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Abstract

The production of volatile fatty acids (VFA) through acidogenic fermentation of organic
waste is a promising strategy for resource recovery in circular bioeconomy systems, espe-
cially in those conditions where efficient resource utilisation is imperative, such as in future
lunar missions. In this study, in collaboration with the Italian Space Agency, the organic
waste conversion was investigated to produce VFA-rich effluent obtained under optimal
conditions represents a promising potential feedstock for future downstream applications,
such as photofermentative hydrogen production, although downstream biological vali-
dation was beyond the scope of the present study. In this experimental work, a synthetic
mixture of organic waste and waste-activated sludge was fermented across varying organic
loads (20–50 gTVS/L) with and without zeolite, supplemented as an ammonium absorbent.
Results showed that VFA production increased with organic loads, with the highest volatile
fatty acid yields observed at 40 gVS/L. Keeping the organic loads constant at 40 gVS/L,
zeolite addition further enhanced volatile fatty acid concentrations in a dose-dependent
manner, reaching a maximum at 15 g/L and 20 g/L; the highest yield was obtained at
30 and 40 gVS/L with 15 g/L, reaching a peak of 0.8 gCOD/gVS. Zeolite addition reduced
the ammonia conversion by about 6% at OL 40 and 50.

Keywords: volatile fatty acids; acidogenic fermentation; zeolite; ammonia mitigation;
photofermentation integration

1. Introduction
The management of organic wastes (such as waste-activated sludge (WAS), the organic

fraction of municipal solid waste (OFMSW), and food wastewater (FWW)) presents a major
challenge for urban areas [1–3]. These waste streams are rich in organic carbon and essential
nutrients like nitrogen and phosphorus [2,3]. As highlighted by Atasoy et al. [1], such
nutrient-rich streams serve as valuable substrates for producing volatile fatty acids (VFAs)
and biofuels, directly supporting the circular economy [2,3]. The valorisation of organic
residues through acidogenic fermentation (AF) to VFA has been extensively investigated
within terrestrial circular bioeconomy frameworks [2]. AF of food and municipal organic
wastes can yield high VFA concentrations (15–35 g COD/L) under controlled pH conditions
(pH 9.0–11.0) and hydraulic retention times (HRT of 2–12 days), while uncontrolled pH
strategies operating naturally at lower pH levels (pH 5.0–5.5) have also been explored
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to simplify operations while still achieving substantial VFA yields [3,4]. These VFAs
constitute versatile intermediates that can be subsequently converted to energy carriers or
biochemicals, thereby enhancing the sustainability of waste-management systems.

The integration of such bioprocesses into bioregenerative life-support systems (BLSS)
for long-duration space missions is attracting growing attention. The Italian Space Agency
(ASI) has prioritised research on bio-regenerative waste-recycling technologies for lunar
bases [5] and is funding initiatives such as the ReBUS project, which investigates microbial
and insect-based resource-recovery systems for lunar habitats (ReBUS project, contract
No. DTA.AD002.558). In parallel, the BioMoon mission concept, developed under ESA’s
scientific coordination, aims to advance the study of bioregenerative and astrobiological
processes in lunar environments [6]. Building on this framework, the concept of acidogenic
fermentation of organic residues was developed to generate VFA that can be valorised
through downstream pathways such as UASB biogas recovery and photofermentation for
hydrogen production, establishing a closed-loop chain that positions AF not merely as a
waste-treatment step but as a central element in a self-sufficient lunar base bioregenera-
tive system, as investigated in the BioMoon project (BioMoon—Low Gravity Biorefinery
Platform contract No. 2024-3-E.0).

The efficiency of AF is influenced by a variety of factors, including temperature,
pH conditions, and the presence of additives. Acidic conditions, particularly around
pH 5.5–6.0, favour hydrolytic and acidogenic microbial activity, leading to enhanced
VFA accumulation, predominantly acetic, butyric, and propionic acids [7]. In contrast,
elevated ammonia concentrations (>1500 mg/L) can inhibit VFA degradation by disrupting
microbial enzymatic processes, particularly affecting acetate and propionate pathways,
thereby reducing overall VFA yields [8]. Moreover, high pH conditions (pH > 8.0–9.0)
can intensify ammonia toxicity by increasing the proportion of free ammonia, which
further suppresses microbial activity and destabilises fermentation, ultimately diminishing
VFA production.

In addition, high ammonia concentration is known to inhibit purple non-sulphur
bacteria (PNSB) by disrupting nitrogen metabolism and suppressing nitrogenase activity,
which is essential for biohydrogen production [9]. This study aimed to produce a VFA-rich
and low-ammonia effluent suitable for photofermentation. Recent strategies have focused
on adsorptive additives to mitigate this toxicity. Zeolites (Z), an abundant and low-cost
resource, can be used to remove ammonia by ion exchange from the residual solution of
dark fermentation [10]. Gracia et al. [3] demonstrate that the addition of natural zeolite
to food waste and sludge mixtures in fermentation effectively adsorbs free ammonium,
thereby reducing inhibition and significantly enhancing the production of acetic acid and
hydrogen. Furthermore, Ramos-Suarez et al. [4] support this approach, reporting that
zeolite addition in sludge co-fermentation systems not only buffers pH fluctuations but also
reduces the lag phase of hydrolysis, leading to maximised VFA accumulation compared to
no-zeolite controls.

Natural zeolites are widely recognised as cost-effective materials for water and wastew-
ater treatment. Owing to their cation-exchange properties, they exhibit strong adsorption
capacity toward cationic species in aqueous solutions, including ammonium and heavy
metals [11]. However, their adsorption performance can vary depending on ion selectivity,
particularly in multicomponent systems where competitive adsorption may occur. Fur-
thermore, natural zeolites generally have limited affinity for anionic species and organic
contaminants. Surface modification with cationic surfactants can enhance their surface
properties and improve their adsorption capacity toward these otherwise poorly adsorbed
contaminants [12].
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In this study, the optimisation of VFA production and ammonia mitigation in acidogenic
fermentation was explored without controlling pH. Specifically, the combined effects of
varying organic load (OL) and zeolite addition on VFA and ammonia accumulation were
investigated. The main goal of the study was to identify the optimal OL that maximises VFA
production while minimising ammonia buildup, thereby enhancing process efficiency under
simplified operational settings. By integrating zeolite as an additive, the aim was to improve
acidogenesis and enable higher OLs without compromising system stability, advancing the
potential for sustainable process integration (photofermentation) and resource recovery.

2. Materials and Methods
2.1. Substrate Characterisation

The primary feedstocks used in this study were thickened municipal waste-activated
sludge (WAS) and organic waste mixture (OWM). The WAS were collected from the
wastewater treatment plant located in the Veneto region, northeast Italy. The OWM was
composed of red beet (RB), lettuce (L), straw (S), and toilet paper (TP) in a ratio of 6:6:6:1,
respectively, based on dried matter content. This specific ratio was selected based on
previous research results (MELiSSA project, contract No. 19297/05/NL/SFe). Both the
WAS and OWM were independently characterised (Table 1) to determine their suitability
for acidogenic fermentation.

Table 1. Total solids (TS), volatile solids (VS), and chemical oxygen demand (COD) of substrates.

TS (gTS/kg) VS (gTVS/kg) COD (gCOD/kgTS)

Red beet 98.0 ± 0.2 89.2 ± 0.4 1130 ± 70
Lettuce 77.5 ± 0.3 68.1 ± 0.1 902 ± 40
Straw 897 ± 3 855 ± 3 1090 ± 50

Toilet paper 953 ± 3 946 ± 1 1059 ± 40
WAS 48.1 ± 0.1 35.3 ± 0.1 1046 ± 63

The zeolite used in this study was a natural chabazite-type zeolite with a high ion-
exchange capacity. It consisted of approximately 64% chabazite (w/w), with a water
retention capacity of 37.8%. The particle size distribution showed that 98% of the material
was smaller than 0.15 mm [13].

The organic waste components were mechanically crushed to reduce particle size and
increase the specific surface area, thereby enhancing the bioavailability of organic matter
for microbial degradation during anaerobic fermentation.

2.2. Experimental Setup

A series of batch experiments was conducted to evaluate the impact of organic load and
zeolite addition on VFA production and yield and ammonia accumulation during anaerobic
fermentation of organic waste. The tests were structured into three experimental sets:

• Experiment 1: Control test (OL = 20, 25, 30, 40, 50 gTVS/L), without zeolite addition.
• Experiment 2: Fixed OL = 40 gTVS/L, varying zeolite doses (0, 5, 10, 15, 20 g/L).
• Experiment 3: Zeolite fixed at 15 g/L, varying OL (20, 25, 30, 40, 50 gTVS/L).

The experiments were conducted in duplicate in 400 mL working-volume batch
reactors. Each reactor was loaded with a different OL (20–50 gTVS/L) by varying the
relative quantities of the feedstock components. Water was added to reach the total
working volume. The anaerobic fermentation tests were conducted using an automated
BMP batch system (Nautilus BMP system, Anaero Technology, Cambridge, UK) specifically
designed for standardised biochemical methane potential (BMP) and fermentation assays
(Figure 1). The experiments were run under mesophilic conditions at 37.0 ± 0.1 ◦C by
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means of a water bath and mixed by a central mechanical stirrer at 20 rpm. Liquid samples
were periodically collected using a syringe connected to the sampling port of each reactor.

Figure 1. BMP batch system (Nautilus).

2.3. Analytical Methods

Total solids (TS) and total volatile solids (TVS) content, the chemical oxygen demand
(COD and sCOD as soluble COD), and the ammonium ion concentration were determined
according to Standard Methods for the Examination of Water and Wastewater [14]. VFAs were
determined with an Agilent 1100 SERIES high-performance liquid chromatograph (HPLC)
equipped with a 0.5 µm × 4.0 mm × 150 mm column (AcclaimTM Organic Acid column,
Thermo Scientific, Waltham, MA, USA) and a diode array detector (DAD). A 2.5 mM
methansulfonic acid (Sigma-Aldrich, St. Louis, MO, USA, ≥99.0% purity) aqueous solution
and acetonitrile (Sigma-Aldrich, gradient grade, ≥99.9% purity) were used as mobile
phases A and B, respectively, in a ratio of 45/55 (A/B). The column was maintained at
30 ◦C, and the detection wavelength was set at 210 nm. VFA concentration was calculated
using a calibration curve ranging from 1 to 10 mM obtained by diluting a Volatile Free Acid
Mix (certified reference material, Sigma-Aldrich). All VFA concentrations were presented as
chemical oxygen demand (COD) based on their complete stoichiometric conversion. Prior
to HPLC analysis, samples were centrifuged at 9000 rpm for 10 min and filtered through
0.2 µm cellulose acetate syringe filters (Whatman, Kent, UK) to remove particulates. Total
COD values of the initial substrate mix were calculated considering the COD value of every
single substrate and the amount of substrates used in each experiment.

Ammonia concentration (NH4
+-N) was measured using an ammonia-selective ion

probe on centrifuged (9000 rpm, 10 min) and filtered (0.2 µm) samples. The probe was
calibrated regularly using standard ammonium solutions within a range of 0.1–100 mM.
The measured NH4

+ values are reported as total ammonia nitrogen (TAN), considering
free ammonia negligible at the experimental pH values.

2.4. Calculations

The fermentative yields (FY, gCOD(VFA)/gTVS) were calculated as the ratio between the
overall increase in VFA concentration and the tested OL, as in Equation (1).

The fermentative rates (FR, gCOD(VFA)/Ld) were calculated as the increase in VFA
concentration between two consecutive samplings multiplied by the reactor volume and
divided by the time interval, as in Equation (2).

FY =

(︂
VFA( f ) − VFA(0)

)︂
OL

(1)
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FR =

(︂
VFA(i) − VFA(i−1)

)︂
t(i) − t(i−1)

(2)

where VFA(0) and VFA(f) are the concentrations of VFA at the beginning and at the end
of the experiment, respectively; OL is the tested organic load (gTVS/L); and VFA(i) and
VFA(i−1) are the concentrations of VFA at a given time t(i) and t(i−1), respectively.

Free ammonia nitrogen (FAN, mg N-NH3/L) was calculated using the measured
TAN (mg/L), pH, and temperature (T = 37 ◦C/310.15 K) according to Equation (3):

FAN =
TAN

1 + 10(pKa−pH)
(3)

where pKa is the acid dissociation constant for ammonium, calculated as pKa =
2729.92
TKelvin

+

0.09018 (pKa ≈ 8.89 at 37 ◦C) [15].

3. Results
3.1. Effect of Zeolite on VFA Production and Ammonia Concentration

This section presents the outcomes of batch fermentation experiments designed to
assess the effects of organic load (OL) and zeolite addition on VFA production and ammonia
accumulation. Three sets of experiments were conducted under pH-uncontrolled conditions
(with an initial pH of approximately 6.5–6.8) to simulate low-maintenance AF environments.
The first experiment served as a control test without zeolite, while the subsequent sets
varied either the amount of zeolite (ranging from 0 to 20 g/L) or the OL to evaluate their
influence on fermentation performance. The results are discussed in terms of VFA, yield,
ammonia concentration trends, and the interaction between process parameters.

3.1.1. Experiment 1

In Experiment 1, a series of control batch fermentations was performed without
the addition of zeolite at different organic loads (OLs) of 20, 25, 30, 40, and 50 gTVS/L.
This experiment aimed to establish a baseline for VFA and ammonia production in pH-
uncontrolled conditions. As reported in Figure 2, the COD conversion into VFA was directly
correlated to OL variation and fermentation performance. Increasing the amount of organic
matter, it was possible to observe that at the end of the experiment (after 13 days, the final
day) the sCODt13/CODt0 ratio, related to the COD solubilisation, was higher than 0.8 in all
OLs tested except for the OL of 50 (0.73) probably due to the highest organic content, while
the amount of VFA produced in terms of CODVFA(t13)/sCODt13 increase from 40.4% at an
OL of 20 to 58.8 at an OL of 40, with slight decrease at an OL of 50 (56.2%).

The final VFA yield obtained, as reported in Figure 2, highlights that an OL of 40 (as
gTVS/L) was the most suitable process condition (0.57 g COD(VFA)/gTVS) that allows a better
conversion into VFA with a final concentration of about 23 g COD(VFA)//L.

To complete the evaluation, it was also important to consider the ammonia conversion
at different OLs. As reported in Table 2 and Figure 3, the ammonia produced, due to
biological conversion of organic nitrogen, increased almost linearly with 20–25–30 OL
values, while at 40 and 50 gTVS/L the organic nitrogen content conversion into ammonia
was slowed down, probably due to the high TVS concentration and lower pH by the end
of the experiment. Nevertheless, ammonia did not seem to severely inhibit fermentation,
as evidenced by the VFA conversion. This suggests that under these batch conditions, the
microbial community could tolerate the ammonia produced from substrate degradation.
Similarly, Cheah et al. [16] showed that ammonia inhibition in acidogenic fermentation
was avoided when N-NH4

+ concentration was ≤0.7 g/L. Based on Equation (3), the
calculated FAN levels across all reactors remained extremely low, ranging from 0.05 to
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0.20 mgN-NH3/L due to the acidic conditions (pH 5.0–5.5). These values are orders
of magnitude below the acknowledged toxicity threshold for acidogenic communities
(>50–100 mg/L), confirming that free ammonia inhibition was negligible during fermentation.

Figure 2. Experiment 1: Initial and final COD amount varying the OL.

Table 2. Changes in ammonia and VFA in Experiment 1.

OL
(gTVS/L)

Ammonia Content (t13-t0)
(mgN-NH4

+/L)

VFA Content
(t13-t0)

(gCOD/L)

Ammonia Yields
mgN-NH4

+/gTVS

VFA Yields
g COD(VFA)/gTVS

20 138.5 ± 3.9 9.1 ± 0.9 6.34 ± 0.2 0.45 ± 0.03
25 183.5 ± 1.8 9.5 ± 0.78 7.34 ± 0.07 0.38 ± 0.03
30 256.2 ± 4 13.5 ± 0.23 8.54 ± 0.5 0.45 ± 0.01
40 290.2 ± 3.4 22.7 ± 0.79 7.25 ± 0.08 0.57 ± 0.02
50 339.4 ± 5.2 22.0 ± 0.83 6.79 ± 0.1 0.44 ± 0.04

Figure 3. Correlation of ammonia and VFA produced and OLs in Experiment 1.
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Considering the aim of this study, the OL that best fits with high VFA production and
low ammonia accumulation was the OL at 40 gTVS/L. The fermentation profile for an OL
of 40 g VS/L (Figure 4) was dominated by acetic, butyric, and caproic acids. The pH on the
first day dropped below 5, but after day 2 onward it stabilised around 5.5.

Figure 4. VFA composition in an OL of 40 (Experiment 1).

3.1.2. Experiment 2

In Experiment 2, the organic load (OL) was fixed at 40 gTVS/L, while the zeolite dosage
was varied (0, 5, 10, 15, and 20 g/L) to investigate its impact on fermentation performance.
This experiment aims to identify the optimal zeolite concentration for maximising VFA
production and minimising ammonia accumulation under different conditions. An OL of
40 gTVS/L was selected as an intermediate condition to investigate the balance between
productivity and potential inhibition. Thus, by testing an OL of 40 gTVS/L separately,
the aim was to determine how to combine relatively high VFA yields with a reduced
risk of ammonia stress, thereby identifying an operationally robust condition for further
optimisation. The VFA concentration of each test can be observed in Figure 5.

Figure 5. Experiment 2: Initial and final COD amount varying the zeolite amount at an OL of 40.
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Starting from the control condition (0 g/L), each stepwise addition of zeolite enhanced
the COD solubilisation and its conversion into VFA. Maintaining the OL, it was possible to
observe that at the end of the experiment (after 13 days, the final day), the sCODt13/CODt0

ratio, related to the COD solubilisation, was around 0.8 in all batches (increasing zeolite
amount). The amount of VFA produced in terms of CODVFA(t13)/sCODt13 was around
67% at lower zeolite dose, while at 15 and 20 g zeolite the ratio reached 80%, confirming
a positive effect on acidification yields. The highest VFA concentration was achieved at
15 g/L (29.3 gCOD/L) and 20 g/L of zeolite (28.7 gCOD/L), indicating that at this load level,
zeolite addition continued to promote acidogenesis without signs of microbial inhibition.
While specific abiotic adsorption assays were not conducted in this study, the observed
improvement in fermentation parameters upon zeolite addition is hypothesised to result
from a combination of indirect microbial effects, potential surface colonisation, and minor pH
buffering, as previously suggested in the literature. These findings align with previous work
by Gottardo et al. [17], who reported increased acetic acid yields using chabazite-type zeolite.

In Table 3, the ammonia and VFA conversion results are summarised. As can be seen,
maintaining the same OL, the ammonia production was lower than the control condition
without zeolite, with improved performance at higher zeolite dose, and this was also
confirmed considering the ratio ammonia/TVS.

Table 3. Changes in ammonia and VFA in Experiment 2.

OL (gTVS/L) Ammonia Content (t13-t0)
(mgN-NH4

+/L)

VFA Content
(t13-t0)

(gCOD/L)

Ammonia Yields
mgN-NH4+/gTVS

VFA Yields
gCOD(VFA)/gTVS

40 (Z = 0) 402.7 ± 15.1 20.4 ± 0.9 10.1 ± 0.51 0.51 ± 0.03
40 (Z = 5) 342.2 ± 10.1 23.4 ± 1 8.6 ± 0.2 0.59 ± 0.03

40 (Z = 10) 381.2 ± 11.1 23.4 ± 1.1 9.5 ± 0.39 0.59 ± 0.03
40 (Z = 15) 294.8 ± 9.4 29.3 ± 0.26 7.4 ± 0.23 0.73 ± 0.03
40 (Z = 20) 283.6 ± 3.8 28.7 ± 0.06 7.1 ± 0.57 0.72 ± 0.01

Considering the results obtained, the most suitable conditions applied were at
15 and 20 g/L of zeolite concentration, where the low yields of ammonia (7.4 and
7.1 mgN-NH4

+/gTVS, respectively) correspond to high values in fermentation yields (0.73
and 0.72 gCODVFA/gTVS, respectively) (Figure 6). Moreover, the fermentation yield obtained
with 0–5–10 g/L was comparable to the yield obtained in Experiment 1 without zeolite,
while using 15 and 20 g/L, the yields were improved by about 30%.

 

Figure 6. Correlation of ammonia, VFA and g Zeolite in Experiment 2.
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These findings suggest that under the evaluated pH conditions, TAN removal via ad-
sorption was not the primary driver of enhanced AF performance. Instead, we hypothesise
that zeolite may act predominantly by stabilising environmental conditions or facilitating
microbial attachment, though further targeted abiotic control experiments are required to
fully isolate these mechanisms. Tang et al. [18] showed that natural zeolite can enhance
hydrolysis and acidification steps at an optimal dose of ~0.4–0.5 gzeolite/gVSS.

Throughout this experiment, and taking into account the OL of 40 at 15 g/L of zeolite,
acetic, butyric and caproic acids remained the dominant components of the VFA mixture,
suggesting that the pathway of fermentation remained stable across conditions (Figure 7).
Zeolite did not significantly change the acid profile but, rather, amplified the overall VFA
and yield.

Figure 7. VFA composition in an OL of 40 at 15 g/L of zeolite (Experiment 2).

Zeolite addition reduced TAN accumulation by ~6%, which may be due to ammo-
nium ion exchange on chabazite, altered microbial nitrogen mineralisation, or both. How-
ever, without abiotic controls, the exact split between zeolite adsorption and microbial
metabolism cannot be separated in this study.

3.1.3. Experiment 3

In Experiment 3, zeolite was fixed at 15 g/L across varying OLs (20–50 gTVS/L),
selecting this dose from Experiment 2 to minimise additive use. While testing a single dose
does not establish dose independence across all OLs (a limitation to be addressed via a full
factorial design in future work), this setup provides a clear baseline to evaluate OL effects
under zeolite supplementation.

Considering the results obtained (Figure 8) it is possible to observe that increasing
the amount of organic matter and maintaining the dose of zeolite at 15 g/L, at the end of
the experiment (after 13 days) the sCODt13/CODt0 ratio, related to the COD solubilisation,
was similar to Experiment 1 (without zeolite) with a ratio above 0.8 except for an OL of
50 confirming that the zeolite did not improve the solubilisation yields. On the other hand,
the amount of VFA produced in terms of CODVFA(t13)/sCODt13 increased up to 50% at an
OL of 20 (20% more compared to Experiment 1) and up to 85% on average at an OL of 30,
40 and 50.
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Figure 8. Experiment 3: Initial and final COD at different OL and zeolite amounts of 15 g/L.

The highest VFA concentration was observed at an OL of 50 gTVS/L with about
38 gCOD/L. At lower OLs (20–25 gTVS/L), VFAs were comparatively moderate (11.7 and
17.6 gCOD/L, respectively), indicating that although zeolite contributed to enhanced aci-
dogenesis, the substrate availability was still a limiting factor. As OL increased to 30, 40
and then 50 gTVS/L, a substantial boost in VFA production was recorded. Notably, an
OL of 50 g VS/L with 15 g/L of zeolite produced the highest total VFA concentration
across all experiments, and 70% more than an OL of 50 g VS/L without zeolite (22.0 vs.
37.8 gCOD/L). Considering the yields, the ratio was comparable for OLs of 30 and 40 (about
0.8 gCOD(VFA)/gTVS). In Table 4 and Figure 9, the ammonia and VFA content are shown.

Figure 9. Correlation of ammonia and VFA at different OLs without zeolite (Experiment 1) and with
zeolite at a concentration of 15 g/L (Experiment 3).
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Table 4. Changes in ammonia and VFA in Experiment 3.

OL
(gTVS/L)

Ammonia Content (t13-t0)
(mgN-NH4

+/L)

VFA Content
(t13-t0)

(gCOD/L)

Ammonia Yields
mgN-NH4

+/gTVS

VFA Yields
gCOD(VFA)/gTVS

20 90 ± 6.3 10.5 ± 0.9 4.5 ± 0.36 0.53 ± 0.02
25 161 ± 3.7 16.3 ± 0.4 6.4 ± 0.55 0.65 ± 0.02
30 250 ± 9.9 23.9 ± 0.9 8.3 ± 0.33 0.80 ± 0.02
40 273 ± 9.3 31.5 ± 1.2 6.8 ± 0.24 0.79 ± 0.03
50 319 ± 6.6 37.8 ± 1.5 6.4 ± 0.13 0.76 ± 0.02

In Figure 10, it is possible to observe the organic acid profile dominated by acetic,
butyric and caproic acids, reaffirming that the pathway of fermentation was maintained.
Ref. [18] investigated a DF of mixed urban organic and sludge under pH-controlled con-
ditions (pH 5–6). They found that adding chabazite-type zeolite significantly boosted
the proportion of VFA, especially for acetic acid. The authors attributed these gains to
microbial adhesion on the zeolite’s high surface area and proton adsorption effects rather
than ammonia removal. These findings align closely with our observations of elevated
VFA (especially acetic) production under zeolite addition, without significant decreases in
ammonia concentrations.

Figure 10. VFA composition in an OL of 40 at 15 g/L of zeolite (Experiment 3).

Regarding pH variations, it was observed that the presence of zeolite resulted in
greater pH stability throughout the experimental period, as shown in Figure 11. In the
figure, the values represent the mean pH measured during the tests conducted with and
without zeolite under different OLs. The standard deviation indicates the variability of
the measurements within each OL. The results suggest that, in the presence of zeolite, the
pH value did not decrease below 5 at any stage of the experiment, whereas in the samples
without zeolite, the pH remained below this value on days 1, 2 and 3. Furthermore, at
the end of the experiment, the bottles containing zeolite maintained slightly higher pH
values compared with those without zeolite. These findings suggest that although zeolite
may be associated with increased acidification processes, its ability to regulate the chemical
conditions of the system enabled it to minimise pH fluctuations and maintain a more
stable pH throughout the experiment. Montalvo et al. [11] showed that the zeolite adsorbs
ammonia, thus having an effect not only on the toxicity of ammonia and on the C/N
proportion but also on the regulation of acidity (pH) of the pig wastes.
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Figure 11. Changing pH through Experiment 1 (without zeolite) and 3 (with zeolite).

3.2. Yields Comparison

To evaluate the efficiency of substrate conversion into VFA, the yield and fermentation
rate were calculated based on the ratio of total VFA (expressed as gCOD) to the initial
total volatile solids added. This metric provides insight into how effectively the organic
matter was transformed into target products under different organic loads (OLs) and zeolite
supplementation. Across the experiments, fermentation yields and rates in Table 5 varied
depending on both the OL and the presence or absence of zeolite.

Table 5. Fermentative yield and rate of experiments.

Experiment OL
(gTVS/L)

Zeolite
(g/L)

FY
(gCOD(VFAproduced)/gTVS)

FR
(gCOD(VFAproduced)/Ld)

1

20 0 0.45 ± 0.01 0.91 ± 0.04
25 0 0.38 ± 0.01 0.95 ± 0.03
30 0 0.45 ± 0.01 1.35 ± 0.07
40 0 0.57 ± 0.02 2.27 ± 0.05
50 0 0.44 ± 0.01 2.20 ± 0.12

2

40 0 0.51 ± 0.02 2.04 ± 0.10
40 5 0.59 ± 0.02 2.35 ± 0.04
40 10 0.59 ± 0.02 2.34 ± 0.11
40 15 0.73 ± 0.02 2.93 ± 0.04
40 20 0.72 ± 0.02 2.87 ± 0.15

3

20 15 0.53 ± 0.02 1.05 ± 0.02
25 15 0.65 ± 0.02 1.63 ± 0.05
30 15 0.80 ± 0.02 2.39 ± 0.14
40 15 0.79 ± 0.02 3.15 ± 0.22
50 15 0.76 ± 0.02 3.78 ± 0.20

The experiments revealed how organic load (OL) and zeolite together shape VFA
yields. In Experiment 1, without any zeolite, yields rose steadily with increasing OL,
reaching 0.57 gCOD(VFA)/gTVS at 40 g VS/L and dropped to 0.44 gCOD(VFA)/gTVS at 50 g
VS/L. Building on this, Experiment 2 kept the OL fixed at 40 g VS/L while introducing
zeolite, which produced a striking improvement—from 0.57 gCOD(VFA)/gTVS with no zeolite
to a peak of 0.73 gCOD(VFA)/gTVS at 15 g/L of zeolite, before a slight drop at 20 g indicated
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diminishing returns. Finally, in Experiment 3, zeolite was fixed at 15 g while OL was varied
again, revealing that the highest yield of about 0.8 gCOD(VFA)/gTVS occurred at an OL of
30 and 40 g VS/L. Performance remained high even at 50 g VS/L, suggesting that under
these conditions, an OL range of 30–40 g VS/L with 15 g of zeolite provides the most
effective balance for maximising yield. Interestingly, the ammonia production yield was
lower compared to the experiment without zeolite, with 6.6 mgNH4

+/gTVS on average. For
instance, Gottardo et al. [13] reported a maximum VFA yield of 0.48 gCOD/gTVS, whereas
the integration of our substrates with natural chabazite in the present study achieved
higher yields.

When evaluating the process, it is important to distinguish between maximum VFA
concentration, fermentation yield, and fermentation rate (productivity). While the highest
VFA concentration (37.8 gCOD/L) and the highest fermentation rate (3.78 gCOD/L · d) were
achieved at 50 g VS/L with 15 g/L zeolite, the maximum fermentative yield peaked at
30 and 40 g VS/L (∼ 0.80 gCOD/gTVS). Therefore, the definition of the optimal condition
depends on the objective: 30–40 gTVS/L is the optimum for maximum substrate conver-
sion efficiency, while 50 g VS/L is optimal if the goal is to obtain a highly concentrated
VFA stream.

The fermentation rate (gCOD(VFA)
/Ld) followed the same overall trend observed in

experiments 1 and 2 for the yields. In all cases, VFA production reached completion by day
10, after which no further increase was detected. In experiments 1 and 2, the fermentation
rate showed a relation to the final yields—higher-yielding conditions also exhibited faster
fermentation. In Experiment 3, the highest rate was recorded for the sample with an organic
load of 50 gVS/L combined with zeolite addition.

4. Conclusions
This study investigated the influence of organic load (OL) and zeolite supplementation

on VFA production and ammonia accumulation during anaerobic fermentation of mixed
organic waste. The experiments demonstrated that both parameters (organic load and
zeolite dosage) critically affect the efficiency and stability of the fermentation process. This
study demonstrates that process optimisation varies depending on the specific operational
metric targeted. An organic load of 50 g VS/L with 15 g/L zeolite maximises total VFA
concentration (37.8 gCOD/L) and volumetric productivity (3.78 gCOD/L ·d). Conversely,
moderate organic loads of 30–40 gTVS/L with 15 g/L zeolite provide peak substrate conver-
sion efficiency, achieving 0.79–0.80 gCOD/gTVS. The VFA profile was dominated by acetic,
butyric, and caproic acids, which are valuable intermediates for bio-based chemicals and
energy carriers.

In terms of conversion efficiency, the maximum yield—reaching about 0.80 gCOD/gVS

—was observed at OL 30 and 40 gTVS/L with 15 g/L of zeolite, suggesting that moderate
OL levels may enhance substrate-to-product efficiency, even if total VFA concentrations
are slightly lower. Zeolite addition enhanced both VFA production and yield in a dose-
dependent manner but showed no significant effect on ammonia reduction, indicating
its benefits likely stem from microbial or physicochemical interactions rather than TAN
adsorption. These findings provide practical insights for optimising anaerobic fermentation
systems targeting VFA recovery, especially in scenarios where pH control is not feasible. The
results also open pathways for integrating such systems into circular bioeconomy models
by valorising organic waste while minimising process inputs. Future studies should focus
on continuous operation, microbial community dynamics, and the downstream processing
of VFA-rich effluents.
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