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A B S T R A C T   

The present study investigated the physicochemical and microbiological changes occurring during the storage of 
simulated restaurant food waste (FW) and how such changes affected its biohydrogen and biogas production 
potential. FW was stored for 72 h in a closed atmosphere under two different scenarios: i) without and ii) with 
inoculation of a mixed microbial culture harboring lactic acid bacteria (LAB). Both storage scenarios resulted in 
similar biotic and abiotic changes in FW. Particularly, FW was pre-acidified and pre-hydrolyzed to some extent 
during the storage, resulting in a feedstock enriched in LAB (≈ 95 % total relative abundance) and lactate 
(10.5–12.3 g/L, 87.0–90.5 % selectivity). Biochemical hydrogen potential tests revealed that the use of stored FW 
resulted in similar or even higher hydrogen production efficiencies compared to that of non-stored FW, achieving 
up to 60 NmL H2/g VS added and a maximum volumetric hydrogen production rate of 9.7 NL H2/L-d. Meta-
bolically, the conversion of lactate into hydrogen was crucial regardless of the use of non-stored or stored FW, 
albeit the presence of fermentable carbohydrates in the substrate was also essential either to produce lactate or to 
co-produce extra hydrogen. On the contrary, biochemical methane potential tests showed that the biogas pro-
duction potential of FW was not affected by storage, yielding on average 400 NmL CH4/g VS added and revealing 
that lactate oxidation to methane precursors represented an important step in FW biomethanization.   

1. Introduction 

The valorization of organic waste into renewable bioenergy such as 
biohydrogen and biogas has been adopted as a global strategy to solve 
food waste (FW) and fossil energy related problems. Circular FW man-
agement has taken on an important role as a sustainable model to bring 
economic and environmental welfare [1]. The most recent FW index 
report stated that the amount of FW generated worldwide in 2019 
amounted to 931 million tonnes, of which 61 % was derived from 
households, 26 % from food service, and 13 % from retail [2]. In Europe, 
that figure accounted for 88 million tonnes [3], while about 168, 127, 
232, and 465 million tonnes were estimated for the North America, Latin 
America and the Caribbean, sub-Saharan Africa, and Asia-Pacific re-
gions, respectively [4–7]. Regardless of its geographical origin, source 
and season of collection, FW is an effective source of macro- and 
micronutrients needed to support biological processes [8]. Thus, due to 
its huge availability, inexpensive nature, and high nutrients (e.g., 36 ±

21 % carbohydrates, 21 ± 13 % proteins, and 15 ± 8 % w/w lipids) and 
moisture content (e.g., 22.8 ± 10 % w/w dry matter), FW is a potential 
feedstock to produce several biobased products such as biochemicals, 
biomaterials and biofuels [8,9]. 

Dark fermentation (DF) is a promising biotechnology for the devel-
opment of FW-based biorefineries, which allows to transform such a 
feedstock into a clean and renewable fuel (i.e., biohydrogen), and high- 
value organic acids such as butyrate, acetate, lactate, etc. These acids 
can be employed as building blocks for producing other marketable 
products, such as bioplastics to mention an example [10]. Meanwhile, 
anaerobic digestion (AD) is a mature biotechnology able to treat various 
types of organic wastes and wastewaters, while recovering renewable 
bioenergy in the form of biogas and producing a nutrient-rich digestate, 
which has the potential to be used as a soil biofertilizer [11,12]. Both DF 
and AD are well aligned with the goals of circular economy. Addition-
ally, such biotechnologies are regarded as sustainable FW alternatives 
that can help divert FW from landfill and incineration, which are 
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nowadays the most applied but least sustainable and environmentally 
friendly disposal methods for FW [13]. 

While low and unstable hydrogen production yields and rates are the 
main bottlenecks in the DF of FW [14], the major limitations that 
constrain the deployment of the AD of FW are the very long retention 
times and process instability due to the accumulation of volatile fatty 
acids (VFAs) caused by the high complexity and low buffer capacity of 
FW [15]. Both DF and AD are sensitive to changes in substrate compo-
sition and operational process parameters. It is worth mentioning that 
FW is commonly subjected to storage prior treatment, which may last 
from few hours up to several days [16–18]. Such a storage step also 
occurs in decentralized FW management systems for supermarkets and 
restaurants [19,20]. Thus, the temporal storage of FW might influence 
not only its physical-chemical properties but also its microbial compo-
sition [21–24], which in turn might affect its valorization via DF and AD. 
For instance, stored FW can be pre-hydrolyzed/acidified to different 
extents depending on the storage conditions and FW composition, 
commonly leading to lactic fermentation [17,24] but the accumulation 
of fermentation products such as acetate, propionate, butyrate and 
ethanol may also exist [19,24,25]. 

Organic acids and solvents could have a negative effect on DF 
depending on their type and concentration [26,27]. Besides, it is well- 
known that the type and concentration of intermediate acidogenic 
products influence the AD performance [13,28–30]. Hence, it is of 
paramount importance to understand in detail how FW characteristics 
would change with storage conditions and how such latent changes 
would influence the yields and kinetics of biohydrogen and biogas 
production, in order to achieve an enhanced FW-to-bioenergy conver-
sion process. In this context, great efforts have been made to investigate 
the storage of FW and its impact on bioenergy recovery 
[16,17–19,21,23,24,31–33]. It can be inferred from those studies that 
the maximum achievable bioenergy production from a given type of FW 
will greatly depend on the biotic and abiotic changes that the feedstock 
experiences from the time it is generated until its final valorization. Such 
changes are in turn dependent not only on the features of FW but also on 
the storage time and conditions such as temperature and atmosphere. 
Hence, it could be expected that FW storage has the largest impact on its 
subsequent transformation through DF and AD, but correlation of 
transformation efficiency with storage conditions and microbiological/ 
physical-chemical changes in FW is yet limited. 

Im and co-workers evaluated the effect of storage time on the per-
formance of DF of FW [23]. The study assessed the effect of storage time 
and temperature on hydrogen production from cafeteria FW. It was 
found that FW stored for 1–2 days at 20 and 35 ◦C decreased hydrogen 
yields by 20–30 % (compared to DF of fresh FW) due to the enhanced 
growth of indigenous lactic acid bacteria (LAB) such as Lactobacillus and 
Weissella [23]. Here it should be noted that hydrogen can be produced 
directly from carbohydrates but also from lactate commonly hand-in- 
hand with acetate [34], which renders difficult to draw a general 
conclusion on the effect of FW characteristics on the performance of the 
DF of FW, particularly using stored FW rich in lactate. Evidence avail-
able to understand how FW storage might affect lactate-driven 
fermentative hydrogen production (herein referred to as LD-DF) is 
quite limited [20,24]. One of the main open research questions that the 
present study aims to address is the following: Is LD-DF able to deal with a 
FW enriched in lactate and LAB? Hence, the present study investigated the 
physical-chemical and microbiological changes occurring during the 
storage of FW under a closed atmosphere and the impact of such a 
storage on biohydrogen and biogas production potential. Two different 
storage methods were investigated: FW storage with the addition of an 
inoculum containing LAB, and FW storage driven by indigenous 
microflora. Biohydrogen production tests with fresh and stored FW were 
performed using an inoculant of hydrogenogenic consortium able to 
perform LD-DF, whereas methane production was investigated through 
biochemical methane potential (BMP) assays using an anaerobic sludge. 

2. Materials and methods 

2.1. Substrate 

Simulated FW was used as the substrate in order to ensure substrate 
homogeneity and allow for comparison among the experiments. The 
synthetic FW mimicking restaurant FW was prepared using (on wet 
basis) 78 % potato, 14 % chicken, 4 % lard, and 4 % cabbage [35]. 
Potato and chicken were previously heated in autoclave at 120 ◦C for 30 
min to mimic cooked waste. Subsequently, the mixture was grinded with 
the aid of an industrial kitchen blender to generate a homogeneous 
substrate with a low particle size, providing a larger surface area for 
microorganisms to degrade organic matter. No additional water was 
added during the grinding step. The substrate was stored in resealable 
plastic bags at − 20 ◦C to inhibit microbial degradation and prevent any 
change in its composition before use. The proximate and ultimate 
composition of the grinded FW is shown in Table 1. 

2.2. Inocula 

A mixed hydrolytic-acidogenic culture enriched in LAB and 
hydrogen-producing bacteria (HPB) was used in both the storage 
experiment and the batch DF tests [13]. It was originally obtained from 
an anaerobic digester treating restaurant FW at mesophilic conditions 
(35 ◦C) under an organic loading rate of 0.86 g VS/L-d and a hydraulic 
retention time (HRT) of 60 days [36]. The digestate, which was collected 
under pseudo-steady state, was pretreated by heat-shock at 90 ◦C for 20 
min to inhibit its methanogenic activity fully and irreversibly [13]. In 
order to enrich LAB and HPB, the pretreated inoculum was subjected to 
successive culture passages, following the procedure described previ-
ously by García-Depraect et al. [37]. Likely, the methanogenic inoculum 
used for the BMP tests was obtained from the anaerobic mixed sludge 
digester of the municipal wastewater treatment plant of Valladolid, 
Spain. Prior to use, it was preincubated for 7 days at 37 ◦C under anoxic 
conditions in the absence of substrate. The resulting anaerobic sludge 
exhibited a pH of 7.5 ± 0.1 and total solids (TS) and volatile solids (VS) 
contents of 23.9 ± 0.06 g/L and 12.6 ± 0.04 g/L, respectively. 

2.3. FW storage 

FW was stored in 2.1-L borosilicate glass roller bottles with screw 
caps. The amount of FW was 0.5 kg (wet weight) per container. The 
bottles were closed with rubber septa and aluminum caps, and then 
incubated in a roller shaker (Wheaton Scientific Products, USA) with a 
constant gently rotation (4.5 rpm). Gas-tight bottles were intentionally 
used to ensure natural anoxic conditions during storage [15]. The 
headspace was initially composed of air (i.e., ≈21 % O2, ≈79 N2), while 
the storage temperature was set at 36 ± 1 ◦C (by using a thermostatically 
controlled chamber) to promote changes in the composition of waste 
over time [24]. FW was stored for 18, 30, 48 and 72 h without inoculum 
addition, which are common storage times in FW management 

Table 1 
Characteristics of the synthetic FW.  

Feature Mean value 

Total solids 21.9 g/kg 
Volatile solids 21.0 g/kg 
Carbohydrates 47.0 %a 

Proteins 33.0 %a 

Lipids 17.2 %a 

Ash 4.9 %a 

C 50.3 %a 

H 7.7 %a 

O 37.1 %a 

N 4.7 %a  

a Percentage (w/w) on dry matter basis. 
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[22,23,32]. A total number of 15 bottles was used to assess each and 
every storage time in triplicate. Accordingly, three random bottles were 
taken for each pre-determined storage time. Additionally, the effect of 
adding an inoculum containing hydrolytic/acidogenic bacteria 
(including LAB) on the storage of FW was also investigated (in triplicate) 
under identical storage conditions for the sake of comparison (see Sec-
tion 2.1). The storage time for FW with inoculum addition was set at 72 
h. The inoculum size was 5 % (v/v) with a volatile suspended solids 
(VSS) content of 2.2 g/L. For all experiments, stored FW was immedi-
ately frozen at − 20 ◦C to be further characterized for pH, solids, total 
carbohydrates, soluble chemical oxygen demand (COD), and organic 
acids. The composition of the headspace was also determined after 
recording and releasing overpressure caused by the production of gas 
during storage. FW stored for 72 h with and without inoculum addition 
was used in the biohydrogen and biogas potential tests. 

2.4. Biohydrogen potential tests 

DF of FW was carried out in triplicate in three bench-scale gas-tight 
polypropylene-made reactors, each with a total volume of 1.4 L. The 
reactors had two individual ports for collecting gaseous and liquid 
samples, a pH control unit (EVopHP5, BSV Electronic, Spain), a mag-
netic stirrer set at ≈300 rpm, and a custom-made gas flow meter based 
on the liquid displacement method. The DF assays were carried out at 
constant temperature (37 ◦C) with a water jacket. The setpoint for the 
automatic pH control was set at 6.5 using a 6 N NaOH solution [35]. The 
fermentations were carried out at a TS concentration of 50 g/L [38]. 
Thus, the amount of substrate added depended on its TS content, while 
the inoculum size comprised 10 % v/v of the working volume. The 
hydrogenogenic inoculum had a VSS concentration of 0.5 g/L. Tap water 
was added to substrate and inoculum to achieve the reactor working 
volume of 800 mL. Three types of substrates were evaluated in the DF 
tests: fresh FW (0S), FW with 72 h of storage without inoculum (72S), 
and FW stored for 72 h with LAB-HPB inoculum (72SI). All the DF ex-
periments had a duration of 30 h, which was selected based on the 
observed plateau in the cumulative hydrogen production. 

During the fermentations, the cumulative volume and composition of 
the produced acidogenic-off gas were recorded periodically. The volume 
of produced hydrogen was normalized to NmL by considering standard 
temperature and pressure conditions (0 ◦C and 1 atm). Liquid samples of 
the culture broth were also collected throughout the fermentation for 
further analysis. The performance of the LD-DF process was assessed 
based on the hydrogen production yield (YH2, NmL H2/g VS added), 
maximum volumetric hydrogen production rate (VHPR, NmL H2/L-h), 
peak H2 content in the acidogenic-off gas (% v/v), lag phase (λ, h), ul-
timate hydrogen production potential (Pmax, NmL H2), maximum 
hydrogen production rate (Rmax, NmL H2/h), total carbohydrates 
removal (%), and organic acids spectrum. Hydrogen production kinetics 
parameters, i.e., λ, Pmax, and Rmax, were estimated using the modified 
Gompertz model (Eq. (1); where H is the cumulative hydrogen/methane 
production (NmL)) [39]. The root mean square error (RMSE) was used 
as the objective function, while the coefficient of determination (R2) and 
error percentage were used to score the prediction. VHPR was calculated 
by dividing Rmax by the reactor working volume. Finally, the degree of 
acidification was computed as the relation between the net concentra-
tion (final – initial) of acidogenic products (i.e., VFAs, lactate, ethanol) 
expressed as COD equivalent and the total initial COD concentration of 
the substrate [40]. 

H = Pmax • exp
{

− exp
[

Rmax • e
Pmax

(λ − t) + 1
]}

(1)  

2.5. BMP tests 

BMP tests were carried out to evaluate the effect of FW storage on the 
yields and kinetics of biogas production. The same types of FW used in 

the DF tests, i.e., 0S, 72S, and 72SI, were also tested in the BMP assays in 
triplicate. Additionally, a blank test with only inoculum and a positive 
test with microcrystalline cellulose as the sole carbon source were per-
formed. The BMP tests were carried out in 120 mL gas-tight serum 
bottles with a working volume of 50 mL. The F/M (food-to-microor-
ganisms) ratio was kept at 0.25 on a VS basis [35]. The methanogenic 
sludge was previously supplemented with 5 g NaHCO3/L to ensure 
buffer capacity. Once the substrate and inoculum were added, the bot-
tles were sealed with butyl rubber stoppers. Subsequently, the residual 
oxygen in the headspace was removed by purging with helium gas 
(Abello Linde, Barcelona, Spain) at approximately 0.6 bar for 1 min. 
Following headspace flushing, the serum bottles were placed in an 
orbital shaker (120 rpm) for incubation at 36 ± 1 ◦C. After 1 h of in-
cubation, the gas pressure in the headspace was quantified manomet-
rically (IFM electronic PN7097, Germany) and the excess gas was vented 
to reach ambient atmospheric pressure. The pressure in the headspace 
and biogas composition were measured daily until the end of the 
experiment, which was ceased when the net daily biogas production 
recorded for three consecutive days was lower than 1 % of the total net 
cumulative biogas production. The data recorded was used to calculate 
the cumulative methane production per gram of VS added (NmL CH4/g 
VS added), as previously described elsewhere [41]. Methane production 
kinetics parameters, i.e., λ (lag phase), Pmax (methane production po-
tential), and Rmax (maximum methane production rate), were also esti-
mated using the modified Gompertz model (Eq. (1)), which showed a 
better description of the experimental data than a first-order kinetic 
model (data not shown). The methane yield obtained experimentally 
was thus compared to that theoretically achievable from the FW used, 
which was estimated based on Buswell’s eq. [42]. At the end of the BMP 
tests, digestate samples were collected and analyzed for pH and VFAs. 

2.6. Analytical methods 

Total carbohydrates, total Kjeldahl nitrogen (TKN), lipids, pH, COD, 
and solids were determined according to Martínez-Mendoza et al. [38]. 
Soluble COD was determined in filtered samples (0.45 μm). Biogas 
composition was analyzed by gas chromatography coupled with a 
thermal conductivity detector (GC-TCD) according to García-Depraect 
et al. [43]. Headspace pressure was measured by using a pressure 
transducer (IFM electronic PN7097, Germany). Due to their expected 
low concentration (in the order of few mg/L), the final concentration of 
VFAs in the digestate was measured by gas-chromatography coupled 
with flame-ionization-detection (GC-FID), following the procedure 
previously reported elsewhere [44]. Likewise, the quantitative analysis 
of organic acids (including lactate) and ethanol during DF was per-
formed by high-performance liquid chromatography (HPLC), according 
to Martínez-Mendoza et al. [38]. Sample preparation for both GC-FID 
and HPLC analyses included centrifugation at 10000 rpm for 10 min, 
followed by filtration through a 0.22 μm nylon syringe filter and acidi-
fication using concentrated sulfuric acid. 

The microbial community analysis was carried out in frozen/thawed 
FW and in composite samples of triplicates of FW stored for 72 h without 
(FWS) and with (FWSI) inoculum addition. DNA was isolated with the 
QIAsymphony PowerFecal Pro DNA Kit (Qiagen, Germany) in accor-
dance with the manufacturer’s instructions. The V3-V4 region of the 16S 
rRNA gene was thus amplified using the bacterial universal primer set 
341F-805R and amplicon libraries (300 bp paired-end reads) were 
prepared by ADM-Biopolis (Valencia, Spain) following the 16S Meta-
genomic Sequencing Library Illumina 15,044,223 B protocol (Illumina 
1.9) [45]. Raw sequences were merged and trimmed using the BBMerge 
package of BBMap V.38 software with “Cutadapt v 1.8.1” using default 
parameters. Quality checked (Q20 threshold) reads were afterward 
processed using the DADA2 denoise-single command [46]. Error rates 
were learned from a set of subsampled reads using “learnErrors” and 
sample inference algorithm was applied with the “dada” function. The 
chimeric amplicon sequence variants (ASVs) were removed using 
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“removeChimeraDenovo”. Those clean ASVs were annotated against 
NCBI 16S rRNA database version 2022 using blast version 2.2.29 at 97 % 
similarity threshold [47]. The taxonomy of the ASVs with a lower per-
centage identity than 97 % was reassigned using NBAYES algorithm 
[48]. NBAYES classifier was trained on V3-V4 of 16S rRNA gene from 
SILVA v.138 database [49]. Finally, data was normalized using the 
rarefaction technique from Phyloseq R package to perform alpha di-
versity analysis [50]. 

2.7. Data analysis 

Data from the storage and bioenergy potential tests were collected 
and further processed in the Excel software, using the ‘Solver’ function 
to perform kinetic estimations. Data reported in Figures and Tables is the 
mean and standard deviation values of triplicate measurements. 

3. Results and discussion 

3.1. Physical-chemical and biotic changes occurred during FW storage 

Prior to DF or AD tests, FW was stored at 36 ± 1 ◦C for 72 h with and 
without addition of an inoculum harboring LAB among other hydrolytic- 
acidogenic bacteria. As shown in Fig. 1, the pH of the FW stored without 
inoculum sharply dropped from 6.2 to 4.5 after 18 h of storage and then 
slightly decreased down to 4.2 at the end of the test. The time-course of 
the pH for the inoculum-supplemented FW during storage was not 
monitored but decreased from 6.2 for the fresh FW to 4.3 by the end of 
the storage. Such a rapid decrease in pH, regardless of the storage 
conditions, was attributed to the accumulation of organic acids. Indeed, 
the total concentration of organic acids in the FW stored without inoc-
ulum increased within the first 18 h from 1.9 to 10.8 g COD equiv./L 
(Fig. 2). After 72 h of storage, the total concentration of organic acids 
was 12.9 ± 0.6 and 14.5 ± 0.3 g COD equiv./L for stored FW with and 
without inoculum, respectively, which corresponded to an acidification 
degree of ≈3 % for both storage conditions. Regardless of the storage 
conditions, lactate was the major organic acid produced throughout FW 
storage. The average titer of lactate and its corresponding selectivity at 
the end of storage, were 10.5 and 12.3 g/L, and 87.0 and 90.5 %, for FW 
storage with and without inoculum, respectively. Under both assessed 
FW storage conditions, acetate was the second most dominant organic 
acid with titers ranging from 1.1 to 1.3 g/L. In this context, previous 

studies in literature have shown a similar dominance of a primary 
lactate-type fermentation corresponding well with the tendency of the 
pH of FW to decrease over storage time [9,16,17,21,22,24]. 

Furthermore, it has been reported that the type of atmosphere during 
the storage can influence the ultimate features of FW and therefore its 
energy recovery potential, FW stored anoxically exhibiting higher en-
ergy content than that stored under aerobic conditions [18,33]. It is 
expected that high-scale FW storage leads to lower levels of aerobic 
degradation [21]. In the present study, the O2 content in the headspace 
decreased due to the activity of facultative anaerobes from ≈21 to 0.8 
and 1.3 % (v/v) during the 72 h of FW storage with and without inoc-
ulum addition, respectively. In contrast, the initial headspace presented 
a CO2 content of 0.04 %, which increased up to 32 % by the end of the 
72-h storage period regardless of the condition tested. The headspace 
pressure recorded in the gas-tight bottles without inoculum gradually 
increased as the storage time progressed. For both storage conditions, 
the average gauge headspace pressure was recorded at 240 mbar 
following the 72 h of storage (Fig. 1). Interestingly, inoculation during 
FW storage did not cause a difference in the final carbohydrate removal 
efficiency, which accounted for 9.5 ± 4.0 % and 9.5 ± 5.9 % for storage 
with and without inoculum, respectively, reflecting that during storage 
only a small fraction of carbohydrates was assimilated by 
microorganisms. 

Regarding microbial taxonomy, as shown in Fig. 3, the microbiota of 
non-stored FW was found to be more diverse than that of stored FW 
regardless of the type of storage tested. At a genus level, Richness, 
Shannon and Simpson indexes of 126, 2.76 and 0.87, 17, 1.51 and 0.74, 
and 21, 1.64 and 0.76 were estimated for 0S, 72S and 72SI, respectively. 
The microbial communities of frozen/thawed FW included Fastidiosipila 
(19 %), Gallicola (8 %), Gleimia (6 %), Lactobacillus (6 %), among others. 
Some of the satellite bacteria detected in the non-stored FW were, for 
instance, Leuconostoc, Alkaliphilus, Anaerococcus, Acholeplasma, Caldi-
coprobacter, Thermovirga or Caldicoprobacter. On the other hand, bacteria 
belonging to the LAB group comprised about 95 % of the total relative 
abundances of the ASVs detected at the end of storage, regardless of the 
FW storage condition, indicating that storage strongly shaped microbial 
communities (Fig. 3). The dominance of LAB explains the recorded 
fermentation product spectra and suggests that inoculation had little to 
no influence on shaping the structure of microbial community during 
the storage. More specifically, the dominant genera were Lactococcus, 
Latilactobacillus, Enterococcus and Leuconostoc, with corresponding 
relative abundances of 37.2 and 33.9 %, 21.9 and 22.1 %, 21.2 and 18.8 

Fig. 1. Time evolution of pH and headspace gas pressure/composition during 
FW storage with and without addition of inoculum. Data from the inoculum- 
supplemented FW were only recorded at the beginning and at the end of 
storage. The markers are the mean and standard deviation (error lines are 
indicated with colored shade areas) values of triplicate experiments. 

Fig. 2. Type and concentration of organic acids measured during the storage of 
FW under closed atmosphere without inoculum addition. The code “72SI” 
stands for FW stored for 72 h with inoculation of a LAB-enriched bacterial 
mixed culture. 
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%, and 15.4 and 18.5 % for 72S and 72SI, respectively (Fig. 3). In the 
literature, LAB (the lactate producers par excellence) have been found to 
be the most dominant bacterial group in the spontaneous fermentation 
that may take place either during the storage [22,24] or anaerobic 
fermentation [13] of FW [22]. Bacteria belonging to Bacillus, Bacteroides 
and Clostridium genera were also detected in the FW under both storage 
scenarios investigated, but at minor proportions (Fig. 3). Despite pres-
ence of these three bacterial genera, secondary lactate fermentation did 
not take place, likely due to the too low pH imposed during storage 
[51,52]. 

The final VS removal efficiencies computed for the FW stored with 
and without inoculum were 4 ± 2 % and 7 ± 2 %, respectively. Such low 
losses in VS seem reasonable given the short storage time of 72 h tested 
herein. In addition, the soluble COD concentration increased from 90.7 
± 5.3 to 109.1 ± 3.9 after 72 h of storage in the assays without inoc-
ulum, which was found to be comparable to that of the inoculum- 
supplemented condition (112.7 ± 5.6 g/L). Overall, it can be pointed 
out, based on such limited increase in the concentration of soluble COD 
recorded and the observed productions of organic acids, that FW was 
pre-hydrolyzed and pre-acidified to some extent during the storage, 
which is in agreement with previous reports [21,25]. However, in the 
present study, the addition of inoculum to FW in the storage stage did 
not cause a strong effect in both the biotic and the abiotic features 
studied, as compared to those observations made for FW stored without 
inoculum. The following two aspects can be therefore highlighted: i) FW 
itself can be not only a good source of LAB but also of the nutrients 
needed for their thriving, and ii) the biotic and abiotic changes occurring 
during the storage of FW may converge to a LAB-dominated microbial 
community along with a lactate-dominated product spectrum, and it 
seems that such a trend can be boosted by an acidic pH and self- 
generated anaerobic conditions. 

3.2. Effect of FW storage on biohydrogen production via LD-DF 

The trends observed in the experimental cumulative hydrogen pro-
duction and hydrogen production rates are depicted in Fig. 4. The use of 
fresh FW (0S) resulted in a slightly lower production of hydrogen of 
1960.1 ± 50.4 NmL, which corresponded to a YH2 of 51.0 ± 5.9 NmL 
H2/g VS added. In contrast, the cumulative hydrogen production ach-
ieved after 30 h of fermentation was 2320.6 ± 325.5 NmL (60.6 ± 8.5 
NmL H2/g VS added) and 2199.3 ± 275.7 NmL (57.5 ± 7.2 NmL H2/g 
VS added) for 72S, and 72SI, respectively. Overall, the recorded 
hydrogen production yields are comparable to those previously reported 
using FW of a similar composition [35]. The content of hydrogen in the 

produced acidogenic off-gas was 43.9. ± 4.1 %, 44.5 ± 1.1 % and 38.2 
± 1.4 % (v/v) for 0S, 72S and 72SI, respectively. The modified Gompertz 
model satisfactorily described the cumulative production of hydrogen, 
with R2 values above 0.9950 and percentage errors between 3.8 and 9.5 
% (Table 2). A visual inspection of the fitting can be seen in Fig. 4. More 
specifically, there was no difference in the length of lag phase between 
the different types of FW tested, with an average λ of 5.8 h, which is in 
accordance with previous observations [24]. This pointed out that the 

Fig. 3. Microbial community structure at genus level for a) non-stored FW and b) FW stored after 72 h under a closed atmosphere a) without (72S) and b) with (72SI) 
inoculation of a bacterial mixed culture enriched in LAB. *The term “Others” includes genera with a relative abundance lower than 1 %. 

Fig. 4. Time evolution of cumulative hydrogen production, hydrogen produc-
tion rate and the concentration of total carbohydrates in the fermentation broth 
for the three substrates tested: a) non-stored FW (0S), b) 72-h FW stored without 
inoculum addition (72S), and c) 72-h FW stored with inoculation (72SI). The 
markers are the mean and standard deviation (shaded) values of triplicate 
experiments. 
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pre-hydrolysis and pre-acidification that took place during anoxic stor-
age did not impact the adaptation period. The hydrogen production rate 
peaked at 271.5 ± 33.6 NmL H2/h for 0S and 216.9 ± 67.5 NmL H2/h 
for 72S, while in 72SI the rate accounted for 322.6 ± 3.9 NmL H2/h and 
160.7 ± 47.7 NmL H2/h due to a diauxic hydrogen production trend. 
This diauxic hydrogen production observed in 72SI assays could be 
attributed to a sequential substrate utilization phenomenon, e.g., car-
bohydrates, lactate (as discussed below) by the bacteria in the supple-
mented inoculum [53]. Based on the ratio of Pmax to Rmax, the estimated 
hydraulic retention time (HRT) ranged from 7 to 11 h, which lies within 
the common HRT values for DF systems [34]. The associated VHPR 
values were 8.2 ± 1.0, 6.5 ± 2.0, and 9.7 ± 0.1 NL H2/L-d for 0S, 72S, 
and 72SI, respectively, which are within the upper range of reported 
fermentative hydrogen productivity datasets using FW [35]. In general, 
no clear effect of FW storage on expected HRT was observed. However, 
the use of FW previously subjected to a storage stage resulted in 
numerically similar or higher extents and rates of potential biochemical 
hydrogen production compared to the control (0S). This observation is 
contrary to the findings disclosed by Im et al. (2019) [23], but consistent 
with the results reported by Roslan et al. (2023) [24]. While Im and co- 
workers (2019) reported hydrogen inhibition (20–30 %) by the growth 
of indigenous LAB when FW was stored for 2 days at 20 and 30 ◦C, 
Roslan and co-workers (2023) observed that storage of FW (for 15 days 
at temperatures ranging from 4 to 45 ◦C) did not impact on the hydrogen 
potential but significantly improved the maximum hydrogen production 
rate (Rmax). Noblecourt et al. (2018) reported the successful LD-DF of 
depackaging wastes, a feedstock that was pre-fermented mainly to 
lactate during its storage and transport [20]. Here, it is therefore hy-
pothesized that the ability of the microbiota involved to metabolize 
lactate into hydrogen can make the difference between success and 
failure when using stored FW rich in lactate and dominated by LAB, as 
discussed with some details in the following paragraph. 

Hydrogen can be produced fermentatively from the metabolism of 
carbohydrates via acetic- and butyric-type pathway, but also from the 
metabolism of lactate (LD-DF) [20,34]. As for the carbohydrates, their 
concentration in the fermentation broth showed a steep falling pattern 
(Fig. 4), reaching a final removal efficiency, on average, of 86.5, 80.8 
and 83.1 % for 0S, 72S, and 72SI, respectively. The organic acids spectra 
recorded for the three types of FW tested were very similar to each other 
(Fig. 5). Interestingly, lactate and acetate accumulated during the early 
stage of fermentation (during the first 9 h), but lactate was almost 
depleted after 20 h of fermentation, while acetate remained roughly 
unchanged (close to 4.5 g/L) till the end of fermentation. The concen-
tration of formate also increased (but at a lower extent; 1.6–2.2 g/L) 
during the early stage of fermentation and then slightly decreased down 
to 0.7–1.2 g/L at the end, regardless of the storage condition tested 
(Fig. 5). The depletion of lactate was found to be highly correlated with 

the accumulation of butyrate (5.4–6.7 g/L) in the culture broth. Based 
on the metabolic patterns observed, it is highly probable that lactate was 
used as the main carbon source in the DF of both non-stored and stored 
FW. The LD-DF has been reported for FW [20,35,38], but also for some 
other complex substrates, e.g., vinasses [37,39]. It is widely recognized 
that the microorganisms involved in the LD-DF process can govern the 
fate of lactate during fermentation [34]. It is thus reasonable to argue 
that the hydrogenogenic inoculum herein used, which had a proven 
potential to perform LD-DF [35,38], was of utmost importance to allow a 
dual lactate fermentation: the fermentation of carbohydrates to lactate 
and the fermentation of lactate to hydrogen. It should be noted that 
besides lactate, fermentable carbohydrates are also hydrogen pre-
cursors, and therefore, part of the evolved hydrogen might have been 
produced directly from them. The bioconversion of formate into 
hydrogen and carbon dioxide might have also resulted in additional 
hydrogen. Nonetheless, the LD-DF was found to be crucial to deal with a 
FW enriched in lactate and LAB, which otherwise would lead to lactate 
accumulation accompanied by a poor hydrogen production performance 
[23,27]. Here it should be noted that the present study simulated a 
specific storage condition and used synthetic FW as the feedstock. Thus, 
future studies should investigate the biotic and abiotic variations of real 
FW that might occur during transportation and storage under the real 
conditions of urban FW management, and test how such changes might 
affect the outcome of the LD-DF process. Recently, lactic acid fermen-
tation of FW was successfully proven to be a suitable storage method 
prior to produce fermentative hydrogen in batch mode [24]. In this 
context, it would be interesting to study the integration of lactic acid 

Table 2 
Kinetic parameters of the modified Gompertz model estimated from the evolu-
tion of cumulative hydrogen production recorded over culture time for the 
different feedstocks.  

Feedstock λ (h) Rmax (NmL H2/ 
h) 

Pmax (NmL 
H2) 

R2 Error 
(%)b 

0S 5.9 ±
0.2 

271.5 ± 33.6 1976.2 ±
222.7  

0.9958  9.5 

72S 5.8 ±
0.4 

216.9 ± 67.5 2390.8 ±
271.8  

0.9990  4.5 

72SI
a 5.7 ±

0.2 
322.6 ± 3.9 1467.7 ±

199.8  
0.9952  3.8 

3.0 ±
1.4 

160.7 ± 47.7 2284.8 ±
266.3 

Note: 0S: non-stored FW; 72S: 72-h FW storage without inoculum addition; 72SI: 
72-h FW storage with inoculation. 

a Modified Gompertz model with two sequential steps. 
b Percentage error as the ratio of root mean square error to the mean target 

value. 

Fig. 5. Time evolution of organic acid concentration during the LD-DF of the 
three substrates tested: a) non-stored FW (0S), b) 72-h FW stored without 
inoculum addition (72S), and c) 72-h FW stored with inoculation (72SI). The 
markers are the mean and standard deviation (error lines are indicated with 
colored shade areas) values of triplicate experiments. 
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pre-fermentation storage to continuous LD-DF. 

3.3. Effect of FW storage on biogas production 

The storage of FW did not markedly affect its BMP. The methane 
yields recorded after 29 days of biomethanization were 394.0 ± 10.5, 
382.1 ± 6.1 and 416.9 ± 11.9 NmL CH4/g VS added for 0s, 72S and 72SI, 
respectively (Fig. 6), which agreed well with typical BMP data reported 
for FW [13,16,17]. Such recorded methane yields corresponded to 
biodegradability values in the range of 73 to 79 %, based on the theo-
retical BMP of the FW utilized. Kinetics of the time-course behavior of 
BMP was adequately described by the modified Gompertz model, with 
R2 values close to 1 and percentage errors between 3.7 and 8.0 % (Fig. 6 
and Table 3). The specific rate of methane production supported by 
stored FW was similar or even slightly higher than that of fresh FW, 
reaching up to 40.8 ± 2.4 NmL CH4/g VS added-day in the case of 72SI 
(Table 3). Considering the ratio Pmax/Rmax, the expected HRT was be-
tween 10 and 16 days. In the literature, there are discrepancies con-
cerning the effect of FW storage on methane potential. Some studies 
have reported a negative effect on methane potential when storing FW. 
In this vein, Nie et al. (2022) reported that FW was hydrolyzed (about 
35 %) and acidified (about 16 %) during transportation, generating up 
to 18.1 g/L of lactic acid (equivalent to 20 % of dissolved organic car-
bon) [16]. The authors recorded 25 % lower methane yields in trans-
ported and stored FW compared to fresh FW. Parra-Orobio and co- 
workers also found that storage (25 ◦C) shorter than 7 days negatively 
impacted the mesophilic methane production behavior of FW, mainly 
the methane production yield and rate rather than the lag phase. The 
increase in VFAs and the formation of humic substances during storage 
were the reasons identified for biogas inhibition. In another study, 
Degueurce et al. (2020) estimated a carbon loss value of around 10 % 
after a 4-days FW storage and a slightly methane inhibition associated to 
high levels of lactic acid [21]. However, in the same study, the authors 
reported that 1 week of storage increased the methane yield while 
compensating the loss of organic matter. Finally, Sailer et al. (2022) 
studied the impact of storage duration (20 to 40 days) and temperature 
(5 and 20 ◦C) under aerobic and anoxic conditions on the methane 
production potential of recipe-based FW. The authors found that the 
degree of preservation of methane potential depended on the physico-
chemical changes occurring during storage, which in turn were depen-
dent on whether storing was either performed under oxic or anoxic 

conditions. Compared to a control, aerobic storage led to 31 % (20 ◦C) 
and 16 % (5 ◦C) lower methane yields. In contrast, anaerobic storage 
preserved the methane potential of FW regardless of the storage time 
and temperature. 

Enhanced BMPs have been also reported with the use of FW previ-
ously subjected to storage compared to the fresh FW [17,31]. For 
instance, Lü el al. (2016) observed BMP values ranging from 285 to 308 
NmL CH4/g VS added using fresh or 1-day stored FW, while BMP values 
of 418–530 NmL CH4/g VS added and 618–696 NmL CH4/g VS added 
were recorded when using FW stored for 2–4 and 5–12 days, respec-
tively [17]. The authors found that the methane yield was positively 
correlated with the acidification efficiency but not with the total hy-
drolysis efficiency. Påledal et al. (2018) also reported that the storage of 
FW in plastic bags for up to 21 days at 22 ◦C did not change the methane 
potential but led to faster methanization in comparison with fresh FW. 
The faster methane production rate was attributed to the preservation of 
volatile organic compounds inside the plastic bag and the promotion of 
the pre-hydrolysis of FW rather than its aerobic degradation [18]. 
Pangallo et al. (2021) investigated the effect of bioplastic bag storing (2, 
4 and 6 days at 22 ◦C) on the BMP of the organic fraction of municipal 
solid waste (OFMSW) and found that methane yields slightly increased 
with the increase of the storage time, achieving yields between 500 and 
650 NmL CH4/g VS added. 

Avoiding the loss of VS during FW storage is desirable for preserving 
the methane potential [18,33]. In this regard, the intentional addition of 
LAB to the storage of artificial kitchen waste has indeed been proposed 
as a measure to suppress the growth of putrefactive bacteria, while 
preserving its energy content for further biomethanization [52]. Daly 
and co-workers (2020) stated that the storage of FW followed classical 
ensilage dynamics with homofermentation to lactate together with low 
pH, thus preventing the subsequent breakdown (fermentation) of lactate 
into other carboxylic acids and hydrogen gas [19]. Lactate is a key in-
termediate in the AD process, which can allocate more energy for biogas 
production than other acidogenic end products (e.g., ethanol, acetate, 
butyrate, propionate) [13,29,30]. However, it is worth noting that the 
methane potential of lactate-rich stored FW may be impaired due to a 
reactor acidification and accumulation of propionic acid [16]. Herein, 
no overwhelming accumulation of VFAs was detected at the end of BMP, 
with a total concentration of 35.5 ± 8.7, 27.1 ± 4.0, and 23.1 ± 2.1 mg 
COD equiv./L for 0S, 72S and 72SI, respectively. The average concen-
tration of propionic acid at the end of the BMP test stayed 6 mg/L 
regardless of the substrate tested. Indeed, the final pH of the digestates 
averaged 7.6 ± 0.07 (data not shown). Such low organic acids levels 
measured along with the acceptable BMP recorded (even with lactate- 
rich FW) strongly suggested that lactate and its degradation products 
(such as acetate) were successfully biomethanized. The successful syn-
trophic oxidation of lactate without propionate accumulation could 
explain the high BMPs values observed for stored FW. As stated earlier, it 
would be interesting to study the integration of lactic acid pre- 
fermentation storage to continuous biogas production. 

Fig. 6. Cumulative methane production from the BMP test on the three 
different types of FW. The markers are the mean and standard deviation (error 
lines are indicated with colored shade areas) values of triplicate experiments. 

Table 3 
Kinetic parameters estimated from the modified Gompertz model for the 
methane evolution recorded for 0S (non-stored FW), 72S (72-h FW storage 
without inoculum addition), and 72SI (72-h FW storage with inoculation).  

Feedstock λ 
(days) 

Rmax (NmL 
CH4/g VS added- 
day) 

Pmax (NmL 
CH4/g VS 
added) 

R2 Error 
(%)a 

0S 1.9 ±
0.3 

33.6 ± 1.8 407.0 ± 13.6  0.9960  4.8 

72S 3.1 ±
0.4 

26.6 ± 3.4 416.8 ± 5.6  0.9907  8.0 

72SI 2.4 ±
0.3 

40.8 ± 2.4 424.2 ± 8.2  0.9971  3.7  

a Percentage error as the ratio of root mean square error to the mean target 
value. 
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4. Conclusions 

This study examined the biotic and abiotic changes of FW during its 
storage under a closed atmosphere without and with inoculation of a 
mixed culture enriched in LAB. This study also investigated how such 
changes in the stored FW impact its biochemical hydrogen and methane 
production potential. The addition of inoculum did not exert an 
important effect on the storage of FW, which following 3-day of storage 
was mainly characterized by a LAB-dominant microbial community. The 
accumulation of lactate as a result of the hydrolysis-acidogenesis of FW 
was favored by the self-generated anoxic-and-low pH conditions that 
occurred during the storage. Lactate-based hydrogen production was 
found to be of outermost importance in the DF of both the non-stored 
and stored FW. Compared to the non-stored FW, the use of stored FW 
resulted in a similar, or even, an improved hydrogen production per-
formance. Likewise, the methane potential of FW was not impaired by its 
storage, which was supported by the successful conversion of lactate- 
rich stored FW to biogas. Finally, the use of FW stored for 3 days with 
inoculation shorten the foreseen fermentation times for both the 
hydrogen and methane production, an interesting finding that should be 
investigated further. 
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