pressure of 0.4 MPa, the obtained values of RDOC, RBOD5 and RCOD were
respectively: 12.3%, 13.0% and 3.0%. The redirection of the microfiltration permeate to
further purification in the ultrafiltration process showed an increase in the removal effi-
ciency of organic compounds from the analysed digestate due to the combination of sieving
mechanisms of both types of analysed membranes. The analysis of the obtained results
suggests that the efficiency of digestate purification is generally determined by the cut-off
of ultrafiltration membranes. It was observed that with the increase of membrane pore
diameter, the efficiency of organic compounds removal decreased. The explanation of this
phenomenon is the fact that at a higher membrane cut-off value, larger particles of organic
compounds penetrated into the permeate. Moreover, it was noted that the membrane
material (polyethersulfone or regenerated cellulose) did not determine the effectiveness
of the purification of the tested digestate. For example, a 10 kDa polyethersulfone mem-
brane allowed retention rate for DOC of 32.3%, for BOD5 35.4%, and for COD 26.9% to
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be achieved, whereas for a regenerated cellulose membrane (10 kDa), reductions in these
parameters of 29.8%, 35.2%, and 23%, respectively, were obtained. The use of a 30 kDa
membrane resulted in retention values of DOC, BOD5 and COD in purified samples of the
digestate of 27.2%, 20.5% and 19.9% and 24.9%, 25.0% and 19.0%, respectively for PES and
C membranes (TMP 0.4 MPa).
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Figure 3. Properties of the solution after separation using different configurations of membranes (A: MF 0.2 µm; B: MF 0.2 µm
→ UF PES 10 kDa; C: MF 0.2 µm→ UF PES 30 kDa; D: MF 0.2 µm→ UF C 10 kDa; E: MF 0.2 µm→ UF C 30 kDa; F: MF 0.2 µm
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The application of the nanofiltration in the final stage of the solution purification
process resulted in a significant improvement in its quality. This effect has been observed
for all tested variants of the use of different types of membranes (both ultrafiltration and
nanofiltration). The final quality of the permeate was determined by the combination
of properties of sequentially applied membranes. The obtained values of DOC, BOD5
and COD retention coefficients for both tested nanofiltration membranes show how much
influence the type of NF membrane used had on the purified solution composition. It was
easy to see that using a less compact membrane (NPO10P) resulted in the deterioration
of the final permeate quality. For example, the NPO30P membrane allowed to achieve
DOC, BOD5 and COD retention coefficients of 58.9%, 63.0% and 58.9%, while the NPO10P
membrane allowed to reduce DOC, BOD5 and COD by 51.7%, 63.0% and 51.3% respectively
(using a 10 kDa UF PES membrane prior to NF). Better separation properties of the NPO30P
membrane could result from its lower cut-off and denser structure [90].

Based on the obtained results, it was found that the best results i.e., the best permeate
quality in terms of organic substances content, were achieved by conducting sequen-
tial purification in the following variant: microfiltration (0.2 µm)→ ultrafiltration (PES
10 membrane)→ nanofiltration (NPO30P membrane) (G). Lack of literature sources on
membrane separation of organics and water in HTC effluent makes direct comparison
difficult. Urbanowska et al. [84] reported COD removal efficiency close to 30% for mem-
brane purification of post HTC effluent, using a single ultrafiltration membrane. Owing
to the use of membrane cascades in this study the efficiency was almost doubled (see G
in Figures 4 and 5). Klein et al. [91] reported COD removal from effluent with similar
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organic load i.e., pyrogenic wastewater from oil shale retorting. COD of the samples
ranges between 39,700 and 45,400 mg/dm3 [91]. Air stripping resulted in COD removal of
more than 30%, whereas ozonation was close to reach COD removal of 50% [91]. Fenton
treatment resulted in COD removal ranging between almost 60% and 80%, depending on
the COD/H2O2/Fe2+ w/w/w [91]. Only a combination of physical, chemical and biological
methods allowed to achieve COD reduction of 98% [91]. However, the advantage of the
membrane system is the fact that retentate could still be used as an energy source e.g., for
production of biogas [34,81,92], which in turn could be used to produce heat necessary for
the HTC process.
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Figure 4. DOC, BOD5 and COD removal efficiency in various membrane process configurations (TMP 0.4 MPa; A: MF 0.2 µm;
B: MF 0.2 µm→ UF PES 10 kDa; C: MF 0.2 µm→ UF PES 30 kDa; D: MF 0.2 µm→ UF C 10 kDa; E: MF 0.2 µm→ UF C
30 kDa; F: MF 0.2 µm→ UF PES 10 kDa→NF NPO10P; G: MF 0.2 µm→ UF PES 10 kDa→NF NPO30P; H: MF 0.2 µm→
UF PES 30 kDa→ NF NPO10P; I: MF 0.2 µm→ UF PES 30 kDa→ NF NPO30P; J: MF 0.2 µm→ UF C 10 kDa→ NF NPO10P;
K: MF 0.2 µm→ UF C 10 kDa→ NF NPO30P; L: MF 0.2 µm→ UF C 30 kDa→ NF NPO10P; M: MF 0.2 µm→ UF C 30 kDa
→ NF NPO30P).

It was also advisable to assess the influence of the magnitude of the process driving
force (in this case, transmembrane pressure) on the final quality of the effluent after HTC to
be treated. It was found (Figure 5) that the transmembrane pressure value has no significant
influence on the efficiency of removing organic compounds from the analysed liquid, both
in the case of application of single (for MF) and sequentially successive membrane processes.
In the analysed range of transmembrane pressures from 0.1 MPa to 0.4 MPa, the DOC,
BOD5 and COD retention coefficients were practically at the same level (differences did
not exceed 10%).

The purpose of combining membrane processes is, in addition to increasing separation
efficiency, to reduce the intensity of membrane fouling. This phenomenon is one of the
main problems that occur during the operation of a membrane system, which is caused by
the deposit of impurities from the solution to be purified on the membrane surface and
in the membrane structure. This results in a decrease in the permeate flux (for processes
run at a constant TMP) or an increase in the TMP (for processes run at a constant permeate
flux). One method to reduce the intensity of membrane fouling is to purify solutions in
integrated systems, such as using sequential membrane processes. As shown in Figure 6,
the application of a sequence of the analysed membrane techniques has partially reduced
the problem of membrane fouling. Comparison of the J/J0 ratio, obtained in a separate UF
process with the MF→ UF and separate NF with MF→ UF→ NF, showed that the use
of a pre-filtration improves the transport properties of the last membrane in the process
chain. It was found that the application of MF 0.2 µm and UF PES 10 before any of the
tested NF membranes reduced the problem of NF membrane fouling. MF applied before
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UF removes some of the compounds blocking the subsequent membrane, and the use
of a more compact UF membrane (10 kDa) made of both PES or C between MF and NF
removes the remaining compounds deposited on the surfaces of NF membranes. The use
of the 30 kDa cut-off UF membrane, which is characterised by larger pore size and thus
lower efficiency of contaminants separation, does not as significantly improve the transport
properties of NF membranes, as the fractions remaining in the solution (permeate) may
penetrate the pores of the NF membranes or be deposited on its surface further contributing
to their blocking. At the same time, it was observed that the type of membrane used in
the NF is also crucial in terms of the membrane’s susceptibility to blocking. It was found
that after MF 0.2 µm and UF PES 10, the use of the NPO10P membrane resulted in the
improvement of transport properties of this membrane. Relative membrane permeability
(J/J0) values were larger when using membrane NPO10P at the end of the sequence than
when using membrane NPO30P, 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 fouling phenomenon.

Analysing the absolute values of permeate fluxes of nanofiltration membranes, it
can be observed that for distilled water, the permeate flux of NPO10P membrane is
1.3272 m3/m2d and for NPO30P membrane: 0.2528 m3/m2d (at TMP 0.4 MPa). When
these membranes were used to polish the solution after filtration with a sequence of MF
0.2 µm→ UF PES 10 the permeate fluxes of these membranes decrease to 0.79 m3/m2d
and 0.158 m3/m2d, respectively. This trend is in line with the literature reports [93]. It
can be explained by analysing MWCO values and pore diameters of the membranes
tested. According to [90], the cut-off of NPO10P membrane is greater and ranges between
1010 and 1400 Da (with pore diameter 0.80–1.29 nm), while for NPO30P membrane, it
equals 500–700 Da (with pore diameter 0.57–0.93 nm). This can result in higher hydraulic
resistance and thus lower permeability of NPO30P membranes.
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Figure 5. The influence of TMP on COD removal efficiency in various membrane processes configurations (A: MF 0.2 µm;
B: MF 0.2 µm→ UF PES 10 kDa; C: MF 0.2 µm→ UF PES 30 kDa; D: MF 0.2 µm→ UF C 10 kDa; E: MF 0.2 µm→ UF C
30 kDa; F: MF 0.2 µm→ UF PES 10 kDa→ NF NPO10P; G: MF 0.2 µm→ UF PES 10 kDa→ NF NPO30P; H: MF 0.2 µm
→ UF PES 30 kDa→ NF NPO10P; I: MF 0.2 µm→ UF PES 30 kDa→ NF NPO30P; J: MF 0.2 µm→ UF C 10 kDa→ NF
NPO10P; K: MF 0.2 µm→ UF C 10 kDa→ NF NPO30P; L: MF 0.2 µm→ UF C 30 kDa→ NF NPO10P; M: MF 0.2 µm→ UF
C 30 kDa→ NF NPO30P).
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Figure 6. Comparison of relative membrane flux for various process configurations (TMP 0.4 MPa; (A: MF 0.2 µm; B: MF
0.2 µm→ UF PES 10 kDa; C: MF 0.2 µm→ UF PES 30 kDa; D: MF 0.2 µm→ UF C 10 kDa; E: MF 0.2 µm→ UF C 30 kDa; F:
MF 0.2 µm→ UF PES 10 kDa→ NF NPO10P; G: MF 0.2 µm→ UF PES 10 kDa→ NF NPO30P; H: MF 0.2 µm→ UF PES
30 kDa→ NF NPO10P; I: MF 0.2 µm→ UF PES 30 kDa→ NF NPO30P; J: MF 0.2 µm→ UF C 10 kDa→ NF NPO10P; K:
MF 0.2 µm→ UF C 10 kDa→ NF NPO30P; L: MF 0.2 µm→ UF C 30 kDa→ NF NPO10P; M: MF 0.2 µm→ UF C 30 kDa
→ NF NPO30P).

Regarding the possibilities of recirculation of the organic fraction of HTC liquid by-
products to AD reactor, the performance of an MF 0.2 µm→ UF PES 10 kDa→NF NPO30P
(G) cascade was the best among all of the investigated options: overall COD and BOD5
removal efficiencies were close to the highest among all tested combinations (Figure 4).
Overall, no trend can be found regarding the concentrations of the compounds found in
the HTC effluent before and after different membranes and cascades (Table 4), which could
be caused by the complexity of all the interactions between membranes, compounds as
well as products of precipitation, produced during HTC.

GC-MS analysis of the raw solution of digestate liquid fraction after HTC samples
and after the subsequent membrane filtration stages with different membrane sequences
showed that for most low molecular weight organic compounds, the nanofiltration pro-
cess’s application does not allow for significant elimination of these substances.

The dominant compound in the HTC effluent, namely acetic acid, has not been de-
tected in the permeate when these cascades were used (Table 4), which seems beneficial
from the point of view of the use of retentate in the AD since volatile fatty acids are con-
sumed during the acetogenesis [94], which is one of the main stages of AD process [95,96].
From the water-recovery perspective, especially in the context of its potential use in the
agriculture, presence of acetic acid could be considered somewhat problematic as it is
included on lists of pesticides, e.g., Pesticide Screening List for Luxembourg [97]. The
dosage of pesticides is a subject of careful planning in agriculture, so a compound with
pesticidal characteristics might be considered problematic when using reclaimed water
containing acetic acid for watering the plants. The presence of 2,5-dimethyl pyrazine is
also not desirable, as the compound is classified as harmful [98]. If acute toxicity for the
compound, ranging between 1020 mg/kg and 1350 mg/kg of body mass (determined by
LD50 tests) [99,100], is compared with the concentration presented in Table 4, it seems
that significant exposure would be needed to achieve such doses. However, cautiousness
is the foundation of present-day health and safety standards. Therefore, it seems sensi-
ble to advise an additional stage of treatment after the membrane cascade. Regarding
the final concentration of 2,5-dimethyl pyrazine MF 0.2 µm→ UF C 30→ NF NPO30P
performed slightly better than MF 0.2 µm → UF PES 30 → NF NPO30P (Table 4). The
presence of pyrazine is considered a health hazard by ECHA [101]. However, posing a
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problem of a much smaller magnitude [100]. Ethylpyrazine is a natural product of Maillard
reaction [102], used as flavour [102,103], that does not seem problematic, especially in such
low concentrations (Table 4).

Table 4. Results of the GC-MS analysis for the permeates.
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Sample/Unit mg/dm3

HTC effluent 1080 ± 340 48 ± 9 31 ± 4 32 ± 3 110 ± 42 81 ± 14 18 ± 6 4 ± 3
(A) MF 0.2 µm 1210 ± 340 40 ± 6 36 ± 4 36 ± 3 91 ± 43 89 ± 14 24 ± 5 2 ± 3

(B) MF 0.2 µm→ UF PES 10 kDa 960 ± 360 38 ± 6 34 ± 4 33 ± 3 155 ± 44 89 ± 14 20 ± 5 0.3 ±
3

(C) MF 0.2 µm→ UF PES 30 kDa 1480 ± 350 42 ± 6 37 ± 4 38 ± 3 104 ± 45 94 ± 14 28 ± 5 2 ± 3
(D) MF 0.2 µm→ UF C 10 kDa 1050 ± 350 38 ± 6 34 ± 4 34 ± 3 165 ± 45 87 ± 14 20 ± 5 4 ± 3
(E) MF 0.2 µm→ UF C 30 kDa 1150 ± 340 40 ± 6 37 ± 4 37 ± 3 75 ± 42 90 ± 14 24 ± 5 1 ± 3

(F) MF 0.2 µm→ UF PES 10 kDa
→ NF NPO10P 560 ± 340 40 ± 6 37 ± 4 33 ± 3 77 ± 42 97 ± 14 16 ± 5 n.d.

(G) MF 0.2 µm→ UF PES 10 kDa
→ NF NPO30P 510 ± 340 37 ± 6 29 ± 4 30 ± 3 110 ± 42 86 ± 14 14 ± 5 n.d.

(H) MF 0.2 µm→ UF PES 30 kDa
→ NF NPO10P 1650 ± 390 41 ± 7 33 ± 6 31 ± 6 104 ± 43 108 ± 15 28 ± 5 n.d.

(I) MF 0.2 µm→ UF PES 30 kDa
→ NF NPO30P n.d. 45 ± 6 36 ± 4 35 ± 3 15 ± 42 106 ± 14 12 ± 5 n.d.

(J) MF 0.2 µm→ UF C 10 kDa
→ NF NPO10P 340 ± 350 40 ± 6 34 ± 4 33 ± 3 61 ± 43 96 ± 15 13 ± 6 n.d.

(K) MF 0.2 µm→ UF C 10 kDa
→ NF NPO30P 590 ± 340 38 ± 6 31 ± 4 30 ± 3 128 ± 42 88 ± 14 15 ± 5 n.d.

(L) MF 0.2 µm→ UF C 30 kDa
→ NF NPO10P 1500 ± 360 42 ± 6 37 ± 4 36 ± 3 94 ± 42 98 ± 14 25 ± 5 n.d.

(M) MF 0.2 µm→ UF C 30 kDa
→ NF NPO30P n.d. 40 ± 6 31 ± 4 30 ± 4 16 ± 42 103 ± 15 10 ± 5 n.d.

Propionic acid is merely an irritant with an unpleasant odour [104]. However, concen-
trations determined within the course of this study were higher than the advised threshold
limit value (TLV) of 10 mg/dm3 [104] for all membrane cascades (Table 4). Hydrocinnamic
acid presence might not be desired as it is mentioned as an antifungal agent and plant
metabolite [105], which cannot be unequivocally stated without further research. The pres-
ence of cyclohexanecarboxylic acid poses a severe problem, as the substance is considered
a serious health hazard by ECHA [106]. The biggest problem is posed by acetamide’s
presence, as the substance is suspected of being carcinogenic to humans [107,108], based
on rodent toxicity data and a common potentially genotoxic impurity in pharmaceutical
manufacturing [108]. Acetamide is an impurity present in various medicines, and within
the jurisdiction of pharmaceutical authorities, it falls under the limit of the threshold of
toxicological concern (TTC), which is set as 1.5 µg/day for most known and all suspect
carcinogens, unless experimental evidence can justify higher limits [108].

Due to these issues, it should be noted that the cascade membrane system cannot be
considered as a stand-alone solution for water recovery from the effluent after HTC of
agricultural digestate. Nonetheless, it should not be overlooked that such cascade systems
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make removal of such compounds significantly easier due to the significant reduction of
COD in the permeates. All of the problematic compounds are hydrocarbons and can be
oxidised. More research focused on the removal of the most problematic compounds from
HTC effluent is advised.

4. Conclusions

In view of the insufficient treatment efficiency of the liquid fraction HTC effluent of
the agricultural digestate in the independently used membrane processes, their sequential
connections were used. The aim of such a procedure was both to improve the final quality
of the treated digestate and to reduce the intensity of membrane fouling. The conducted
research showed that the combination of sieving mechanisms of the examined membranes
significantly increased the removal efficiency of organic compounds from the analysed HTC
effluent. It was found that the final quality of the purified solution was determined by the
membrane cut-off value, while the applied TMP and the ultrafiltration membrane material
were of no significance. The best results were obtained by conducting sequential treatment
of the solution in the following variant: MF 0.2 µm→ UF PES 10→ NF NPO30P, which
allowed reaching COD removal efficiency of almost 60%. All of the cascades outperformed
a single membrane separation performed in the previous study regarding COD removal.
Although the applied membrane sequence allows for very significant removal of organic
compounds from the solution, there are still considerable amounts of low molecular weight
substances remaining in the permeate. Overall, cascade system outperformed single
membrane, reported in previous studies. Follow-up studies are advised; studies for further
optimization of the cascade systems for separation of water and organics from liquid
by-products of HTC of the agricultural digestate, as well as other types of biomass.
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