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Abstract: Chemical toilets are becoming more and more common. Large volumes of chemical toilet
sewage (CTS) are generated in popular tourist destinations, where waste conveyance and treatment
systems are not an option, which necessitates new methods for neutralizing such waste. Anaerobic
digestion is, potentially, one such solution. The aim of the present study was to test the treatability of
chemical toilet sewage (CTS) co-fermented with maize silage biomass using anaerobic digestion (AD).
It was found that CTS does not impair AD, as long as the fluid used to dilute the feedstock does not
contain more than 30% CTS. Biogas yield reached 400 cm?/gVS, and the biogas produced contained
57 £ 2.6% CH4 methane. Higher doses of CTS inhibited anaerobic digestion. This inhibition was
directly linked to CTS toxicity, which reduced methanogen populations. This, in turn, slowed down
VFA-to-biogas conversion, triggered VFA accumulation, and ultimately increased FOS/TAC and
decreased pH.

Keywords: chemical toilet sewage; maize silage; anaerobic digestion; co-fermentation; biomethane;
digestate

1. Introduction

Certain regions of the world have seen enormous tourist traffic due to their attrac-
tiveness, natural beauty, and educational value [1,2]. One such site is the Great Mazurian
Lakes mesoregion in north-eastern Poland [3]. The area spans 1732 km?, of which 486 km?
is composed of lakes and 1150 km? of forests. This extremely attractive complex stands
out among others of its kind in Europe, with a rich network of water bodies and forests,
drawing six-digit numbers of hiking, biking and water sport enthusiasts each year [4].
Statistics show that tourist traffic in the region is consistently rising, having reached 1.5
million people per year [5]. Approximately 20,000 yachts manned by nearly 100,000 sailors
take to the waters of the Great Mazurian Lakes throughout the tourist season [6]. About
80% of all boats are equipped with chemical toilets, which collect waste that must be
emptied regularly and disposed of [7]. Many of the regional campsites serving nearly
200,000 visitors have no sewerage, meaning that they also rely on chemical toilets and the
temporary storage of fecal matter in cesspools [8]. The tourist pressure on the region is
not distributed evenly over the year. Nearly 90% of the region’s tourist traffic is relegated
to the two months of July and August, due to the preferable weather and the school-free
summer season [9].

This leads to the high generation of waste, has a significant impact on the environ-
ment, and presents an environmental hazard [10]. There are certain substances used in
chemical toilets to neutralize odor, improve waste solubility, and dewater the feces. These
include: active biocides, oxidizers, thickeners, chelating agents, odorants, surface-active
substances, buffers and colorants [11]. Products designed for chemical toilets are made with
formaldehyde, glutaraldehyde, quaternary ammonium compounds, inorganic salts, and
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most importantly, the powerful biocide bronopol, to imbue them with strong bactericidal
properties [12,13].

Bronopol (2-Bromo-2-nitro-1,3-propanodiol) is not highly toxic to mammals, but
acutely toxic to bacteria (particularly Gram-negative ones) and microalgae such as
Scenedesmus sp., Nostock sp., and Chlorella sp. In fact, this toxic effect can be observed
at concentrations as low as 6 to 50 ppm [14]. Applying the OECD 201 test to three microal-
gae species (Selenastrum capricornutum, Scenedesmus subspicatus, Chlorella vulgaris) showed
that bronopol doses of 0.4-1.9 mg/L caused a decrease in biological activity for 50% of
the population [15]. The abiotic degradation of bronopol is affected by multiple factors,
including temperature, pH and light intensity [16]. Water-dissolved bronopol becomes
more labile under alkaline conditions and at high temperatures [17]. The half-life of 300
ppm in distilled water is four months at 22 °C and pH 8, but over five years at pH 6 and
pH 4 (temperature being the same) [18].

Due to its properties, toxicity and resistance to degradability, as well as the lack of
sufficiently sophisticated wastewater treatment systems and developed sewerage systems,
other ways of handling such waste need to be identified. Anaerobic digestion (AD) is,
potentially, one such solution. It can be used in less-urbanized areas as a fully self-contained
system, providing electricity and heat for domestic use and for tourist facilities [19]. The
approach is fully in line with the principles of the circular economy and bio-economy, while
also contributing to the push towards renewable energy [20,21]. Biodegradable organic
waste collected in chemical toilets may potentially be used as an organic feedstock for
AD [22]. However, due to its content of other hard-to-biodegrade and toxic chemicals, this
type of waste needs to be reliably tested for co-fermentability with other common types
of biomass. Identifying feedstock compositions that can be efficiently digested using AD
should be a priority in this regard.

The aim of the present study was to test the treatability of chemical toilet sewage
(CTS) co-fermented with maize silage biomass (MSB) using anaerobic digestion (AD). The
laboratory study was conducted in continuous reactors. The study served to assess how the
ratios of different organic feedstocks affect the process and its final performance in terms of
total organic compounds removed, biogas yield /composition, and the fertilizing efficiency
of the digestate.

2. Materials and Methods
2.1. Experimental Outline

The experiments were divided into seven variants (V) with different levels of chemical
toilet sewage (CTS) used to increase water content of the maize silage to a target level.
Before being fed into the anaerobic reactors, the silage was diluted with tap water and
specific volumes of CTS, so that the final mixture had a water content of 90%. Depending on
the experimental variant, the CTS fractions in the diluting mixture were: V1—0%, V2—10%,
V3—20%, V4—30%, V5—40%, V6—50%, and V7—60%. The digester operational parame-
ters were: organic load rate (OLR) 2.2 gVS/dm?-day (all variants), hydraulic retention time
20 days, and temperature 38 °C.

2.2. Materials

Maize (Zea mays) silage maintained and stored in a pile system was sourced from
the crops of the Teaching & Research Station of the University of Warmia and Mazury
in Olsztyn. The station itself is sited in the village of Baldy (Poland). The anaerobic
sludge used to inoculate the anaerobic reactors was sourced from a biogas plant used
to process maize silage and cattle slurry. The key running parameters for the biogas
plant were: T =238 °C, OLR = 2.2 kgVS/m?-day, HRT = 20 days, and initial feedstock
water content = 90%. Accordingly, the anaerobic sludge did not have to be adapted prior
to the experiment proper. The basic parameters of the maize silage and anaerobic sludge
are presented in Table 1.
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Table 1. Profile of the maize silage and anaerobic sludge.

Value
Parameter Unit Maize Silage A];;j;(;l;lc
Dry matter (TS) % 30.2 +0.8 9.8 +£0.2
Organic dry matter (VS) % TS 89.0 + 0.6 68.5+ 25
Mineral dry matter (MS) % TS 11.0+£1.3 31.5+25
Total nitrogen (TN) mg/g TS 11.1+09 33.1£33
Total phosphorus (TP) mg/g TS 24+0.3 1.74+0.2
Total carbon (TC) mg/g TS 460 + 13 309 + 28
Total organic carbon (TOC) mg/g TS 441 + 15 199 + 34
C:N ratio - 39.6 £1.6 9.3+0.1
pH - 7.73 £ 0.08 7.21 £0.31
Protein % TS 92+0.6 20.7 £ 2.8
Lipids % TS 22+0.5 314+05
Sugars % TS 604+ 1.0 1.6 £ 04

The CTS used in the experiments was sourced from the sewage collection station of
the “Korektywa” shipping port in the town of Piaski (near Ruciane-Nida). The CTS profile
is given in Table 2.

Table 2. Profile of the chemical toilet sewage used in the experiment.

Parameter Unit Value
pH pH 8.05 & 0.74
BODs mg O, /dm3 4645 =+ 330
COD mg O,/dm? 13860 + 920
TOC mg O, /dm3 10350 =+ 270
TN mg Nioga1 /dm? 2240 + 230
Organic nitrogen mg N/dm? 2150 £ 240
Ammoniacal nitrogen mg N-NH,/dm? 90 =50
Nitric nitrogen mg N-NO3/dm?3 2.20 4+ 0.93
Nitrite nitrogen mg N-NO, /dm3 0.12 £ 0.02
TP mg Pyoiar /dm3 202 + 61
Orthophosphates mg P-PO,/dm3 129 £+ 33
Dry residue mg/dm?3 125+22
Chlorides mgCl~/dm? 574 + 62
Sulfates mgSOy/dm?3 0.39 £ 0.12
Lipids mg/dm?3 184 + 36

The process was designed to match the running conditions at the agricultural biogas
plant from which the anaerobic sludge was obtained (this obviated the need to adapt the
anaerobic sludge inoculums). Before being fed into the anaerobic reactors, the mixture of
maize silage and tap water + CTS (90% water content) was ground and homogenized in a
T65 MultiDrive Control laboratory mill (IKA, Germany). The feedstock particles averaged
2.0 £+ 1.0 mm in size. The process parameters and volumes of organic feedstocks used in
the experiment are given in Table 3.
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Table 3. Feedstock volumes and key process parameters.
) Maize Maize
Variant 5:;:::; OLR VS Load g/ilf;;: Vo?llll:rllgee(at Vo?llxlliri\gee(at V‘;\ﬁt;:e Vﬁzlsne HRT Temperature
dm®) (gVS/dm?-Day)(gVS/Day) Weight 70% Water 90% Water (em?) (em?) (doba) (o]
(g/Day) Content) Content)
(cm®) (cm®)
1 67.0 0.0
2 60.3 6.7
3 2 2.2 44 16.5 33 100 53.6 13.4 20 38
4 469 20.1
5 40.2 26.8
6 33.5 33.5
7 26.8 40.2

2.3. Anaerobic Reactors

AD was conducted using AMPTS II kits (Bioprocess Control, Lund, Sweden) equipped
with an automated biogas measurement system. The continuous process was run in reactors
with a total volume of 2.5 dm? fitted with mechanical 3-blade vertical mixers rotating at 100
rpm in a 10 min ON/10 min OFF regime. At the outset of the experiment, the reactors were
inoculated with 2.0 dm® anaerobic sludge. In total, 100 cm? digestate was removed once a
day, and the reactor was replenished with an equivalent amount of feedstock. The digestion
process was sustained for 60 days, equivalent to three times the hydraulic retention time in
the bioreactor. To ensure anaerobic conditions at the start of the experiment, the inoculum
+ feedstock mixture was purged with pure nitrogen for 5 min. Bioreactors were fitted with
a carbon dioxide absorption unit. The resultant biogas was fed into a 200 cm?® tank filled
with a 3 M solution of NaOH.

2.4. Analytical Methods

COD (chemical oxygen demand), all phosphorus species, all nitrogen species, and
chlorides and sulfates in the CTS were determined using a DR 5000 spectrophotometer with
an HT200S mineralizer (Hach-Lange, Diisseldorf, Germany). Determination of biochemical
oxygen demand (BODs) was carried out according to PN-EN ISO 5815-1:2019-12 [23]. The
pH was determined using a VWR 1000 L pH meter (Gdansk, Poland).

TS, VS and MS in the maize silage, in the anaerobic sludge inoculum, and in the
digestate were determined gravimetrically. TS levels in the biomass were determined by
drying to a constant weight at 105 °C, then burning it at 550 °C. The loss on ignition was the
VS, as per PN-EN 15935: 23022-01. Biomass samples desiccated at 105 °C were assayed for
TC, TOC, and Ny, using a Flash 2000 elemental particle analyzer (Thermo Scientific, USA).
Piotal was determined colorimetrically in ammonium metavanadate (V) and ammonium
molybdate after prior mineralization in a mixture of sulfuric (VI) and chloric (VII) acids
at 390 nm using a DR 2800 spectrophotometer (HACH Lange, Weilheim, Germany). Total
protein was calculated by multiplying the value of Ny, by the protein conversion factor
of 6.25. Reducing sugars were determined colorimetrically with an anthrone reagent at 600
nm using a DR 2800 spectrophotometer (HACH Lange, Weilheim, Germany). Lipids were
quantified using the Soxhlet method with a Buchi extraction apparatus (Flawil, Switzerland).
The pH in H,O was determined potentiometrically with an 867 pH module (Metrohm,
Herisau, Switzerland). The FOS/TAC (the ratio of the buffer capacity of the sample to
the VFA levels in the sample) was determined using a TitraLab AT1000 titrator (HACH
Lange, Weilheim, Germany). Total alkalinity was determined through titration testing.
Magnesium was determined by atomic absorption spectrometry. Calcium and potassium
were determined by flame photometry. The experiment was conducted at an accredited
test laboratory of the Chemical and Agricultural Research Station (Olsztyn branch, Poland).

Acute toxicity of the sludge (aqueous extracts) was measured using Vibrio fischeri
bacteria in an M 500 Analyzer (Azur Environmental, Carlsbad, DE, USA), following Polish
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Standard PN-ISO 11348-2:2008. The aqueous extract was prepared by adding 4 volumes of
distilled water on top of 1 volume of sludge and agitating mechanically for 24 h [24]. The
molecular analysis aimed to determine the percentage of AD bacteria in the biomass using
the fluorescent in situ hybridization (FISH) technique [25]. Four molecular probes were
used for hybridization: the Bacteria-universal probe EUB338 [26], the Archaea-universal
probe ARC915 [27], the Methanosarcinaceae-targeting probe MSMX860, and the Methanosae-
tatargeting probe MX825 [28]. Biogas composition was assayed in a gas chromatograph with
a thermal conductivity detector (GC-TCD) (Agilent 7890 A-Agilent Technologies, Santa
Clara, CA, USA).

2.5. Calculation Methods

COD—The digestion coefficient (portion digested), i.e., the ratio of the organic VS
removed in the reactor to the VS fed into the reactor, was determined using the equation

N = VSin'Pin’Qin - Vsout'Pout‘Qout
VSin'pin'Qin

M

where:

nr—portion digested, %;

VS;,—VS in the feedstock, g/dm?3;
VSour—VS in the digestate, g/ dm3;
pin—feedstock density, g/cm?;
pour—digestate density, g/ cm?;
Qin—feedstock volume, cm?/day;
Qout—digestate volume, cm3/ day.

Biogas/CHj production per VS load was calculated as

; Vi/cH
YVSm f— 4 2
b/CHs ~ (VS04 Qi) /1000 2)

where:
va/scih —specific biogas production per VS in (by volume), cm®/gVS; Vi, cpy,—daily biogas/
CH, yield (by volume), cm?/day;

Qiy—daily volume of feedstock in cm?®.

2.6. Statistical Methods

Statistical analysis of the results was carried out using the STATISTICA 13.1 PL soft-
ware package. The tests were carried out in four repetitions. The Shapiro-Wilk test
was used to verify the hypothesis regarding the degradation of the researched variables.
ANOVA was used to establish the significance of differences between variables. Significant
differences between variants were determined via Tukey’s honestly significant difference
(HSD) test. Differences were considered significant at o = 0.05. The figures and tables show
the mean values and standard deviations.

3. Results
3.1. Biogas and CHy Production

V1 (maize silage only) yielded 390 + 44 cm3/gVS biogas containing 59 =+ 3.1% CHy.
Higher average biogas yields were noted for V2 and V3, where the dilution fluid contained
10% and 20% CTS, respectively, the former producing 411 + 37 cm3/gVS (57 4 2.6% CHy).
Biogas production peaked in V3 at 425 + 39 cm3/ g vs. (58 £ 1.4% CHy). Differences
across V1-V3 were not statistically significant (p = 0.05). V4 (30% CTS) and V5 (40% CTS)
fared significantly worse in terms of gas output—384 & 37 cm?/gVS (55 + 2.7% CHy) and
361 + 48 cm3/ gVS (47 £ 3.9% CHy), respectively. The lower CHy fractions translated to
significantly reduced nominal methane yield in V5 (170 & 23 cm3CH,/gVS) compared
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with V4 (211 4 20 cm3CHy,/ gVS). Marked incremental decreases in AD performance were
observed across V6 (50% CTS) and V7 (60% CTS) at 211 + 46 cm3/ gVS (40 £ 4.1% CHy)
and 190 4 39 cm®/gVS (39 =+ 3.4% CHy), respectively. Methane production varied from
1085 + 100 cm3CHy/ day (V3) to just 326 + 66 cm3CH,/ day (V7) across the variants.
Full biogas and methane production data are given in Table 4. The worldwide literature
has seen few investigations into the impact of chemical toilet waste on AD. Litti et al.
(2021) [29] tested whether biogas can be extracted from fecal sludge (FS) sourced from toilet
complexes (ESTC) of passenger railcars. The FS was chemically treated (either through
acidification or alkalization) and digested under thermophilic conditions. Acidification
produced better results, with biogas yields of 3050 dm?/t containing 80% methane on
average [29]. Other researchers have also found that CTS amendment improved anaerobic
digestion. Wasilewski et al. (2017) [30] treated toilet sewage in a pilot-scale CSTR reactor.
As the COD loads in the feedstock were raised from 0% to 35%, methane production
similarly rose from 222 to 332 dm3CH, kg/CODrem. The methane fraction in this biogas
was approx. 60% [30]. Wendland (2008) [31] anaerobically digested toilet sewage with
kitchen waste in a laboratory-scale CSTR at a ratio of 40 g kitchen refuse to 1 L of toilet
wastewater. The methane fraction was similar across all variants at around 65 + 2.0%,
which translated to nominal yields of 172 to 255 dm3CH,/ kg CODjppuyt- Similarly, Reysset
(2021) [32] posited that cistern-flush and pour-flush toilets, non-sewer toilets, and chemical
toilets can be used for biogas production. The author believes that, although the quantity
and/or seasonality of such waste preclude it from being used as the sole feedstock, it can
feasibly be used in mixtures with other feedstocks [32].

Table 4. Specific biogas and methane production indicators by variant.

Variant
Parameter Indicator 1 5 3 1 5 6 -

cm3/gVs 390 + 44 411 £37 425 + 39 384 + 37 361 + 48 211 £ 46 190 + 39

Biogas cm3/gTS 347 £ 39 366 £ 33 378 £ 35 342 £33 321 +43 188 + 41 169 £ 34

cm?/gFM 105 + 12 110 +£ 10 114 + 11 103 + 10 97 £13 57 £12 51 +10
cm3/day 1716 £192 1808 £ 161 1870 +172 1690 + 163 1588 +213 928 £ 202 836 + 170

%CHy 59 £3.1 57 +£26 58 +14 55 4+ 2.7 47 + 3.9 40 +4.1 39+ 34
em3CH,/gVS 230 + 26 234 + 21 247 + 23 211+ 20 170 £ 23 84.4 +18 741 £ 15
Methane em3CH,/gTS 205 + 23 209 + 19 219 + 20 188 £ 18 151 +£ 20 751+ 16 659 £ 13
cm3CH,/gFM 61.8 + 6.9 63.0£5.6 66.3 £ 6.1 56.8 £5.5 456 £ 6.1 22.7+49 199 +£4.1
ecm3CHy/day 1012 4 113 1031 £ 92 1085 + 100 929 £+ 90 747 £ 100 371 + 81 326 + 66

The results indicate a strong correlation between biogas/CH, production trends and
the CTS dose in the feedstock. This linear correlation progresses in a down-curve pattern
(Figure 1). The increase in CTS dose (0% to 20%) in variants V1-V2 was found to very
strongly and positively correlate with biogas production (R? = 0.9868), as well as CHy
production (R? = 0.9255) (Figure 1). This trend was reversed in variants V3 (20% CTS) to V7
(60% CTS), where the increasing of CTS dose was found to very strongly and negatively
correlate with biogas production (R% = 0.8910) and specific CHy production (R% = 0.9286)
(Figure 1).
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Figure 1. Biogas and methane production vs. CTS% in the feedstock.

3.2. Toxicity and Bacterial Community

CTS contains biocides, toxic substances, bioinhibitory chemicals, and hard-to-degrade
substances [33]. For these reason, it can negatively affect the structure and activity of
anaerobic bacteria communities [34]. The toxicity of the tested feedstock composition
rose proportionally to the CTS% in the dilution fluid. V1 (maize silage only) was found
to be non-toxic. However, the CTS doses in V1 (10%) and V2 (20%) gave rise to some
toxicity, which was statistically comparable at 2.4 + 0.3% and 3.3 £ 1.6%, respectively.
Significantly (p = 0.05) higher rates of 17.1 £ 3.2% were found for V4 (30% CTS), followed
by another statistically significant increase for V5 (40% CTS) at 32.4 £ 7.1. V6 (50% CTS)
and V7 (60% CTS) fared even worse, with toxicity rising to almost 50%. AD significantly
reduced the toxicity rates, with complete detoxification in variants V1 to V4 (no toxicity
in the digestate). In V5, it was markedly reduced to 4.9 + 0.8%. V6 and V7 digestates
remained relatively toxic, with rates of 20.7 + 2.7% and 28.2 & 3.3%, respectively. A
very strong positive correlation was noted between the CTS dose and the toxicity of the
feedstock (R? = 0.9303), but not the digestate (R% = 0.7335) (Figure 2a). There was also a
clear direct linear relationship between the toxicity of the AD feedstock and the output of
gas metabolites. A particularly pronounced negative correlation was found for CHy (R?
= 0.9423), with a slightly weaker one for biogas (R? = 0.8497) (Figure 2b). According to
Loiko et al. (2022) [35], the toxic shock caused by the transfer of biocide-contaminated fecal
sludge (FS) from chemical toilets to conventional wastewater treatment plants (WWTP)
can pose a serious problem for activated sludge processing. The researchers argue that
new environmental approaches need to be developed to mitigate biocide toxicity so as to
prevent biocides from impairing WWTP performance [35]. Litti et al. (2021) [29,34] found
that the deactivation of toxic biocidal agents (BA) in fecal sludge (FS) from chemical toilets
resulted in a considerable improvement of AD performance, with several-fold increases in
biogas yields [29,34].
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Figure 2. Correlations between (a) CTS in the feedstock and feedstock/digestate toxicity, (b) feedstock
toxicity and biogas/CH, production.

The contribution of basic taxonomic groups in the anaerobic bacterial community is
shown in Table 5. The microbial communities consisted primarily of bacteria (EUB338),
with proportions thereof falling within the narrow range of 68 £ 5% in V5 (40% CTS) to
71 £ 3% in V3 (20% CTS) (Table 5). No relationship was found between the CTS dose in
the feedstock mixture and the share of bacteria in the anaerobic microbe community.
Table 5. Percentage contribution of basic taxonomic groups in the anaerobic bacterial community (by
experimental variant).

Taxonomic Variant
Group 1 2 3 4 5 6 7
Bacteria
(EUB338) 69 +4 706 71+3 69 +4 68 £5 69 £2 70+ 4
Archaea
(ARC915) 27 £2 24 +£2 26 £3 19+1 17+ 2 1243 13+3
Methanosarcinaceae
(MSMX860) 12+1 13£3 13+2 10+1 11+2 9+2 9+1
Methanosacta 9+2 942 8+1 4+1 5+1 2+1 3+2
(MX825)

A strong negative correlation (R? = 0.8991) was found between the CTS dose and the
share of Archaea (ARC915) in the anaerobic microbe community (Figure 3a). In variants
V1 (0% CTS) to V3 (20% CTS), this share ranged from 24 £ 2% to 27 + 2% (Table 5).
Significantly lower rates were recorded for V3 and V4 at 19 & 1% and 17 £ 2%, respectively.
Archaea (ARC915) were statistically the least numerous in V6—12 &+ 3% and V7—13 £+ 3%
(Table 5). Similar trends in bacterial community structure were found for Methanosarcinaceae
(MSMX860) and Methanosaeta (MX825). As the CTS input increased, the contribution of
methanogenic bacteria in the community consistently decreased. For Methanosarcinaceae
(MSMX860), it was between 12 £ 1% and 13 & 3% in V1-V3, falling to between 10 & 1% and
11 £ 2% in V4-V5, and finally to 9 & 2% in V6-V7 (Table 5). The coefficient of determination
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was R? = 0.7163 (Figure 3a). Methanosaeta (MX825) were the most populous in V1 (9 &£ 2%)
and the least populous in V6 (2 £ 1%) (Table 5), again indicating a relationship with the
CTS dose (R? = 0.8507) (Figure 3a). The activity of anaerobic microorganisms treated with
detoxifying agents was studied in experiments based on increasing biogas yields from the
30-day incubation of fecal sludge (FS) from passenger car toilet complexes. The CTS was
preserved using biocidal agents to reduce toxicity. The biogas yield was five to seven times

higher than in the control, proving that high activity of methanogens can be sustained in a
CTS-based medium [29].

30
28 {
y=-0.2679x +27.75 26
R2=10.8991 24 y=0.3816x +0.7476 {
22 R>=0.9500 et

B .

Taxonomic group [%]

i 1 T 14 TTT
T . 12 1
S S S . 10 ¢ ¢ JElT
LN, i i  JiF
R : L § 12l
s 6 ™ -
¢ ;t TT 1 ¢
1020 30 40 50 60 38 40 42 44 46 48 50 52 54 56 58 60
CTS dose [%] CH4 [%]
Methanosarcinaceae @ Methanosacta ® Archaca ® Methanosarcinaceae ® Methanosaeta

(a) (b)

Figure 3. Correlations between (a) CTS in the feedstock and the contribution of basic taxonomic
groups of methanogens, (b) the contribution of individual taxonomic groups of methanogens and
CHj in the biogas.

The data indicate that the presence of anaerobic microbes can be linked to CHy lev-
els in the biogas. A particularly strong positive correlation (R? = 0.9500) was found for
Archaea (ARC915), with slightly weaker ones noted for Methanosarcinaceae (MSMX860)
(R? = 0.7540) and Methanosaeta (MX825) (R? = 0.7260) (Figure 3b). Archaea tend to be
less populous than bacteria, but the AD feedstock used plays a role. Feedstocks rich in
volatiles are linked to higher shares of Archaea [36]. Conversely, bacteria tend to domi-
nate when mixed feedstocks are used, such as surplus sludges in wastewater treatment
plants (approx. 55% bacteria) [37] or feedstocks containing organic urban residues (ap-
prox. 90% bacteria) [38]. Both Methanosaeta and Methanosarcinaceae can digest acetate
feedstocks, whereas Methanosarcinaceae are more versatile and have the added ability to
take up hydrogen and carbon dioxide. Methanosaeta have a higher feedstock affinity to
acetate, but longer doubling times compared with Methanosarcinaceae. Bearing this in mind,
the prevalence of Methanosarcinaceae may have resulted from the high acetate levels fueling
their growth [39,40]. According to Mata-Alvarez et al. (2000) [41], digesters supplied with
mixed feedstocks tend to produce more biogas than those with single-component feed-
stocks. Combined media can provide nutrients and minerals necessary for the microflora
to grow [42].

3.3. FOS/TAC and pH

The study also measured FOS/TAC, which can often be used to verify whether the
organic load rates (OLRs) in the digesters are within optimal levels. The FOS quotient is the
sum of volatile fatty acids (VFAs) in the medium during anaerobic digestion, measured in
mgCH3COOH/dm?, whereas TAC is used to determine alkaline buffer capacity, expressed
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in mgCaCO3/ dm3. FOS/TAC also has other uses, apart from measuring OLR and HRT. It
can be used to indirectly evaluate methanogenic bacteria activity, whose populations can be
inhibited by factors that hamper their growth or metabolism, as well as by toxic substances
in the medium. This can cause unmetabolized VFAs to accumulate during methanogenesis,
which in turn leads to increased FOS/TAC.

In fact, this was the case in the present experiment. While the OLR was maintained
at a constant and relatively low 2.2 kgVS/m3-day across all variants, a steady increase in
FOS/TAC values was still observed, clearly indicating VFA accumulation in the anaerobic
medium. The VFA levels were found to consistently increase with the CTS input. V1 (%
CTS) had 1680 + 121 mgCH3COOH/dm?, whereas V7 (60% CTS) contained 2840 4 180
mgCH3;COOH/ dm?3. In variants V1-V3 (CTS in the dilution fluid = 0-20%), the FOS/TAC
ranged from 0.30 & 0.01 to 0.33 £ 0.04. These values show that the AD process was running
at optimal performance, as further evidenced by the biogas yield and quality. Increased
CTS doses led directly to higher FOS/TAC, with the latter reaching 0.39 4= 0.02 in V4 and
0.43 £ 0.04 in V5, indicating impaired VFA removal. The highest FOS/TAC values (over
0.50) were noted in V6 and V7. Total alkalinity values were similar across variants, from
4923 + 538 mgCaCO3/dm? (V4) to 5717 £ 533 mgCaCO3/dm? (V3). This translates to
a range of 14%, compared to the much higher 42% for VFAs. The values of the primary
anaerobic digestion indicators are presented in Table 6.

Table 6. VFAs, total alkalinity, FOS/TAC and pH in the digesters (by variant).

Indicator VFA Total Alkalinity FOS/TAC pH
Unit mgCH;3COOH/dm?® mgCaCO3/dm?3 - -
1 1680 + 121 5250 + 340 0.32 £+ 0.02 7.21 +0.07
2 1695 + 156 5136 + 470 0.33 £ 0.04 7.34 £0.02
3 1715 £+ 160 5717 £ 533 0.30 £ 0.01 7.28 £0.04
Variant 4 1920 + 210 4923 + 538 0.39 £ 0.02 6.89 +0.11
5 2310 + 141 5372 + 328 0.43 £ 0.04 6.42 £0.19
6 2780 + 159 5450 + 312 0.51 £0.03 6.21 £0.13
7 2840 £ 180 5358 + 340 0.53 £ 0.02 6.11 +£0.14

The present study also showed that the reduction in the total activity of methanogenic
bacteria—and the resultant increase in VFAs in the system—was reflected in the observed
pH values. The pH was at fairly stable, near-optimal levels across variants V1 to V4:
between 7.34 + 0.02 in V2 and 6.89 & 0.11 in V4. Subsequent variants showed a sharp
decrease in pH, as well as dramatic fluctuations thereof. V5 had a pH of 6.42 £+ 0.19,
which dropped to just 6.11 & 0.14 in V7. For their study on CTS digestion, Litti et al.
(2021) adjusted the pH to a target range of 9.4 to 7.0 [29]. These are the optimal levels for
anaerobic processes [20,43]. Wasilewski et al. (2017) also found that stable pH improves
performance [30]. Efficient mesophilic anaerobic digestion of the CTS was achieved at pH
7.3 [30]. Wendland (2008) [31] obtained good results when anaerobically digesting toilet
sewage with kitchen waste in a CSTR. Again, stable AD was predicated on maintaining
near-neutral pH [31]. In our study, rising CTS inputs were found to strongly and positively
correlate with the VFA levels (R?> = 0.8889) (Figure 4a). On the other hand, no such
correlation was found between the experimental variant and total alkalinity in the digesters
(R? = 0.0351) (Figure 4a). Even stronger relationships were noted between the FOS/TAC
and the output of gas metabolites. A particularly pronounced negative correlation was
detected between FOS/TAC and CH, production (R? = 0.9646), while a slightly weaker
one was found between FOS/TAC and biogas yield (R? = 0.8998) (Figure 4b).
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specific biogas/CHjy production.

3.4. Portion Digested (Digestion Coefficient) and Digestate Characteristics

The feedstock composition had a profound effect on the volatile solids in the digestate.
Variants V1 to V3 had the lowest statistically comparable (p = 0.05) levels of organic matter
(Table 7). The value fell within the narrow range of 68.2 = 0.9% TS (V1) to 69.7 £ 1.4% TS
(V2). Significantly lower organic compound removal rates were found for higher CTS doses.
The volatile solids in dry matter peaked in V6 at 72.6 £ 1.4% TS. The portion digested
ranged from 64.4 &+ 1.8% (V3) to 70.7 £ 0.5% (V4). No relationship was found between
the variant and the digestion coefficient (Table 7). Studies have revealed no relationship
between the level of toxicity in the organic substrate and digestate and digestion coefficient.
The coefficients of determination were R? = 0.124 and R? = 0.1434, respectively (Figure 5a).
There was also no correlation between the digestion coefficient and the amount of biogas
(R? = 0.233) and methane (R? = 0.1892) produced (Figure 5b).

Table 7. TS, VS and fertilizing substances in the digestate (by variant).

Variant

PARAMETER

Phosphorus
(mgP/gTS)

Nitrogen Calcium Magnesium Potassium TS \A U3
(mgN/gTS) (mgCa/gTS) (mgMg/gTS) (mgK/gTS) (%) (% TS) (%)

2.46 + 0.90

8.42+1.71 29.43 +£3.12 1.66 & 0.34 38+£09 124+11 682+ 0.9 68.5 £ 1.0

2.62+£1.12

9.76 £1.32 31.47 £ 5.53 1.39 £+ 0.42 41+0.6 11.7 £ 0.9 69.7 +1.4 69.7 £ 1.1

237 £0.73

8.63 = 2.63 32.61 £5.92 1.47 +£0.77 36+13 139+£18 689 £ 1.7 644 £ 1.8

2.50 £ 0.46

811 £1.47 33.65 £ 3.27 1.19 £ 0.31 35+09 112 £0.6 703 £0.8 70.7 £0.5

2.194+0.38

10.73 £1.81 32.79 £4.32 1.82+0.72 44+11 127 +£11 711 £23 66.4 + 1.7

213 £ 0.61

991 £2.27 29.62 + 3.85 1.50 £+ 0.53 40+1.0 109+1.2 726+ 14 706 £1.3

N | |G || W[N]~

243 £0.21

11.62 4 0.69 30.25 £5.23 1.71 £0.21 38+05 11.4+0.8 714 +25 69.7 £ 1.7
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Figure 5. Correlations between (a) toxicity and portion digested, (b) portion digested and specific
biogas/CHy production.

Changes in the feedstock composition did not produce significant changes in other
digestate parameters, and differences between the variants were not statistically significant
(p = 0.05). TS ranged between 10.9 & 1.2% FM (V6) and 13.9 & 1.8% FM (V3). The choice
of feedstock mix had little effect on the content of fertilizing substances. Variations in
the phosphorus, nitrogen, calcium, magnesium, and potassium levels were negligible
(Table 7). The digestate profile is given in Table 7. According to Abbas et al. (2022) [44],
the co-digestion of feedstocks can potentially enhance biogas harvesting and nutrient
(NPK) management in a biocircular economy, provided appropriate mixtures are used.
Another study, conducted in four provinces of Rwanda on biodigesters connected with
toilets, concluded that the resultant digestate is a rich and safe fertilizer with adequate
NPK levels [45]. These findings are corroborated by other research, indicating that the
bio-effluent from bio-digesters connected with toilets is not harmful to the population and
can, indeed, serve as a nutrient-rich (NPK) organic fertilizer beneficial to plants [46,47].
Organic fertilizers increase biological, chemical and physical activity in the soil, rendering it
more fertile and good for plant growth [48]. Radhakrishnan et al. (2021) [49] concluded that
anaerobic digestion provided nutrient-rich digestate, but stressed the need for thorough
hygienic and microbiological testing in each instance.

The effective neutralization of CTS in the process of methane fermentation offers many
positive effects for both the natural environment and the development of various sectors of
the economy in the region. Improving the trophic state of lakes by limiting the inflow of
highly concentrated pollutants has a direct impact on increasing the natural attractiveness
and tourist values of these reservoirs. It allows for the dynamic development of the hotel
base and the expansion of recreational water use. It is conducive to the development of sport
fishing, diving, kayaking and (increasingly popular) stand-up paddle boarding. Waters
with high water quality also have increased economic potential for aquaculture and inland
fisheries. The effective transformation of CTS to biogas and further to energy also favors
the development of the renewable energy sector and accompanying industries, which is of
fundamental importance in the current geopolitical situation. Due to its characteristics, the
use of digestate can support agriculture, as demonstrated above.

4. Conclusions

The study has shown that chemical toilet waste can be included in feedstock mixtures
for anaerobic digestion. However, this type of biomass should be used with utmost care
due to its limited anaerobic digestibility and toxic nature. It would seem prudent that
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respirometric tests be conducted each time before reusing such waste, so as to identify
potential risks to the process.

The present study results show that AD performance was impaired when maize silage
was diluted with a CTS dose exceeding 30% of the required liquid volume. Higher CTS
doses led to reduced biogas yields and methane fractions, whereas process failure occurred
when CTS in the dilution fluid exceeded 50%.

It was found that the toxic nature of CTS inhibited AD by reducing methanogens
in the bacterial community. This slowed down VFA-to-biogas conversion and triggered
VFA accumulation, which in turn increased FOS/TAC and decreased pH—a chain reaction
that ultimately resulted in diminished AD performance. This negative effect was signifi-
cantly more pronounced in the high-CTS variants. The study identified multiple strong
correlations between CTS dose, toxicity, taxonomic composition of the anaerobic microbial
community, biogas/methane yields, FOS/TAC, and portion digested. Levels of organic
compounds in the digestate varied significantly across variants. On the other hand, CTS
did not affect the fertilizing value of the digestate, even at higher doses.
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