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Abstract: The physiological characteristics of liquid digestate retrieved from various biogas plants 
based in northern Greece are presented. Preliminary photocatalysis experiments on inoculated liq-
uid digestate sampled showed that disinfection is possible when pre-treated digestate with a com-
bination of centrifuge-flocculation-μFiltration after 5.5 hours of 0.7g/L suspended TiO2 under UVA 
illumination for the experimental conditions is used. A novel design photocatalytic nanofiltration 
reactor was implemented for disinfection experiments on pre-treated liquid digestate, giving prom-
ising results. This work sets the basis for the efficient operation and engineering application of tech-
nology collaboration with photocatalysis as the final step for liquid digestate sanitation and reusable 
water recovery. 
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1. Introduction 
Anaerobic digestion (AD) is a biochemical process conducted in an anaerobic di-

gester, wherein a diverse community of microorganisms converts complex organic matter 
(OM) into biogas and digestate (WD) under controlled conditions without the presence of 
oxygen [1]. AD serves as a widely employed technique for effectively diminishing the 
volume of various biomass sources, including the organic fraction of industrial waste, en-
ergy crops, agricultural residues, and forestry remnants, while simultaneously recovering 
renewable energy. [2, 3]. Despite being recognized as a highly favorable waste treatment 
technology, particularly from an environmental standpoint, AD does not achieve com-
plete waste stabilization [4]. 

Whole digestate (WD) can be mechanically separated into two fractions: a solid frac-
tion called solid fibrous digestate (SFD), characterized by higher organic matter (OM), 
phosphorus (P) and potassium (K) content, and a liquid fraction called liquid digestate 
(LD), which exhibits greater nitrogen (N). As a result, the liquid fraction holds greater 
potential as a fertilizer, while the solid fraction exhibits greater potential for amending 
soil composition [5]. However, it is important to note that WD derived from agricultural 
biogas plants does not meet the necessary soil regulations. Consequently, further treat-
ment through recycling is required to mitigate potential environmental risks [6].  

Pathogenic microorganisms including Escherichia coli, Enterococcus faecalis, Salmonella 
spp., Listeria monocytogenes, Clostridium perfringens and zoonotic viruses like porcine par-
vovirus, which are generally not problematic during the AD of animal wastes such as 
cattle, pig, poultry, and sheep manure [7, 8], have the ability to survive the digestion pro-
cess and persist in the WD especially in mesophilic conditions [9]. As WD can serve as a 
potential vehicle for pathogen transmission from agricultural land to humans through the 
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food chain, it is crucial to ensure proper sanitation practices. The sanitation of WD relies 
on multiple factors, including the quality of substrates fed into the reactor, reactor perfor-
mance, digestion temperature, slurry retention time, pH, and NH3 concentration. Differ-
ent pre-treatment methods, such as pasteurization [10], chlorine treatment, UV-light ex-
posure, ozone treatment [11], and high-pressure treatment within a vessel [12], can be 
employed to reduce the pathogen load in the final WD effluent.  

The primary objective of effective WD sanitation is to achieve a reduction in the con-
centration of Enterococcus faecalis or Salmonella senftenberg by a factor of 5 log10 and thermal-
resistant viruses by a factor of 3 log10. Enterococcus faecalis (a Gram-positive bacterium) and 
Escherichia coli (a Gram-negative bacterium) are commonly used as indicator microorgan-
isms to evaluate the efficacy of the sanitation process. Enterococcus faecalis has also been 
selected as an indicator bacterium according to EU regulation No. 142/2011 [13]. While the 
thermal inactivation of pathogens has been extensively studied on a laboratory scale, cau-
tion must be exercised when extrapolating the results to large-scale systems. Factors such 
as uneven heating, fluctuating temperatures, and the shielding properties of solids can 
affect the required exposure time for pathogen inactivation. Therefore, further investiga-
tion is necessary to transfer laboratory findings to full-scale systems [14]. 

Apart from conventional thermal pasteurization technologies, alternative methods, 
such as electro-technology, microwave treatment, pressurization, ultrasound treatment, 
and chemical treatments have the potential to significantly reduce bacterial populations 
and simultaneously increase methane (CH4) yield. However, the performance of these al-
ternative technologies varies depending on the type of waste, operational parameters, and 
energy input [15]. It should be noted that certain spore-forming bacteria, such as Clostrid-
ium spp. and Bacillus spp., which are less sensitive to heat, may not be effectively reduced 
[9, 16] [17, 18]. This was also demonstrated in a study investigating the hygiene aspects of 
WD, where elevated levels of Bacillus spp. were detected, suggesting that neither the san-
itation treatment nor the subsequent AD process affected the abundance of Bacillus spp. 
[19]. Another study examined liquid manures and WD from five biogas plants in France 
to assess the contamination by both sporulating (Clostridium perfringens, Clostridioides dif-
ficile, and Clostridium botulinum) and non-sporulating (Escherichia coli, Enterococci, Salmo-
nella spp., Campylobacter, and Listeria monocytogenes) bacterial species. The authors con-
cluded that spore-forming bacteria, as well as Listeria monocytogenes, Salmonella spp., and 
Enterococci, can persist during AD; however, the concentration of these pathogens in WD 
was similar to or lower than that in liquid manures [20]. Finally, as WD is often stored 
prior to application on agricultural land or distribution, there is a possibility of pathogen 
regrowth during storage [21]. Therefore, further treatment of WD is recommended to 
achieve more efficient pathogen reduction.  

A highly efficient method known as advanced oxidation processes (AOPs) has 
emerged as a promising solution for eliminating organic pollutants from various sources, 
including water, on a large scale. AOPs facilitate the conversion of organic compounds 
into harmless by-products, such as CO2 and H2O, thereby ensuring their safe removal [22, 
23]. By generating intermediate radicals, notably the hydroxyl radical (radical ·OH), AOPs 
exhibit exceptional reactivity, enabling them to effectively oxidize a wide range of organic 
molecules [24]. Commonly employed AOPs include ozonation, Fenton and photo-Fenton 
processes, photolysis, photocatalysis, and electrochemical methods, each offering distinct 
advantages [25-27]. Notably, photocatalysis has garnered significant attention due to its 
economical, efficient, environmentally friendly nature, coupled with its moderate reaction 
conditions. Due to its excellent catalytic reactivity, robust physical and chemical stability, 
non-toxic nature, and cost-effectiveness, the semiconductor TiO2 has found extensive ap-
plication as a photocatalyst [28, 29]. Nevertheless, only few research teams explored the 
application of photocatalysis on liquid digestate (LD). 

Wang et al., (2021, 2023) explored the effect of photocatalysis on the physicochemical 
properties of LD and the photocatalytic degradation of tetracyclines. They have found that 
under high pressure mercury lamp and under the optimum conditions (TiO2 of 1.0 g/L, 
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LD depth of 20 mm and photocatalytic time of 120 min), the removal of tetracycline, oxy-
tetracycline, and chlortetracycline reached 94.99%, 88.92%, and 95.52%, respectively. LD 
from swine manure and 10% wastewater, was used after centrifugation. Average values 
of COD of the LD supernatant was 1576 ± 92 mg/L, TS was 3763 ± 39 mg/L, and turbidity 
was 179 ± 5 NTU [30]. In a more resent study, results showed minor effects on major nu-
trients, an increase in tryptophan substances, soluble microbial by-products, and a de-
crease in humic acid substances. The toxicity of the LD initially increased and then de-
creased, with improved seed germination and root growth after 2 hours of photocatalysis. 
Bacterial community richness, diversity, and evenness decreased, with a shift from Fir-
micutes to Proteobacteria. As expected, the physicochemical properties of the LD, such as 
pH, total solids, and chroma, significantly influenced the photocatalytic process [31]. This 
highlights the imperative to establish a pre-treatment protocol aimed at attaining targeted 
ranges for the physicochemical properties of WD. In these studies, the application of floc-
culation pre-treatment proved effective for that matter.  

Yin et al. (2021) treated WD with a combination of membrane separation and photo-
catalysis for antibiotic removal [32]. Jin et al. (2019) found the photocatalytic degradation 
efficiency of norfloxacin for N-doped TiO2 is approximately 11 mg/g [33]. The aim of this 
study is to serve as a reference for the use of combined membrane filtration technologies 
with additional treatment systems to treat antibiotic-containing wastes. Combined mem-
brane process included a succession of paper filtration (PF), hollow-fiber membrane ul-
trafiltration (HF), nanofiltration (NF) and reverse osmosis (RO) that reduced turbidity of 
WD from 318,76 NTU to 0,36 NTU, COD from 746 mg/L to 3 mg/L and TSS from 2263 
mg/L to 63 mg/L. Nevertheless, antibiotics were incompletely removed at each step of the 
membrane process. For the photocatalysis experiment, 500 mg/L of P25 was added to sam-
ples and subjected to 30 min of dark absorption prior to light exposure. A photocatalytic 
reactor was used (CEL-LBX, AULIGHT, Beijing) for the process, and Xe light was used as 
the light source. The total reaction time was 4 h. P25 was highly effective in removing the 
10 antibiotics, including quinolones and tetracyclines, investigated in this study. It pro-
vided average removal rates of more than 90% for each antibiotic. Its highest removal rate 
was 99.9% in HF concentrate followed by 99.3% in digested slurry, 98.3% in PF permeate, 
96.9% in NF permeate, 95.4% in HF permeate, 91.5% in RO permeate, and 89.9% in NF 
permeate. Similar results have been obtained for CIP, ENR, TE, and OTC [34-36] in deion-
ized water, ultrapure water, or urban wastewater at the concentration of 5–10 mg/L. Alt-
hough absorbents like fine halloysite exhibited higher removal efficiencies, photocatalysis 
can mineralize and reduce toxicity of antibiotics. Therefore, photocatalysis is considered 
the best method combined with each stage of membrane filtration. 

The application of photocatalysis for WD sanitation has not been studied yet. The 
high total solid content in matrices like WD can pose challenges for photocatalysis, due to 
factors, such as reduced light penetration, hindered photocatalyst, contact with target 
pathogens, and potential catalyst fouling [37]. However, researchers have been investigat-
ing methods to overcome these challenges and optimize photocatalytic disinfection in 
such complex matrices [38-40].  

Membrane technology can be employed to attenuate solids, thereby enhancing light 
transmission, and facilitating the feasibility of photocatalysis. The main drawbacks in-
clude the high upfront costs [41] and the tendency for membrane fouling and clogging, 
which can lead to decreased performance and significant operational expenses [42]. A 
comprehensive exploration has been conducted on a wide range of membrane processes 
for the treatment of WD; microfiltration [41, 43], ultrafiltration [44, 45], nanofiltration [46, 
47], reverse osmosis [46, 47], and forward osmosis [42]. Microfiltration and ultrafiltration, 
two widely utilized membrane process technologies, are capable of concentrating parti-
cles and molecules ranging from 0.01 to 1 µm. These include various substances like path-
ogens (bacteria, viruses, etc.), organic macromolecules (proteins, carbohydrates, etc.), and 
minerals (clays, latex, etc.), which can be effectively separated using microporous 
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membranes. These methods offer the advantage of operating at relatively low pressures 
(0.1 to 5 bar), resulting in reduced energy costs [48].  

However, membrane technology generates a retentate with higher concentration of 
pollutants and pathogens compared to the original material that will also need special 
management before disposal. On the other hand, photocatalysis is commonly employed 
as ultra-thin photocatalytic coatings supported on transparent substrates and integrated 
into continuous flow systems. The purpose of this support is to mitigate the challenges 
associated with applying photocatalysis through batch processes, utilizing suspensions of 
photocatalytic powders. These challenges pertain to intricate procedures for separating 
and recovering photocatalytic nanoparticles from treated wastewater. When photocata-
lytic coatings are utilized, limitations in mass transfer, inadequate mixing, and brief con-
tact times contribute to a moderate level of photocatalytic degradation performance. Ad-
ditionally, an inherent drawback of stand-alone photocatalysis is the competitive interac-
tion with organic matter, whether of natural or synthetic origin, which typically exists in 
WD and occupies the active adsorption sites on the surface of the photocatalyst. Therefore, 
novel, more advanced solutions that could effectively sanitised WD are needed [49]. 

In this context, a patented lab-scale reactor was configured for LD treatment [50], 
integrating photocatalysis and filtration in one reactor module. The efficiency of the hy-
brid photocatalytic nanofiltration reactor (PNFR) relied on several factors: (a) its ability to 
simultaneously irradiate numerous photocatalytic surfaces within the photocatalytic-
membrane reactor module, while implementing the tangential flow-filtration process; (b) 
the disinfection capabilities achieved through the utilization of titania (TiO2) photocata-
lysts and the photoinduced radical mechanism triggered by appropriate wavelength light 
illumination [51]; and (c) the concurrent retention of micropollutants by the nanoporous 
membranes [52] as described [53]. Until now, the PNFR has not been tested against com-
mon pathogens in LD. 

In this study, we present the physicochemical characteristics of LD retrieved from 
various biogas plants based in northern Greece. Preliminary photocatalysis disinfection 
experiments were carried out on this matrix to explore optimum process parameters, in-
cluding the optimal pre-treatment process of LD, TiO2 concentration, and retention time. 
In addition, we explored PNFR, where nanofiltration and photocatalysis act simultane-
ously and in a synergetic way, to disinfect LD. This work sets the basis for the efficient 
operation and engineering application of a technology collaboration with photocatalysis 
as the final step for LD sanitation and reusable water recovery. 

 

2. Materials and Methods 
2.1. Liquid digestate origin, photocatalyst and pure cultures 

LD was collected from various biogas plants, mostly sited in northern Greece, using 
various types of feedstocks during the last three years. The majority of these plants used 
cow manure as their main feedstock comprising 70-80% of the whole. The photocatalyst 
used was P25 TiO2 (Degussa-Hüls AG, Frankfurt, Germany). Pathogens were added to 
the form of acclimatised pure cultures from certified reference materials (Sigma-Aldrich, 
Burlington, MA, USA) that were rehydrated in Maximum Recovery Diluent (Oxoid, 
Wesel, Germany), incubated overnight at 37 oC to reach maximum density and acclima-
tized another 24 to 48 hours at 37 °C in the LD material in use. 

 

2.2. Determination of physical and chemical parameters 
The quantification of physicochemical parameters involved several analytical meth-

ods and instruments. Total solids (TS), total suspended solids (TSS), and total dissolved 
solids (TDS) were determined by subjecting the samples to drying at 103 ± 2 °C and 180 ± 
2 °C respectively, employing APHA method 2540 – B [54]. Volatile solids (VS), which 
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represent the portion of suspended or dissolved solids lost from a sample upon ignition 
at a specified temperature for a specified duration, were determined following method 
APHA 2540-E [54]. Chemical Oxygen Demand (COD) refers to the amount of oxygen re-
quired for the chemical oxidation of organic constituents by a specific oxidant (dichromate 
ion, Cr2O72-) under controlled conditions and is expressed as oxygen equivalence. Analysis 
of COD was conducted using a commercial spectrometer, HACH DR 3900 (HACH, Love-
land, CO, USA), as described [55]. pH values were measured electrometrically using a 
Jenway 3520 instrument (Cole-Parmer Ltd., Vernon Hills, IL, USA) equipped with a uni-
versal pH measuring electrode (924 001) and a temperature measuring electrode (027 500), 
following the APHA 4500-H+ method [56]. Turbidity was analyzed using a UV–vis spec-
trophotometer, specifically the COD3 Plus Colorimeter (LaMotte, Chestertown, MD, 
USA), according to APHA method 2540-E [54]. Total phosphorus (TP) was determined 
using the Molybdovanadate method and Hach reagents, employing the HACH DR3900 
spectrophotometer. Nitrite-nitrogen (N-NO2) concentration was determined spectropho-
tometrically at 543 nm using a JASCO V-630 Spectrophotometer (JASCO, Inc, Tokyo, Ja-
pan). Nitrate-nitrogen (N-NO3) concentration was determined based on the APHA 4500-
NO3- Ultraviolet Spectrophotometric Screening Method, with measurements taken at 220 
nm using a JASCO V-630 Spectrophotometer [57]. Ammonium-nitrogen (N-NH4) concen-
tration was determined photometrically at 420 nm using a JASCO V-630 Spectrophotom-
eter. For the determination of heavy metals, an Agilent 7850 ICP-MS equipped with SPS 
4 autosampler, sample introduction ISIS 3 system and Mass Hunter 5.1 software (Agilent 
Technologies, Santa Clara, CA, USA) for data acquisition and processing, was employed, 
following the procedures outlined in ISO 17,294 Part I & II and APHA 3125 [58-60]. Fi-
nally, the K, Ca, Mg, and Fe, were analyzed by flame photometry using an AA-7000 
atomic absorption spectrophotometer (Shimadzu, Kyoto, Japan).  

 

2.3. Microbiological analyses of indicator pathogens 
Each sample (25g) was homogenized in sterile Buffered Peptone Water (BIOKAR Di-

agnostics, Allonne, France) using a Stomacher BagMixer 400 P (INTERSCIENCE, Saint-
Nom-la-Bretèche, France). Serial dilutions were prepared and inoculated in triplicate on 
Tryptic Soy Agar (TSA, BIOKAR Diagnostics, Allonne, France) to enumerate mesophilic 
counts after incubation at 37 °C for 24 h. The enumeration of Enterococcus faecalis is based 
on a combination of ISO 7899-2:2000-Detection and Enumeration of Enterococci in water 
and CEN-TR 16193:2013-Detection and quantification of Escherichia coli in sewage sludge, 
treated biowaste and soil. The initial dilution was prepared by weighing 10g (wet weight) 
and adding an appropriate amount of peptone saline solution (BIOKAR Diagnostics, Al-
lonne, France) so that the final volume was 100g. The material was then mixed in the ho-
mogenizer (Stomacher BagMixer 400 P, INTERSCIENCE, Saint-Nom-la-Bretèche, France) 
for 90 seconds. The material was aliquoted into containers and centrifuged (1600 rpm, 3 
min, 10±1 °C). The supernatant (1mL) was aseptically vacuum filtered through a 0.45μm 
Whatman membrane (Whatman, Maidstone, UK) and the membrane was placed in a 
Slanetz and Bartley (SB, BIOKAR Diagnostics, Allonne, France) plate. The plates were in-
cubated inverted at 36 ± 2 °C for 44 ± 4 hours. Decimal dilutions of the samples were fil-
tered accordingly. After incubation if typical colonies (brown – red color) had developed, 
the membrane was transferred to Bile aesculin azide agar medium (BIOKAR Diagnostics, 
Allonne, France), which had been preheated to 44 ± 0.5 °C, as a confirmatory step. Black 
color development on Bile aesculin azide agar after 2 hours at 44 ± 0.5 °C indicates E. 
faecalis colony. Method efficiency (precision and trueness) testing was performed by 
measurements on laboratory inoculated suspension material containing the certified ref-
erence material Enterococcus faecalis WDCM 00,009 Vitroids (Sigma-Aldrich, Burlington, 
MA, USA). Samples were enumerated for Escherichia coli bacterial colonies (test portion=1 
ml) by method ISO 16193: 2013-E. coli in Sludge (cultivation in Membrane Lactose Gluco-
ronide Agar, MLGA, medium) and method ISO 9308-1:2014-E. coli in liquids waste 
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(cultivation in Coliforms Chromogenic Agar, CCA, medium). For the detection of the Sal-
monella spp., the ISO 6579-1:2017 method was used (test portion=25 ml, Pre-enrichment 
with Buffered Peptone Water, BPW, and culture in Xylose Lysine Deoxycholate agar, 
XLD, nutrient selective medium). Colonies with typical Salmonella morphology were con-
firmed with real-time PCR after DNA extraction from the suspected colonies (StarPrep 
One kit, Salmonella Detection Lyokit, Biotecon Diagnostics, Potstdam, Germany). For the 
detection of Listeria monocytogenes, the ISO 11290-1:2017 standard was used (test portion= 
25g sample, pre-enrichment in Fraser Broth Half concentration at 30 °C for 24 h, second 
enrichment in Fraser Base Broth (Oxoid, Wesel, Germany) at 30 °C for 24 h, and inocula-
tion on Listeria Palcam Agar Base and ALOA Agar (Oxoid, Wesel, Germany). Colonies 
with typical Listeria morphology were confirmed as L. monocytogenes by real-time PCR 
after DNA extraction from the suspected colonies (StarPrep Two kit, L. monocytogenes 
Detection Lyokit, Biotecon Diagnostics, Potstdam, Germany). The results of Salmonella 
spp. and L. monocytogenes contamination were expressed as the presence/absence of path-
ogens. The enumeration of Clostridium perfringens performed according to ISO 7937:2004 
on Tryptose Sulphite Cycloserine Agar (TSC, BIOKAR Diagnostics, Allonne, France) after 
anaerobic incubation at 42 °C for 24 h. Three to five suspected colonies (Gram-negative, 
catalase-negative) were confirmed with a reverse CAMP test. Briefly, cultures were inoc-
ulated at right angles within 1 to 2 mm of a β-haemolytic group B Streptococcus streak on 
Sheep Blood Agar plates (Biolife, Milan, Italy). After anaerobic incubation (37 °C for 18–
24 h), a positive reverse CAMP test showed a “bow-tie” or “reverse arrow” pattern of 
hemolysis at the junction of the two cultures. Porcine Parvovirus testing was performed 
by virus DNA extraction with QIAamp DNA Mini kit (QIAGEN, Hilde, Germany) and 
quantification with the ViroReal Kit Porcine Parvovirus (Ingenetix, Wien, Austria), ac-
cording to the manufacturers' instructions. 

 

2.4. Pre-treatment of LD 
LD was cooling centrifuged (4 °C) for 20 minutes at 3900g with Eppendorf 5810R 

(Eppendorf, Hamburg, Germany). Flocculants FeCl2 (Ferrosol 90) or FeCl3 (Ferrisol 100) 
or FeClSO4 (Ferrisol 123) were added into the centrifuged samples at dosages of 3.5 g/L. 
The mixed samples were placed on a magnetic stirrer (HJ-6A, Jintan Kexi Instrument Co., 
Ltd, China) and stirred at a speed of 500 r/min for 3 min, then stirred at a speed of 60 r/min 
for 20 min. After standing for 2 h, vacuum filtration from glass fiber filters were made 
using the grades GF-3 and GF-5 (CHMLAB Group, Barcelona, Spain). 

 

2.5. Photocatalysis experiments 
Lab scale experiments were conducted as described elsewhere [61] with minor mod-

ifications. Briefly, as shown in Figure 1A, a 1L jacketed 5340-18 beaker (Ace Glass, Inc., 
Vineland, NJ, USA) with internal diameter 91 mm, and internal height 175 mm, was filled 
with 500mL material and was placed on the magnetic stirrer. A radiation source (OSRAM 
DULUX BLUE UVA 78 COLOR, 9W) was immerged using a quartz tube (35mm diameter) 
in the middle of the beaker (approximately 22mm from the bottom). A polypropylene cap 
was specially designed to hold the quartz tube in place. The cooling circulating pump was 
connected to the double-layer beaker to maintain a constant temperature at 25±1 °C. The 
device was then placed in a dark box. 
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Figure 1. A, Graphical representation of the experimental photocatalysis setup (a) blackout cloth (b) 
black plastic cap on which the quartz tube stands (c) lamp, OSRAM DULUX BLUE UVA 78 COLOR, 
9W (d) quartz tube (e) 1L jacketed beaker (f) stirring magnet (g) magnetic stirrer with temperature 
stabilizer (h) stirring intensity adjustment (i) temperature adjustment. B, Photocatalytic nanofiltra-
tion reactor arrangement. 

 
The lab scale PNFR used in this study described in detail previously [62, 63]. This 

reactor consisted of one coated monolith and was equipped with appropriate flow and 
pressure control and illumination systems (Figure 1B). The transformation of the mem-
brane monolith to photocatalytic membrane monolith was achieved by employing a sim-
ple and scalable wash-coating technique, which was based on a previously described 
method, adapted to our needs, and optimized via slight modifications [64]. In brief, 30 
mmol of titanium (IV) isopropoxide (TTIP) were slowly added to 0.4 L of double-distilled 
water, at 40 °C. Then, concentrated HNO3 (15mmol) was added dropwise under vigorous 
stirring at 80 °C, in order to catalyze the TTIP hydrolysis and obtain a transparent TiO2 col-
loidal solution after 16 h. Hence, the overall reaction, including the hydrolysis and con-
densations steps of the titanium precursor (TTIP) for TiO2 production, is summarized by 
the following equation: 

 

Ti(OCH(CH3)2)4 → TiO2 + 4CH3CH2CH2OH (1) 

Once the sol was cooled down to room temperature, the commercial titania photo-
catalyst Evonik P25 Aeroxide (20g) was gradually added, and the resulting suspension 
was stirred overnight until homogenization. Finally, the membranes’ modification was 
performed via the monolith immersion into the photocatalyst’s slurry for 10 min and a 
subsequent annealing step at 150 °C overnight, employing custom-made lab furnaces. 

 

3. Results and Discussion 
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3.1. Characterization of LD 
Table 1 presents the main LD characteristics obtained after AD of various feedstocks. 

The table shows that the main WD parameters can vary greatly, depending on both the 
type of substrate used in anaerobic fermentation and the AD process conditions. Espe-
cially, these variations are related to the input materials, which are usually classified as 
agri-food and livestock waste. In addition, the origin and the season of the input material 
could be important because, for example, the aerial deposition of heavy metals is usually 
higher in urban environments than in rural regions, while the deposition of heavy metals 
tends to peak in winter [49]. 

 

Table 1. Main LD characteristics obtained after AD of different feedstocks. 

Parameter Unit Min-max values Average Standard Deviation 
EC mS/m 318-1880 650 626 
pH - 7.9-8.6 8.2 0.2 
TS % 1.32-5.83 3.22 1.6 
VS % 0.65-5.72 1.9 1.6 

COD mg/L 21333-42615 33800 809 
TN % 0.2-0.44 0.33 0.08 
TP % 0.01-0.14 0.04 0.05 

N-NO3 % 0.002-0.01 0.006 0.003 
N-NH4 % 0.13-0.36 0.22 0.06 

Ca % 0.014-0.14 0.044 0.05 
K % 0.12-0.35 0.24 0.08 

Mg % 0.007-5.1 0.04 1.9 
Fe % 0.004-0.022 0.008 0.007 

Mn % 0.00014-0.002 0.0006 0.0007 
Na % 0.07-0.16 0.09 0.03 
Cl % 0.14-1.19 0.35 0.39 
Cd mg/kg TS <0.3-0.4 0.34 0.05 
Cr mg/kg TS <8.3-14.6 7.5 3.8 
Pb mg/kg TS <1-2.6 <1 - 
Zn mg/kg TS 209-1220 504 374 
As mg/kg TS <3-15.15 <3 - 
Cu mg/kg TS 59-449 197 135 
Hg mg/kg TS - <0,02 - 
Ni mg/kg TS 11-30.3 17.1 7.1 

E. coli cfu/g <10-13,000 - - 
E. faecalis cfu/g <10-250,000 - - 

3.2. Configuration of Photocatalytic Disinfection 
After confirming the effectiveness of the photocatalytic arrangements with inocu-

lated water samples (data not shown), we proceeded with various experiments to find out 
the working concentration of TiO2 and the best pre-treatment approach. Untreated LD 
was disinfected after 70 hours of photocatalysis whereas 1:10 diluted WD was managed 
to be disinfected after approximately 30 hours (data not shown). None of the above results 
seems to be industrially applicable. The long disinfection time is attributed to the nature 
of the material as the light could not be transmitted effectively. Further dilution, on the 
other hand, conflicts with the purpose of the technology, which is to retrieve clean water 
and enhance circular economy of the biogas operation. So, we engage technologies that 
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are industrially applicable trying to remove the excess of total solid content and make LD 
translucent. Table 2 summarizes the physicochemical properties of the LD after each stage 
of selected pre-treatment (A-C) and the treatments (Di-Diii). 

 

Table 2. Physicochemical and biological characteristics of LD, untreated (A), after centrifugation of 
A (B), after flocculation and μfiltration of B (C), after nanofiltration alone of C (Di), after 5.5h pho-
tocatalysis with 0.7g/L of C (Dii), and after PNFR of C (Diii). 

 A: Untreated B: Centrifuged C: μFiltration Di: nFiltation 
Dii: Photoca-

talysis 
Diii: PNFR 

Parameter Unit Average SD Average SD Average SD Average SD Average SD Average SD 
pH - 8.14 0.11 8.20 0.10 8.50 0.12 8.50 0.10 8.30 0.10 8.20 0.10 
EC mS/m 534 18 550 26 645 30 415 41 520 28 284 27 
TS % 3.94 0.21 1.91 0.01 0.36 0.00 0.17 0.00 0.20 0.00 0.11 0.00 

N-NH4 mgN/L 2881 267 2151 250 <0.1 n.a. <0.1 n.a. <0.1 n.a. <0.1 n.a. 
Ν % 0.42 0.02 0.30 0.00 0.08 0.00 0.02 0.00 0.02 0.00 0.02 0.00 
Cl mg/L 2941 310 3900 607 745 99 672 192 520 144 481 151 

Salinity ‰ 3.22 0.11 3.26 0.17 4.40 0.10 2.50 0.10 3.15 0.10 2.50 0.10 
Ν-ΝΟ3 mgN/L 60.93 12.95 43.50 8.00 <0.01 n.a. <0.01 n.a. <0.01 n.a. <0.01 n.a. 

VS % 2.43 0.16 0.92 0.03 0.10 n.a. <0.1 n.a. <0.1 n.a. <0.1 n.a. 
P g/kg 0.61 0.00 0.11 0.00 <0.1 n.a. <0.1 n.a. <0.1 n.a. <0.1 n.a. 

COD mgO2/L 33750 4431 14280 1966 1190 190 732 35 417 20 298 22 
TSS mg/L 28000 9528 1775 159 180 33 61 1.00 33 1.22 4 0.01 

Turbitity NTU n.a.* n.a. 8000 244 1687 321 1100 208 477 132 248 75 
E. coli cfu/g 3250 3718 743 405 <10 n.a. <10 n.a. <10 n.a. <10 n.a. 

E. faecalis cfu/g 3173 3217 2390 2492 410 53 <10 n.a. <10 n.a. <10 n.a. 
C. 

perfrigens 
cfu/g 4440 3526 3270 2873 300 130 <10 n.a. <10 n.a. <10 n.a. 

*n.a., not applicable. 
 

Figure 2A illustrates the disinfection rates in the pre-treated LD (see Table 1: C) that 
was inoculated with pure, fully developed culture of E. faecalis previously acclimatized in 
the material, using different TiO2 concentrations and different retention times under UVA 
illumination. A sample without photocatalyst added served as control. The indicator or-
ganism used for preliminary experiments was E. faecalis which was found to be a constant 
and persistent pathogen in digestate samples. 
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Figure 2. (A) Disinfection rates under different concentrations of TiO2 under UVA illumination. (B) 
Pre-treatment dynamics on photocatalytic disinfection. A, untreated; B, centrifuged; C, flocculated 
and μFiltrated. 

By increasing the dosage of TiO2, more reactive species were produced, and pathogen 
removal was enhanced. However, high TiO2 dosage can cause radiation scattering and the 
specific activity of TiO2 is reduced. In addition, agglomeration of particles at high dosage 
interferes with the homogeneous structure of suspension and, as a result, the number of 
active sites on TiO2 is decreased [65]. Based on these results, for all subsequent experi-
ments, a TiO2 concentration of 0.7 g/L was selected. This concentration succeeded sanita-
tion to the maximum extent that can be measured by the selected method, which is 87.8% 
in 5.5h better than others implemented (p<0,001). It is worth noting that the removal of 
pathogens increased to 46.2% after 2h, when the TiO2 concentration increased to 2.0 g/L 
but dropped to 18.8% at the third hour. This can be attributed to the increase of available 
adsorption of pathogens by TiO2 [32]. The pre-treatment dynamics on photocatalytic dis-
infection using 0.7 g/L TiO2 under UVA illumination is showed in Figure 2B. LD samples 
were used as indicated in Table 1 (A) untreated, (B) centrifuged, and (C) flocculated and 
μFiltrated. As expected, further pre-treatment enhances the disinfection effect. 

There is significant debate regarding the specific processes or the combination of pro-
cesses responsible for the death of microorganisms when they are exposed to photocata-
lytic action [66]. In general, the generated ROS, particularly hydroxyl radicals, exhibit 
strong oxidative power. They can attack the cellular components of pathogens, including 
lipids, proteins, and DNA. The ROS induce oxidative stress, leading to the destruction of 
the pathogens’ cell membrane, inactivation of enzymes, and damage to genetic material. 
These processes disrupt the vital functions of the microorganisms and, ultimately, lead to 
their death or inability to replicate. The majority of literature agrees that inactivation starts 
and requires cell membrane degradation [67, 68]. However, injured bacteria may be tem-
porarily inactivated. If bacteria are not completely harmed, they may enter a state where 
they are still viable but unable to grow in culture, and they can regain their ability to grow 
under more favourable conditions in the absence of light [69, 70]. To assess the impact of 
photocatalysis on common digestate pathogens, we conducted viability measurements of 
the pathogens after a two-hour period in darkness to ensure the absence of regrowth and 
to verify the efficacy of our system in achieving sanitized material (Figure 3).  
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Figure 3. Photocatalytic disinfection of various pathogens using 0.7g/L TiO2 under UVA illumina-
tion. The efficacy of the disinfection process was confirmed by maintaining the pathogen-free state 
for a duration of two hours in the absence of light. 

Clostridium perfringens, a spore-forming bacterium, was found more resistant to pho-
tocatalysis compared to the others examined. Porcine parvovirus (PPV) was found more 
susceptible to the process compared to others, followed by E. coli and E. faecalis. Qualita-
tive results of Salmonella spp. and L. monocytogenes showed absence of these pathogens 
after 5.5h (data not shown). Listeria monocytogenes is generally considered more resistant 
to photocatalysis compared to other bacteria, due to its ability to survive in harsh envi-
ronmental conditions and its capacity to form biofilms [71]. All experiments operated un-
der a stable temperature of 25±1oC using, as mentioned, a cooling system and temperature 
monitoring. Further evaluation of additional pathogens, such as Clostridium botulinum, 
Clostridium tetani, Clostridioides difficile, Bacillus anthracis, and Bacillus cereus, is needed. 
These microorganisms are frequently encountered in manure and are able to sporulate, 
exhibiting remarkable resilience, as they are resistant to a range of physical, chemical, and 
biological treatment methods [72]. 

 

3.3. PNFR implementation  
Inoculated pre-treated LD with acclimatized full-grown cultures of pathogens passed 

through PNFR (Figure 4). In order to execute the experimental procedure, a continuous 
operation for a duration of 8 hours was necessitated. The laboratory reactor was subjected 
to an influx of 600 milliliters of feed over a time period of 40 minutes, followed by the 
generation of approximately 40 milliliters of filtrate within 30 minutes, while being ex-
posed to pressure conditions of 8 bar. The time intervals labeled as t1-t3 correspond to 
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experimental conditions conducted in the absence of light, using the coated nanofiltration 
monolith. The observed reductions in microbial populations during these intervals can be 
attributed to the adsorption of microbes onto the membrane and nanofiltration mecha-
nisms based on membrane porosity. The retentate line represents the concentrated frac-
tion that did not pass through the membrane, while the permeate line represents the fil-
tered fraction. On the other hand, intervals t4-t6 represent the results obtained when pho-
tocatalysis was employed, where the reactor operated under UV irradiation. It can be ob-
served that, starting from interval t4, there was a decrease in microbial load, as well as in 
the concentrate fraction. This outcome verifies the effectiveness of the photocatalytic re-
actor as an environmentally friendly solution for waste treatment. Nevertheless, PNFR 
should be further optimized to treat LD, as we observed leakage phenomena attributed to 
chemical interactions with the membrane material. Mitigating or preventing membrane 
leakage is a significant concern in membrane-based technologies, and efforts are made to 
optimize membrane materials, design, and operating conditions to minimize or eliminate 
unintended substance transport across the membrane. No statistically significant changes 
were observed in the chemical parameters of the initial sample (feed), as indicated in Table 
1 (Diii). 

 

 

Figure 4. PNFR implementation for disinfection of pre-treated LD. (A) E. coli; (B) E. faecalis; (C) C. 
perfringens; (D) PPV. 

 

4. Conclusions 
The primary objectives of WD treatment encompass two key aspects: (i) the reduction 

of volume to enhance manageability and lower transportation costs, and (ii) the extraction 
of nutrients in a concentrated form. In general, WD treatment methods can be categorized 
into two distinct approaches: (a) Partial treatment, which focuses on reducing the volume 
or segregating it into solid and liquid components that are easier to handle or store. This 
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step is typically undertaken as the initial phase of WD treatment, and it demands less 
energy and is comparatively more cost-effective than (b) complete purification. In the case 
of complete purification, valuable constituents are isolated and concentrated, while the 
remaining liquid fraction is purified to enable reuse in the AD process or direct discharge 
into a water body [73, 74]. In this research endeavor, our objective was to achieve the re-
tention of pure water from liquid digestate, while simultaneously ensuring effective dis-
infection of the remaining material using photocatalysis. Though the utilization of sus-
pensions exhibits efficacy at the laboratory scale, its industrial application is not feasible. 
Prior treatment of the material to eliminate solid content is essential, and a minimum du-
ration of 5 hours is required for efficient disinfection. Furthermore, it is crucial to ascertain 
the optimal concentration to prevent any adverse impact on light transmission within the 
solution. The results obtained from the inactivation tests with TiO2 suspensions conducted 
on pre-treated and inoculated liquid digestate demonstrated a significant five-log reduc-
tion in common pathogens within the initial 5-hour period, with no regrowth of patho-
gens observed.  

To explore a possible industrial application for this purpose, additional experimen-
tation was carried out using a patented photocatalytic nanofiltration reactor. The antici-
pated outcome was the reduction of the microbial load in the filtrate fraction of the pho-
tocatalytic reactor, as the modified nanofiltration monolith alone, without the application 
of photocatalysis, is theoretically adequate for pathogen removal. A noteworthy finding 
from experiments conducted in the photocatalytic reactor was the reduction of the micro-
bial load in the concentrate fraction, an outcome not observed in the absence of photoca-
talysis. This particular innovation of the photocatalytic reactor allows for the extraction of 
two purified fractions instead of the conventional membrane waste treatment protocols 
that yield only a single purified fraction. Nevertheless, further research is needed for the 
optimization of the photocatalytic nanofiltration membranes for liquid digestate purifica-
tion. 
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