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Abstract: This study investigates the dark fermentation of fruit and vegetable waste under mesophilic
conditions (30-34 °C), as a valorization route for H, and volatile fatty acids production, simulating
the open market waste composition over the year in two Mediterranean countries. Specifically, the
study focuses on the effect of the (i) seasonal variability, (ii) initial pH, and (iii) substrate/inoculum
ratio on the yields and composition of the main end products. Concerning the seasonal variation, the
summer and spring mixtures led to +16.8 and +21.7% higher H, production than the winter/autumn
mixture, respectively. Further investigation on the least productive substrate (winter/autumn) led
to 193.0 & 7.4 NmL of Hy g VS~! at a pH of 5.5 and a substrate/inoculum of 1. With the same
substrate, at a pH of 7.5, the highest acetic acid yield of 7.0 mmol/g VS was observed, with acetic
acid corresponding to 78.2% of the total acids. Whereas a substrate/inoculum of 3 resulted in the
lowest H yield, amounting to 111.2 = 7.6 NmL of Hy g VS, due to a decrease of the pHto 4.8,
which likely caused an inhibitory effect by undissociated acids. This study demonstrates that dark
fermentation can be a valuable strategy to efficiently manage such leftovers, rather than landfilling or
improperly treating them.

Keywords: fruit and vegetable waste; dark fermentation; substrate/inoculum; initial pH;
season variability

1. Introduction

Fruit and vegetable waste (FVW) is an abundant mixture made up of edible and
non-edible leftovers deriving from wholesale market activities, which are widespread
in the Mediterranean area for both economic and social aspects [1]. Specifically, some
Mediterranean countries characterized by recent demographic development intensified the
production of organic waste. As an example, FVW and kitchen waste account for about
50-65% of 2,825,000 (2018) and 3,330,000 (2020) tons in Tunisia and Jordan, respectively [1].
It was estimated in 2011 [2] that approximately 1728 million tons of FVW were produced per
year worldwide, against 1.3 billion tons per year of food waste [3]. This waste is produced
in the ultimate step of the food supply chain, relating to the unsold fresh products of the
open market [4].

In this context, new regulated circular practices for the management of such putrescible
waste are needed, with the aim to concomitantly control environmental pollution and
promote different waste valorization schemes [5].
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Due to the high content of water and easily biodegradable material, mainly simple
carbohydrates [6], FVW is a favorable substrate for anaerobic processes aimed to produce
biofuels and high-value molecules [7]. However, Morales-Polo et al. [8] showed that the
incomplete development of anaerobic digestion, as well as low methane content, were
due to the presence of carbohydrates such as lignocellulose, encouraging investigation
of other routes of valorization. Among the main anaerobic processes used for treating
different wastes [9], dark fermentation allows the simultaneous production of hydrogen
(Hy), volatile fatty acids (VFAs), and ethanol [10]. H; is a good substitute for fossil fuels.
Indeed, from H; combustion, a great quantity of energy is released (122 k] /g H;) without
any CO, production. VFAs and ethanol can be converted into methane or used for biodiesel
production, or alternatively employed in bioplastic production [11].

Recently, an increasing interest has been given to the valorization of FVW through dark
fermentation [12] for H; and VFA production, as confirmed by the increasing number of
peer-reviewed papers on this topic (Figure S1). However, the main parameters affecting the
dark fermentation of FVW, including pH, temperature, and the substrate/inoculum (S/I)
ratio [13] have only been scarcely investigated [6]. Moreover, the waste composition has not
always been specified, and dissimilar results are often reported. An initial pH correction
has been observed to be crucial to divert the conversion of chemical oxygen demand
(COD) to either Hy or VFA production [14]. Dwivedi et al. [6] showed an increasing Hy
production from FVW when raising the pH, with an optimal pH range of 7.0-7.5. Tsigkou
et al. [11] found the highest H, production at a pH of 6.0 for homogenized FVW from a
supermarket. On the other hand, as indicated by Zheng et al. [15], pH influences the end
product composition and the rates of the hydrolysis and acidification stages, depending on
the main prevailing biochemical pathways occurring (i.e., ethanol-, mixed acid-, propionic
acid-, or the butyric acid-type).

In this context, the physical-chemical FVW characteristics, highly dependent on the
local waste composition and seasonal variability [4,5,16], are a relevant aspect barely inves-
tigated to better evaluate how a substrate is inclined to anaerobic degradation. Indeed, the
substrate composition affects H; yield and production rate [17]. Moreover, as suggested by
Lee et al. [18], the type of substrate determines the most favorable pH value for producing
a specific VFA. Thus, further investigations on seasonal variability need to be performed,
also as useful information for the operation of industrial-scale plants over a calendar year.

This study investigates, for the first time, the H; yield and VFA composition and
production from the dark fermentation of the typical FVW collected over a year from
the open markets located in Amman (Jordan) and Sfax (Tunisia). For this purpose, three
sets of batch tests were carried out under mesophilic conditions (30-34 °C) and different
process parameters combinations, in order to assess the effect of the (i) FVW seasonal
variability, (ii) initial pH, and (iii) S/I ratio on the yields and composition of the main dark
fermentation products. Moreover, experimental cumulative Hj yield, VFA production,
and kinetic parameters were used to identify the possible valorization routes of FVW via
dark fermentation.

2. Materials and Methods
2.1. Substrate Preparation

After an appropriate survey, three waste compositions were found to match the typical
FVW mixture produced in the wholesale markets of Amman (Jordan) and Sfax (Tunisia)
over the winter-autumn, spring, and summer seasons. Particularly, all FVW compositions
are characterized by the typical Mediterranean vegetables and fruit, wherein fruit makes
up 36, 43, and 53% of the winter-autumn, spring, and summer wastes, respectively. The
detailed FVW compositions used in this study are provided in the Supplementary Materials
(Table S1). The leftover materials, collected from supermarkets situated in Naples (Campa-
nia region, Italy), were reduced into small pieces with a blender and sieved through a 5 mm
sieve prior to being stored in plastic bags at —20 °C, as suggested by Holliger et al. [19].
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The chopping and sieving operations of FVW are shown in the Supplementary Materi-
als (Figure S2).

2.2. Source and Pretreatment of the Inoculum

The inoculum was a sewage sludge obtained from the municipal wastewater plant
of Cuma (Campania region, Italy, 40°52'21.8” N 14°03'44.9” E). After the collection, the
sewage sludge was pre-incubated under mesophilic conditions (34 °C) for 50 days, with
the aim to continue the degradation of the remaining biodegradable organic matter and
eliminate the endogenous biogas production [20]. Before each trial, the inoculum was
thermally pretreated at 105 °C for 4 h according to Ghimire et al. [13], in order to avoid
methanogenic activity and enhance the spore-forming fermentative bacteria (e.g., Clostridium
spp-), leading to the H, and VFA production [21]. Clostridia have been considered the
leading H; producers, even though some of them can convert H, and CO, to acetate [17].
Table 1 reports the inoculum characteristics.

Table 1. Characteristics of the thermally pretreated digested sewage sludge used as an inoculum in
the dark fermentation tests.

Parameter Inoculum

TS [g/L] 25.29
VS|[g/L] 16.58

tCOD [mg O, /L] 23,800
sCOD [mg O, /L] 4607
N-NH4* [mg/L] 331
Alkalinity [mg CaCO3/L] 1039
pH 8.5

2.3. Set-Up of the Batch Biochemical Hydrogen Potential Tests

Three sets of batch biochemical hydrogen potential (BHP) experiments, according to
the experimental design of Ghimire et al. [21], were carried out using 500 mL GL 45 glass
bottles (Schott Duran, Wertheim, Germany), filled with 150 mL of inoculum, substrate, and
water till reaching 250 mL. Mesophilic conditions (30-34 °C) were maintained by means of
a hot water bath [22]. The monitoring period generally varied from 4 to 6 days, depending
on the duration of Hy production. Table 2 summarizes the experimental conditions used in
the three batch sets.

Table 2. Experimental conditions in terms of substrate season, initial pH, and substrate/inoculum
(S/1) ratio used in the biochemical hydrogen potential tests.

S/ Initial Substrate Mixture
Test Aim Substrate Initial pH (¢ VS/g VS) Concentration Concentration
8 V'8 (g VS/L) (g VS/L)
winter—
Set 1 Effect O.f s?asonal autumn, spring,  Not adjusted (9.2) 1 5 10
variation
summer
Not adjusted (7.8),
Set 2 Effect of initial pH  winter-autumn  5.5,6.0,6.5,7.0,7.5 1 10 20
and 8.0
Set 3 Effect of S/Iratio  winter—autumn " af{“?‘;i 78 1,2,3 10, 20, 30 20, 30, 40

Set 1 was conducted by varying the seasonal FVW composition (i.e., using all three
FVW mixtures individually) with an S/I of 1 and not adjusting the initial pH. Experimental
results of set 1 addressed the further investigations of sets 2 and 3, aiming at identifying the
possible valorization routes of the least-Hy-producing substrate (winter-autumn substrate)
via dark fermentation. Set 2 was performed under seven different initial pH conditions: 5.5,
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6.0,6.5,7.0,7.5, 8.0, and a not-adjusted pH. Before starting the tests, the pH in each bottle
was adjusted to the desired initial value using 1 M of HCl and 1 M of NaOH solutions. Set
3 was carried out using an S/I ratio of 1, 2, and 3. The initial pH was not adjusted.

2.4. Analytical Methods

The hydrogen produced was measured daily for the whole test duration using a
volumetric displacement method, as described by Esposito et al. [22]. The H; yield was
evaluated as the ratio between the final cumulative H, production, normalized at 0 °C and
1 atm (N mL), and the amount of substrate added at the beginning of the test expressed in
terms of volatile solids (VS). To evaluate the H; percentage in the biogas produced, the gas
composition was monitored every day using a Star 3400 gas chromatograph (Varian, Palo
Alto, CA, USA).

Standard Methods [23] were considered for measuring TS and VS content, tCOD
and sCOD, total ammonia nitrogen (TAN), and total alkalinity (TA). The total and soluble
carbohydrate contents were measured according to Dubois et al. [24]. The total COD
and carbohydrate contents in the three substrates were determined by using the solid
dilution approach described by Noguerol-Arias et al. [25] on a wet basis. Liquid samples
were collected every day from each bottle for pH and VFA determinations. The pH was
measured with a pH/ION 340i pH meter (WTW, Germany). After centrifugation for
10 min at 14,500 rpm and 0.22 pm membrane filtration, VFAs were analyzed using high-
performance liquid chromatography (HPLC) by means of a UVD 340U HPLC system
(Dionex, Sunnyvale, CA, USA), equipped with a diode array detector and a Metrosep
organic acid column 250/7.8 (Metrohm, Herisau, Switzerland). A water solution with
1% HpSO4 was used as a mobile phase at a flow rate of 0.7 mL/min.

The acidification process was quantified by evaluating the VFAs yield, expressed as
the daily produced VFA (mmol) per gram of substrate added (as VS) at the beginning of the
experiments [26]. Lactic acid and ethanol yields were also expressed as a mmol per gram of
substrate added (as VS). Moreover, the main end-product concentration was expressed as
the concentration of the acetic acid equivalent (g HAc/L), by dividing the VFA molecular
mass and multiplying the acetic acid molecular mass.

2.5. Kinetic Modeling and Statistical Analysis

In order to compare the results among the different batch experiments performed in
this study, the kinetic parameters of fermentative H, production were evaluated using
three different models: the modified Gompertz model [27] (Equation (1)), the first-order
kinetic [28] (Equation (2)), and the modified Logistic model [29] (Equation (3)):

Rmee (_
H-p 'e{_e[ B - (A t)+1]}’ (1)
H=P |1-— e(* khyd't) (2)
T 3)

14 el =42
where H is the cumulative H, production, P is the maximum H; production (mL H,/g VS),
Rp is the maximum Hj production rate (mL Hj /h), A is the lag phase duration (h), t is the
time, and khyd is the hydrolysis rate constant (1/h). In addition, tgs, the time to reach 95%
of the maximum Hj yield, was also calculated, using Equation (4):

tys = Rie(l —In(—1n0.95)) + A, )
m

where tgs is a useful parameter to determine the H, production rate and allows a compari-
son between the kinetics obtained under different experimental conditions [9,19].
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The cumulative Hp production curves were fitted with the model by means of the
IBM SPSS Statistics V. 26 software, with an associated 95% confidence limit. An analysis of
variance (ANOVA) was used to test the significance of the estimated parameters.

Finally, a residual sum of squares (RSS) (Equation (5)), root mean squared error (RMSE)
(Equation (6)), and determination coefficient (R?) (Equation (7)) were used to test and choose
the most appropriate models fitting the experimental data [30].

N

2
RSS = ; <yprd,i - YAct,i) ©)
1N 2
RMSE = ﬁ & (yPrd,i - YACt,i) (6)
2
N
R2_1_ Yiz1 (yPrd,i - YAct,i) @)

Y (Yprd,i - Ym) :

where yp,q; and yact; are the predicted and real values of H, production, ym is the average
value of real H, production, and N is the total number of estimates.

3. Results and Discussion
3.1. Physical-Chemical Characteristics of the Fruit and Vegetable Waste

Table 3 summarizes the physical-chemical characteristics of the three FVW mixtures
used in this study. As also indicated by Tsigkou et al. [11], FVW is characterized by a
high moisture content (higher than 90% in all seasons) and a percentage of VS over TS of
more than 88%. The annual mean VS content accounts for 89.60 g/kg, which is similar to
87.40 g/kg reported by Edwiges et al. [2], based on an average marketplace composition
over a one-year period. Particularly, fruit represented 36, 43, and 53% of the winter—
autumn, spring, and summer wastes (on a wet basis), respectively (Table S1). Different
VS contents have been reported in other studies: 77.20 [31], 120.00 [15], 141.00 [32], and
101.03 g/kg [11]. The average tCOD content found in this study was 1076.60 g COD/kg
VS, while the total carbohydrates content was 813.77 g/kg VS. As for previous parameters,
different values are reported in the literature: 2098.72 [31], 750.00 [15], 1114.89 [32], and
1020.00 g COD/kg VS [11]. The total carbohydrate content of 638.72 g/kg VS was reported
by Tsigkou et al. [11]. These findings highlight the great variability of this kind of substrate,
due to different FVW compositions and sources, confirming the importance of studies
targeting substrate composition.

Table 3. Physical-chemical characteristics of the winter-autumn, spring and summer fruit and
vegetable waste compositions used in this study.

Parameter Winter-Autumn Spring Summer

Moisture (%) 90.28 4 0.14 90.07 £ 0.33 90.52 £ 0.49

TS [g/kgwp] 97.19 +1.37 99.29 £+ 3.28 94.77 +4.90

VS [g/kgwb] 8871 £1.73 91.99 £+ 3.23 88.10 +4.83

tCOD [g/kg VS] 1294.10 4 214.69 951.76 £ 176.80 983.96 £ 4.01
sCOD [g/kg VS] 604.97 £ 37.20 679.42 £ 30.75 865.49 £ 12.04

sCOD/tCOD (%) 46.75% 71.39% 87.96%

Total carbohydrates [g/kg VS] 916.64 £ 87.68 719.97 £ 89.41 804.71 £ 38.86
Soluble carbohydrates [g/kg VS] 529.19 + 3.69 559.41 + 25.69 727.79 + 58.51

Concerning the season characteristics (Table 3), the winter-autumn substrate resulted
in the highest tCOD and total carbohydrates content, but also the lowest ratios between
sCOD and tCOD (i.e., 47%) and soluble and total carbohydrates (i.e., 58%), likely indicating
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a not prompt availability to the bacterial conversion. On the other hand, the summer
substrate was characterized by the highest concentration of soluble components, which ac-
counted for 91% of the total carbohydrates and 88% of the tCOD. The main difference among
the mixtures used is likely related to a different solubility of the substrates [4], expressed
as sCOD/tCOD (%), which gives information on the presence of easily biodegradable
COD. The summer FVW mixture resulted in the highest (87.96%) percentage of easily
biodegradable matter, probably due to the higher content of fruits. A lower sCOD/tCOD
(24.09%) for laboratory-prepared residues from vegetable and fruit wholesale markets was
reported by Morales-Polo et al. [16], who demonstrated the variability of substrates, whose
composition is due to factors such as level of sale, consumer inclination, and season [8].

3.2. Effect of Seasonal Variation on Hy Yield and VFA

Comparing the fermentation of the three FVW seasonal compositions, similar specific
H, yields were observed. Particularly, the summer and spring FVW compositions resulted
in a 16.8 and 21.7% higher specific Hy production compared to that obtained with the
winter/autumn mixture, respectively, which was 52.1 £ 0.5 NmL of H, /g VS (Figure 1).

H_winter/autumn H Gompertz_winter/autumn O H_spring
85 H Gompertz_spring O H_summer = H Gompertz_summer
H First order_winter/autumn s H First order_spring ~ e H First order_summer
75 H Logistic_winter/autumn - - =H Logistic_spring - - =H Logistic_summer
65

60 80 100 120 140
Time (h)

Figure 1. Cumulative H, production, modified Gompertz, the first-order, and the modified Logistic
model using the three different fruit and vegetable waste mixtures; one per season were considered.

RMSE and R? were used to evaluate the outcomes of model fitting (Table 4), showing
that the Gompertz model minimizes the errors for all seasons and with an R? > 0.99.

Table 4. Statistical analysis of the three compared models describing H, production of three different
fruit and vegetable waste mixtures.

Model Winter/Autumn Spring Summer
ode
R? RSS RMSE R? RSS RMSE R? RSS RMSE
Gompertz 0.99 20.01 1.83 1.00 5.34 0.94 0.99 17.29 1.70
First order kinetic 0.97 63.19 3.25 0.96 148.48 497 0.99 30.01 2.24
Modified Logistic model 0.98 36.07 245 0.99 30.42 2.25 0.98 49.89 2.88

As reported in the Supplementary Materials (Table 52), kinetically, the three different
substrates entailed H, production rates ranging between 1.2 and 1.3 mL/h, as indicated
by the modified Gompertz model used to fit the experimental H, production and the lag
time differed among the substrates used. Specifically, the highest lag time (11.2 h) was
associated with the spring substrate, while the summer FVW mixture resulted in the lowest
lag time (3.3 h). This outcome agrees with the higher soluble carbohydrates content (i.e.,
727.79 £ 58.51 mg/g VS) and sCOD/tCOD (87.96%) observed in the summer mixture,
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indicating a higher substrate bioavailability and biodegradability potential. Moreover, a
slightly lower hydrolysis rate constant (Table S2) was found in the case of winter/autumn
substrate, which confirms the lowest sCOD/tCOD value of 46.75%.

As a confirmation, the slightly higher productions of acetic and butyric acid were
obtained with the summer FVW mixture, which accounts for 11.62 and 1.46 mmol/g VS,
respectively (Figure 2). Similar values of propionic acid were observed for all substrates.
A total of 1.5 mmol/g VS of ethanol was produced from the fermentation of the win-
ter /autumn substrate. This presence can explain the lower H, production observed for the
winter mixture from 64 h onwards. As also suggested by Ghimire et al. [17], the metabolic
pathway leading to the production of ethanol hinders the substrate conversion towards H;
production. Nonetheless, the overall VFA and lactic acid concentrations for all substrates
were found to be similar (3.2-3.5 g Hac/L). Based on these results, it is possible to suppose
that changing process parameters, such as pH and S/I ratio, would have a similar effect
on all substrates since differences among seasons in terms of main products were not
considerably relevant. For this reason, in the following tests, the only winter-autumn
substrate has been considered.

Acetic acid Propionic acid Butyric acid @ Ethanol
16

14

VS)

y
>

(mmol/g

winter-autumn spring summer

Figure 2. The yield of each end-product in the fermentate obtained from the dark fermentation of the
winter/autumn, spring, and summer fruit and vegetable waste mixtures.

The pH profiles during the tests are shown in Supplementary Materials (Figure S3).

3.3. Effect of Initial pH on Hy Yield and VFA Production and Composition

The experimental cumulative Hy production and the three fitting models (i.e., modified
Gompertz model, first-order, and modified Logistic model) curves obtained at different
initial pH conditions are shown in Figure 3. The highest H; yield of 193.0 £ 7.4 NmL
of Hy/g VS was achieved at a pH of 5.5, followed by the H; yields (i.e., 174.3 & 29.2,
158.9 +12.4,115.1 4 24.5, and 100.5 £ 10.1 NmL of H, /g VS) obtained at pH values of 6.0,
6.5,7.5, and 8.0, respectively. The lowest final cumulative H, productions of 97.8 £ 25.7
and 86.7 &= 4.8 NmL of H, /g VS were found in the conditions of not-adjusted pH and at an
initial pH of 7.0, respectively.
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0 H_pHS.5 H Gompertz_pHS.5 00 H_pH6
H Gompertz_pH6 H_pH6.5 - H Gompertz_pH6.5
O H_pH7.5 H Gompertz_pH 7.5 0 H_pHS8
H Gompertz_pH 8 O H_pH not adjusted ——H Gompertz_pH not adjusted
0O H_pH7 ——H Gompertz_pH7 e H first-order_pH5.5
-+ H first-order_pH6 Hfirst-order_pH6.5 e H first-order_pH7

200

NmL H,/g VS

L
0 6 12 18 24 30 36 42 48 54 60 66 72 78 84
Time (h)

Figure 3. Cumulative H, production and three fitting models (i.e., modified Gompertz model, first-
order, and modified Logistic model) curves under seven different initial pH conditions during the
dark fermentation of a winter /autumn composition of fruit and vegetable waste.

Hence, the results show how the initial pH considerably affected the cumulative H;
production, as also reported in other previous studies [6,17,33]. Ghimire et al. [17] showed
that Hy was the preferred metabolic product at a lower pH. In contrast to Dwivedi et al. [6],
a pH of 7.0 proved here to be less suitable for Hy production from FVW, probably due
to the Hp consumption by homoacetogens, which led to a higher acetic acid production
(Figure 4).

7 Acetic acid "1 Propionic acid 7 Butyric acid B Valeric acid I Ethanol W Lactic acid O butyric/acetic
14 r 1.0

12

10

- 0.5

( mmol/g VS)
0
(@]

Butyric/Acetic

0 0.0

not pH 5.5 pH6 pH 6.5 pH7 pH 7.5 pH8
adjusted

Figure 4. VFA, lactic acid, ethanol yield, composition, and butyric/acetic (B/A) ratio after dark
fermentation of the winter/autumn fruit and vegetable waste mixture under the seven different

initial pH conditions investigated.

Based on the values of RMSE and R? (Table 5) of the models investigated, it is possible
to observe that the Gompertz model described well the conditions of pH 5 and not adjusted
pH. On the other hand, the first order kinetics model provided a good fit to cumulative
H, production under the remaining conditions. Results are in a good agreement with
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Tena et al. [30], who found that the modified Gompertz model was not always the best
model describing the evolution of hydrogen production.

As indicated by the parameters of the modified Gompertz model and first-order
kinetics, reported in Supplementary Materials (Table S3), the use of an initial pH of 5.5 led
to the highest lag time (9.6 h) and the lowest hydrolysis rate constant (0.04 h1), suggesting
that the bacteria needed a longer time to adapt to a pH of 5.5, but also the highest Hj
production rate and final H; yield. On the other hand, a pH of 7.0 resulted in the lowest H;
production rate and final yield. The shortest time required to achieve 95% of the maximum
H; yield (lower than 24 h) was obtained at a pH of 7.5. Generally, all tg5 values were within
2 days, confirming the high FVW biodegradability and the fast kinetics.

Figure 4 illustrates the total VFA specific production, VFA composition, and the
butyric/acetic (B/A) ratio under the different initial pH conditions. The B/ A ratio is a
good indicator of the occurrence of the Hy-producing metabolism, as suggested by Ghimire
et al. [13]. Indeed, the predominance of the butyric-acetic pathway was observed at a
pH of 5.5, corresponding to the highest H, production. On the contrary, the lower B/A
ratio observed at higher pH values indicates a lower predominance of the Hp-producing
metabolism. The lower Hy production associated with the higher acetic acid concentration
(i.e., at a pH of 7) might also suggest the occurrence of homoacetogenic activity. Methane
was not detected in the biogas at any time.

As observed for Hj, the different initial pH conditions affected the total VFA con-
centration and composition [18]. The highest conversion of the substrate to VFAs and
lactic acid (i.e., 9.2 mmol/g VS) was obtained at a pH of 7.5, while the lowest value (i.e.,
4.9 mmol/g VS) was obtained at a pH of 5.5. Indeed, as indicated by Guo et al. [34], the
concentration of the metabolic products can be affected by the homoacetogenic activity,
which is responsible for acetate formation to the detriment of H,. Moreover, at a lower pH,
the acetic acid yield was the lowest, amounting to 2.9 and 3.9 mmol/g VS ata pH of 5.5 and
6.0, respectively. The presence of ethanol at a pH of 6.5 and 7.5 explains the lower Hj yield
obtained, as the pathway of ethanol-acetate halves the stoichiometric H, production [17],
which entails 4 mol of Hj for a mole of glucose along the acetate pathway. Ata pH of 7.5,
the highest acetic acid yield of 7.0 mmol/g VS, corresponding to a concentration of 4.0 g/L,
was observed. These results are in good agreement with Tsigkou [11], who observed an
increase in VFA concentration for a high pH, during the dark fermentation of homogenized
FVW. Conversely to this study, acetic acid concentrations accounted for 12.2 and 11.9 g/L
at pH values of 6.5 and 7.5, respectively, due to the higher initial substrate VS concentration
of 29.3 g VS/L, compared to the 10.0 g VS/L of this study (Table 2).

A decreasing trend in the pH was observed during the trial, because of the consump-
tion of alkalinity during the hydrolysis and fermentation stages [35]. The final pH value
was approximately 5.0 under all conditions, likely due to the low buffer capacity of the
inoculum (i.e., 1625 mg CaCOj3/1). The most remarkable pH decrease was observed for the
conditions at a higher initial pH, which also corresponded to the highest VFA and lactic
acid concentrations observed (i.e., 4.8-5.2 g HAc/L). The pH profiles during the tests are
shown in the Supplementary Materials (Figure S4).
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Table 5. Statistical analysis of the three compared models describing H, production with seven different initial pH conditions.

Model pH5.5 pHeé pHé6.5 pH7 pH7.5 pHS8 Not Adjusted
R? RSS RMSE R? RSS RMSE R? RSS RMSE R? RSS RMSE R? RSS RMSE R? RSS RMSE R? RSS RMSE
Gompertz 098 48356 898 099 13501 474 100 7268 348 094 30385 712 099 5076 291 098 12829 462  1.00 3278 234
First-order kinetic =~ 096 1277.35 1459 100 4724 281  1.00 997 129 097 15011 500 099 4687 279 100 2300 196 099 9481 398
Modified Logistic 95 51845 930 098 39968 816 099 23252 623 091 42413 841 099 7639 357 096 24219 635 099 4809 283

model
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3.4. Effect of the S/I Ratio on H Yield and Volatile Fatty Acids Production

The third set of tests was carried out by varying the S/I ratio. The cumulative H;
production evolution and the three fitting models (i.e., modified Gompertz model, first-
order, and modified Logistic model) curves are shown in Figure 5.

H Gompertz_F/M=1 H Gompertz_F/M=2 ==—H Gompertz_F/M=3 H Logistic_F/M=1
H Logistic_F/M=2 - = H Logistic_F/M=3 0 H_F/M=1 H First order_F/M=1
200 H_F/M=2 HFirstorder F/M=2 O H_F/M=3 .o H First order_F/M=3

0 10 20 30 40 50 60 70 8 90 100 110 120 130 140 150 160
Time (h)

Figure 5. Cumulative H, production, modified Gompertz model, the first-order, and the modi-
fied Logistic model at different substrate/inoculum (S/1) ratios from the dark fermentation of the
winter /autumn fruit and vegetable waste mixture.

RMSE and R? were used to evaluate the outcomes of model fitting (Table 6), show-
ing that the Gompertz model minimizes the errors and maximizes the R? in two cases
(5/1 =2 and 3). Conversely, the first-order kinetic describes well the S/I = 1 condition,
showing a faster hydrolysis phase (Table 54).

Table 6. Statistical analysis of the three compared models describing H, production with different
substrate/inoculum (S/I) ratios.

S=1 Sn=2 Sn=3
Model
R? RSS RMSE R? RSS RMSE R? RSS RMSE
Gompertz 0.98 304.17 7.12 1.00 45.23 2.75 1.00 0.96 0.40
First-order kinetic 1.00 56.87 3.08 0.99 186.77 5.58 0.95 557.51 9.64
Modified Logistic model 0.98 450.78 8.67 0.99 196.21 5.72 1.00 21.21 1.88

An S/Iratio equal to 1 and 2 resulted in H; yields of 151.7 and 146.7 NmL of H, /g VS,
respectively, which were higher than 111.2 NmL of H, /g VS obtained with an S/I ratio of
3. These data are broadly consistent with a previous study [6], which observed that an S/I
ratio of 1, among 4 different S/1I ratios, maximized the Hj yield by 1.1, 1.6, and 3.4 times,
compared to S/I ratios of 0.5, 1.5, and 2, respectively.

In this study, an excess of the substrate affected the cumulative H, production and the
rate of the process. The parameters of the modified Gompertz model are reported in the
Supplementary Materials (Table S4). Indeed, the highest R (5.8 mL/h) is associated with an
S/Iratio of 1, and twice folds the rate achieved at an S/I ratio of 3. Under this condition,
a longer lag phase was observed, meaning that the bacteria needed more time to adapt
to a substrate overload. A possible explanation is related to the pH evolution, which was
considerably influenced by the S/I ratio used. The pH ranged from 7.79 to 5.27, 7.13 to 4.93,
and 6.59 to 4.62, with an S/I ratio of 1, 2, and 3, respectively, indicating that the highest Hj
production was obtained under the S/I condition that did not lead to an excessive pH drop.
Namely, when pH decreases below 4.8, the organic matter bioconversion into Hj is severely
inhibited, likely due to the high presence of acids in their undissociated form [36,37].
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The data obtained relative to H, yield and pH are in good agreement with Pan
et al. [38], who reported that lower pH values were observed in reactors operated with
higher S/1I ratios during the anaerobic fermentation of food waste under mesophilic condi-
tions. Moreover, the highest H, production was achieved when using an S/I of 6, which
allowed maintenance of an optimal pH (5.7) for the Hy-producing pathway. The higher
S/I ratio entailing the highest H, production compared to that observed in this study is
likely due to the different organic substrate, which was presumably less easy to degrade
and inclined to acidification in the study of Pan et al. [38].

Figure 6 shows the total VFA + lactic acid concentration (expressed as mg HAc/L)
and the percentage (%) of each end-product over the total concentration (calculated on an
equivalent acetic acid basis) in the fermentate obtained from the dark fermentation of the
winter/autumn fruit and vegetable waste mixture under the three different S/I conditions
investigated. As it is possible to observe, the use of different S/I conditions also affected the
VFA speciation, as also reported by Pastor-Poquet et al. [39]. Acetic acid was predominant
with all S/I ratios, corresponding to 74, 63, and 50% of soluble products (i.e., VFA and lactic
acid), respectively. The highest acetic acid yield of 6.49 mmol/g VS was observed with an
S/Iratio of 1. Although not a VFA, the lactic acid concentration was higher at increasing
S/Iratios, reaching 23% of the total soluble end-products with an S/I ratio of 3 [26]. Also in
this case, the occurrence of different pH values associated with the S/I ratios used seems to
be responsible for the different total VFA concentrations and speciations, which are related
to different metabolic pathways [38]. The highest total VFA and lactic acid concentration of
10.7 g of HAc/L was achieved with an S/I ratio of 3, reflecting the major decrease of pH
(i.e., from 6.59 to 4.62) observed under this condition and the highest VS content (Table 2).
Nonetheless, the S/I ratio of 3 corresponded also to the lowest VFA yield, which is 2.9 and
1.6 mmol/g VS for acetic and butyric acid, respectively. These findings, together, with the
lowest Hj yield and the highest to5 (i.e., 63.3 h) associated with an S/I ratio of 3, suggest a
reduced conversion of the substrate (both in terms of H, and VFA) due to a ‘shock load’
inhibition [13]. This aspect is strictly dependent on the substrate/inoculum characteristics,
which determine the final pH. Ghimire et al. [13] reported a reduced H yield and a low
final pH (4.5 £ 0.1), caused by a lower food waste conversion observed at a pH of 5.0 and
an S/I of 1.5. The pH profiles during the tests are shown in the Supplementary Materials
(Figure S5).

100% 12
o .
80% 10

)
5 70% 3
kS| 8 <
©
o 60% < 0
k3] e
Lj 50% 6 9
O
< 40% & 5
= ,
X 30% é
>
20% 5
0% 0
1 2 3
F/M

M Lacticacid ™ Formic acid Acetic acid Propionic acid M Butyric acid < VFA+lactic acid

Figure 6. Total VFA + lactic acid concentration (mg HAc/L) and percentage after the dark fer-
mentation of the winter/autumn fruit and vegetable waste mixture under the three different S/1I
conditions investigated.
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4. Conclusions

The dark fermentation of three FVW mixtures, reflecting the seasonal variation
throughout a calendar year, indicated that the winter/autumn substrate led to the lower
Hj; yield (52.1 & 0.5 NmL H,/g VS), which was 17.8 and 14.6% lower than those obtained
with the spring and summer waste compositions, respectively. The fermentation of the
winter/autumn mixture also led to ethanol formation, which can explain the lower H;
yield compared to the other seasons. The following experiments, aiming at valorizing the
least-H,-producing substrate (winter /autumn mixture) via dark fermentation, showed that
the highest H, yield (i.e., 193.0 & 7.4 NmL of Hy /g VS) can be obtained using an initial pH
of 5.5 and an S/I ratio of 1. The highest production of VFAs, mainly made up of acetate,
occurred at an initial pH of 7.5. Further research is needed to validate these findings on a
higher scale, and using continuous flow operated reactors.

Supplementary Materials: The following supporting information can be downloaded at https:
//www.mdpi.com/article/10.3390/en15145032 /s1. Figure S1: Number of peer-reviewed publica-
tions on FVW dark fermentation published in the last years; Table S1: Fruit and vegetable waste
compositions representative of the average market waste mixtures produced in Amman (Jordan)
and Sfax (Tunisia); Figure S2: (a) Fruit and vegetable chopping, (b) sieving at a particle size of 5 mm,
and (c) different seasonal FVW composition; Table S52: Parameters obtained by fitting the models for
different seasons; Figure S3: pH trends during the dark fermentation of fruit and vegetable waste
under the three different substrate mixtures investigated; Table S3: Parameters of the models obtained
by fitting the experimental specific H, production data obtained at seven different initial pH levels;
Figure S4: pH trends during the dark fermentation of the winter/autumn fruit and vegetable waste
mixture under the seven different initial pH conditions investigated; Table S4: Parameters of the
models obtained by fitting the experimental data obtained at three different substrate/inoculum
ratios; Figure S5: pH trends during the dark fermentation of the winter/autumn fruit and vegetable
waste mixture under the three different S/I conditions investigated.
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List of Acronyms

FVW fruit and vegetable waste
VFAs volatile fatty acids

S/1 substrate/inoculum

TS total solids

VS volatile solids

tCOD total chemical oxygen demand
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sCOD soluble chemical oxygen demand

TAN total ammonia nitrogen
TA total alkalinity
B/A butyric/acetic ratio
R? determination coefficient
RMSE root mean squared error
RSS residual sum of squares
wb wet basis
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