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Abstract: In the current study, a domestic food waste containing more than 50% of carbohydrates was
assessed as feedstock to produce second-generation bioethanol. Aiming to the maximum exploitation
of the carbohydrate fraction of the waste, its hydrolysis via cellulolytic and amylolytic enzymatic
blends was investigated and the saccharification efficiency was assessed in each case. Fermentation
experiments were performed using the non-conventional yeast Pichia anomala (Wickerhamomyces
anomalus) under both separate hydrolysis and fermentation (SHF) and simultaneous saccharification
and fermentation (SSF) modes to evaluate the conversion efficiencies and ethanol yields for different
enzymatic loadings. It was shown that the fermentation efficiency of the yeast was not affected by
the fermentation mode and was high for all handlings, reaching 83%, whereas the enzymatic blend
containing the highest amount of both cellulolytic and amylolytic enzymes led to almost complete
liquefaction of the waste, resulting also in ethanol yields reaching 141.06 ± 6.81 g ethanol/kg waste
(0.40 ± 0.03 g ethanol/g consumed carbohydrates). In the sequel, a scale-up fermentation experiment
was performed with the highest loading of enzymes in SHF mode, from which the maximum specific
growth rate, µmax, and the biomass yield, Yx/s, of the yeast from the hydrolyzed waste were estimated.
The ethanol yields that were achieved were similar to those of the respective small scale experiments
reaching 138.67 ± 5.69 g ethanol/kg waste (0.40 ± 0.01 g ethanol/g consumed carbohydrates).

Keywords: food waste; bioethanol; enzymatic hydrolysis; P. anomala

1. Introduction

Biofuels, i.e., fuels that are produced from biomass via biological, thermal, or chemical
processes, are regarded among the key renewable energy carriers that can contribute
to the sustainable development of economies. Among them, bioethanol and its blends
have been widely used as alternative liquid fuel for transportation, solely or blended
with conventional fossil fuels or biodiesel—in the latter case resulting in a fuel with
improved combustion characteristics [1]. Bioethanol is generated by different yeasts and
bacteria as the end metabolic product of sugar fermentation. In recent decades, numerous
research studies have been devoted to the optimization of the alcoholic fermentation of
different wastes and residues to produce fuel ethanol, focusing on enhancing bioconversion
efficiency, ethanol yields, and the achievement of higher titers [2]. Sustainable large-scale
bioethanol production, however, can only be assured if based on the bioconversion of
biomass types that are abundant, renewable, and low or even zero cost, and preferably
biomasses that require minimal pretreatment in order to become exploitable.

Domestic food wastes (DFWs) do gather all those characteristics: zero cost and rich
in carbohydrates and nutrients that can efficiently support microbial growth and efficient
fermentation. They are also a universal resource since they are generated throughout the
year in huge quantities in both developed and developing countries. The exploitation of
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DFW as feedstock for bioethanol production is not only feasible, but also desirable since its
conventional management methodology in most countries is the disposal to landfills, where
it decomposes slowly releasing greenhouse gases and affecting ecological balances [3].
Indeed, the attempt of valorizing DFW for bioethanol generation as a management strategy
may contribute greatly to the Sustainable Development Goal (SDG) 12.3 of the European
Union, according to which the global Food waste (FW) per capita at the retail and consumer
level should be halved by 2030 [4].

Bioethanol production from various carbohydrate-based substrates and wastes such
as DFW has been explored by many researchers that have proposed different fermentation
strategies via monocultures of bacteria or yeasts [5–10] but also co-cultures of yeasts,
fungi, and bacteria [11–15]. Unlike other types of biomass, such as agricultural and
forestry residues, prunings, olive mill wastes, etc. that have been used for bioethanol
production [16–20] and other biofuels [21–25], DFW does not require any extensive thermal,
chemical, or thermochemical pretreatment step to facilitate its subsequent bioconversion
from microorganisms. This is due to its high content in readily bioconvertible compounds
and nutrients that make DFW an easily fermentable substrate by various microorganisms,
especially when fermentation is facilitated by enzymatic hydrolysis. Indeed, regardless
of its origin, FW has, in general, a high carbohydrate content but the ratio of soluble,
i.e., readily fermentable, to complex, i.e., requiring hydrolysis, carbohydrates may vary
significantly [26–28]. As such, depending on the dietary habits of each country, DFW
may contain large amounts of starch and cellulose, both of which need to be saccharified
to be efficiently fermented. Such saccharification can be achieved chemically [29,30],
thermochemically [31,32], or enzymatically by the addition, in the latter case, of amylolytic
and/or cellulolytic enzymes under adequate conditions [18,33].

In this context, the current study investigated the effect of enzymatic hydrolysis
via different combinations of enzymatic mixtures, on the saccharification of DFW and
the subsequent alcoholic fermentation of the waste using the non-conventional yeast
Pichia anomala. P. anomala was selected as the biocatalyst since it has been shown to be quite
promising for bioethanol production from other types of food wastes and residues [34–37],
reaching ethanol yields up to 90% of the theoretical maximum. Moreover, P. anomala is
a physiologically versatile species that can uptake and ferment a wide range of carbon
sources and is quite tolerant of environments with low pH and high osmotic pressure.
Apart from ethanol, different P. anomala strains generate oils and biosulfactants as end
products of their metabolism, thus, making the species an attractive biocatalyst for different
biotechnological applications [36]. To our knowledge, it is the first time that P. anomala is
utilized to produce ethanol from DFW.

2. Materials and Methods
2.1. Food Waste

The DFW that was used in the current study was kitchen biowastes from which non-
biodegradable wastes (such as plastic wrap, foil, etc.) and meat bones were excluded and
which was collected weekly from the Municipality of Halandri, Athens, Greece during
the period 2016–2019. Upon collection, DFW was heat-dried at 92 ◦C for 2 h and milled,
resulting in a homogeneous product containing 91.28 ± 0.75 total solids (TSs), 21.4 ± 2.25%
sugars/TSs, 16.1 ± 1.54% starch/TSs, and 14.8 ± 1.76% holocellulose/TS. The complete
characterization of the waste is available in Table S1). The final product, called food residue
biomass (FORBI), could be stored at ambient temperature in a low humidity environment,
remaining stable for a long period without any degradation observed [38].

2.2. Enzymatic Saccharification

Enzymatic hydrolysis of FORBI was performed in duplicates at pH 4.8 and 50 ◦C and
with a solid loading of 10% TS FORBI/v. For the pH adjustment, 0.1 M sodium acetate
buffer was used. To avoid bacterial contamination, 2‰ sodium azide was added to the
suspension. The saccharification of FORBI was assessed by its supplementation with
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three different commercial enzymes, i.e., a cellulase blend, CE (Cellic CTec2-CEL, Sigma-
Aldrich); a fungal α-amylase, FA (α-amylase from Aspergillus oryzae, Sigma-Aldrich); and
an amyloglucosidase, A, (amyloglucosidase from Aspergillus niger, Sigma-Aldrich). The CE
was used initially solely in enzymatic loadings 2–30 FPU/g TS (CE1-CE5), targeting the
hydrolysis of holocellulose of the waste. Subsequently, different enzymatic mixtures (EM1-
EM5) of CE, FA, and A at different enzymatic loadings were tested, targeting simultaneous
hydrolysis of starch and holocellulose. The range of enzymatic loadings in each case was
based on the content of cellulose and starch of the waste and on previous studies with
similar wastes [18,39]. The composition of the different enzymatic mixtures is shown in
Table 1.

Table 1. Composition and enzymatic loadings of enzymatic mixtures used for the hydrolysis of food
residue biomass (FORBI).

Enzymes Code
Cellulase Blend Fungal Amylase Amyloglucosidase

FPU/g TS FPU/g Cellulose U/g TS U/g Starch U/g TS U/g
Starch

C
el

lu
lo

ly
ti

c CE2 2 18 0 0 0 0
CE5 5 44 0 0 0 0
CE10 10 88 0 0 0 0
CE20 20 176 0 0 0 0
CE30 30 265 0 0 0 0

C
el

lu
lo

ly
ti

c
an

d
A

m
yl

ol
yt

ic

EM1 0 0 10 61 5 31
EM2 30 265 2 12 0 0
EM3 30 265 2 12 1 6
EM4 30 265 10 61 0 0
EM5 30 265 10 61 5 31

2.3. Bioethanol Production
2.3.1. Preparation of Inoculum

A liquid preculture was prepared from a stock culture of P. anomala in yeast peptone
dextrose (YPD) agar, which was stored at 4 ◦C. Specifically, one or more loopfuls of
single colonies of P. anomala were transferred from the solid culture into 50 mL/loopful
of YPD medium and the new culture was incubated at 30 ◦C and 150 rpm overnight
(OD550 ∼ 2.000). Then, an aliquot of the culture corresponding to 5% of the working
volume of each fermentation experiment was removed and centrifuged under aseptic
conditions and the pellet was suspended under aseptic conditions in sterilized 1% KH2PO4
and was used for the inoculation of the new cultures.

2.3.2. Fermentation Experiments

The non-conventional yeast P. anomala, strain X19, MH237950.1 [18,36], was used in
all fermentation experiments, with FORBI being the sole carbon source at a solids loading
of 10% (w TS/v). Ethanol production from FORBI was initially assessed in batch mode
using 160 mL serum vials with a working volume of 25 mL. All cultures were performed
in duplicate, at 30 ◦C, constant agitation at 150 rpm, and under anaerobic, non-pressurized
conditions as described by Ben Atitallah et al. [18]. The fermentation media were sup-
plemented with KH2PO4, MgCl2.6H2O, and (NH4)2SO4 1 g/L each. No pH control was
required as previously proposed by Ntaikou et al. for the same waste [39]. The starting
pH value in all fermentation experiments was 4.6 ± 0.0; during the fermentation process,
the pH was self-regulated at 4.8 ± 0.1. The bioconversion of the waste to ethanol was
assessed via both separate hydrolysis and fermentation (SHF) and simultaneous saccharifi-
cation and fermentation (SSF) experiments. In SSF experiments, the fermentation media
were supplemented with either CE (10 FPU/g TS, 30 FPU/g) or the enzymatic mixtures
EM3 and EM5 (Table 1). For SHF experiments, the same enzymatic blend/mixtures were
added to the medium prior to inoculation and the hydrolysis step was performed at 50 ◦C
and 150 rpm for 24 h. The enzymes were then inactivated by thermal treatment at 100 ◦C
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for 10 min. Subsequently, a scale-up experiment was carried out in duplicate in fermenters
with 1 L working volume with the best performing enzymatic blend, EM5. Fermentation
was conducted at 30 ◦C, constant agitation at 150 rpm, and pH 4.7 ± 0.2; under anaerobic,
non-pressurized conditions using 10% TS FORBI (w/v) as the sole carbon source; and with
KH2PO4, MgCl2·6H2O, and (NH4)2SO4 1 g/L each. As in the case of the serum bottle
experiment, FORBI was subjected to enzymatic hydrolysis for 24 h at 50 ◦C. The enzymes
were inactivated thermally and the solubilized waste was then inoculated with P. anomala.
The uptake of carbohydrates, ethanol production, and pH were followed versus time and
the data were used for the assessment of the kinetics of the fermentation.

2.4. Analytical Methods

The determinations of total solids (TSs), volatile solids (VSs), and Total Kjeldahl
Nitrogen (TKN) were performed according to standard methods [40]. Crude protein
content was estimated by multiplying TKN by a factor of 6.25 [41]. Lipids and oils were
quantified via a Soxhlet apparatus [42]. For the quantification of soluble carbohydrates
and reducing sugars, the DuBois method [43] and the Miller [44] protocols were used,
respectively. Starch content was quantified via a total starch assay kit (Megazyme Ltd.).
Lignin, cellulose, and hemicellulose were quantified according to Sluiter et al. [45]. Ethanol
content was measured via HPLC-RI, at 60 ◦C, via an isocratic method with H2SO4 0.006 N as
eluent and flow rate of 0.7 mL/min and an Aminex HPX–87H column (Biorad Laboratories,
CA, USA).

2.5. Calculations

The efficiency of the enzymatic hydrolysis due to supplementation with different
enzymes was assessed by estimating the saccharification efficiency, SE, using Equation (1).
The efficiency of alcoholic fermentation was assessed by estimating bioethanol yields in
terms of carbohydrate uptake, YE/S, and initial feedstock bioconversion, YE/FORBI, using
Equations (2) and (3) respectively, as well as via the estimation of fermentation efficiency,
FE, according to Equation (4):

SE(%) =
Final concentration of sugars− initial concentration of sugars (g/L)

Initial concentration of insoluble carbohydrates (g/L)
(1)

YE/S (g/g) =
Bioethanol concentration (g/L)

Total utilized sugar (g/L)
(2)

YE/FORBI(g/kg) =
Bioethanol concentration (g/L)

FORBI concentration (kg/L)
(3)

FE (%) =
Obtained yield (g)

Theoretical yield (g)
·100 (4)

where the theoretical ethanol yield was assumed to be 0.51 g/g sugars according to the
Guy Lussac chemical equation for the alcoholic fermentation of glucose

C6H12O6 → 2C2H5OH + 2CO2 (5)

1 mol = 180 g 2 mol = 92 g

2.6. Statistical Analysis of Data

After checking for homogeneity of the variance (Levene’s test of equality of error
variances), the significant differences among the data of each set of experiments were
assessed non-parametrically, using the Mann Whitney u-test (p < 0.05, ANOVA) via the
SPSS Inc.17 software package (IMB, New York, USA).
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2.7. Kinetics Expressions and Simulation of Data

The assessment of the fermentation kinetics of P. anomala during consumption of the
carbohydrate content of FORBI was based on the Monod-type expressions that were previ-
ously proposed by Ben Atitallah et al. [36] and are described by Equations (6)–(11), account-
ing for the substrate consumption rate, (Equation (6)), microbial growth rate (Equation (7)),
microbial decay rate (Equation (8)), substrate inhibition of growth (Equation (9)), product
inhibition (Equation (10)), and ethanol production rate (Equation (11)). The experimental
data of ethanol production and consumption of sugars from the kinetic experiment were
simulated in order to estimate the maximum specific growth rate, µmax, and the microbial
biomass yield, YX/S, of the yeast during fermentation of the hydrolyzed carbohydrate
content of FORBI. For the decay constant, kd, and the estimation of inhibition factors,
IS (substrate inhibition) and IP (product inhibition), the values that were proposed by
Ben Atitallah et al. [36] were used (kd, = 0.06 ± 0.01 h−1, KIS, 102.52 ± 1.91 g/L, and KIP,
42.18 ± 2.43 g/L) assuming that they are not affected by the type of carbohydrates serving
as carbon source. The value of ethanol yield, YP/S, was estimated by the experimental data
of the kinetic experiment. Fitting of the data and parameter estimation was performed
using the AQUASIM 2.0 computer software [46].

dS
dt

= −µmax ·
S

KS + S
· 1

YX/S
X · IS · IP (6)

dX
dt

= µmax ·
S

KS + S
· X · IS · IP (7)

dX
dt

= −kd · X (8)

IS =
KIS

KIS + S
(9)

IP =
KIP

KIP + P
(10)

dP
dt

= YP
S
· µmax ·

S
KS + S

· 1
YX/S

X · IS · IP (11)

3. Results and Discussion
3.1. Effect of Enzymatic Hydrolysis on the Saccharification of FORBI

The effect of enzymatic loading on the saccharification of FORBI during supplementa-
tion with the cellulolytic blend, CE, is presented in Figure 1, in which the liberated amount
of total soluble (free) sugars and reducing sugars versus time are illustrated. As shown,
for all loadings, the saccharification rate, in terms of both free sugars and reducing sugars
release, is higher during the first 8 h of the hydrolysis, following first-order type kinetics, as
previously reported for cellulose [47] whereas it significantly slows down from 8 h to 24 h.
The saccharification seems to cease after 24 h to 30 h, in all cases. The decreasing rate of
hydrolysis can be attributed to the structural inhomogeneity of the cellulosic content of
the waste, i.e., the co-existence of both amorphous and crystalline parts of the containing
cellulose. It is well established in the literature that the regions with low crystallinity and
the amorphous regions are more vulnerable to hydrolysis and are depolymerized quickly,
whereas the regions with increased crystallinity resist hydrolysis [48]. The cellulosic con-
tent of FORBI derives from fruit and vegetable residues (peels, stones, etc.), as well as
from used paper tissue included in the kitchen biowaste that was collected, i.e., wastes
containing different types of cellulose with different crystallinity indices [49,50]. As such,
the decrease in hydrolysis ratio with time is indeed expected. It should also be mentioned
that the rate of enzymatic hydrolysis of cellulosic substrates is also highly affected by
the porosity and the particle size of the waste, as well as by the types and origin of the
cellulolytic enzymes used [51]. Differences in hydrolysis rates and degree can be noticed
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for different wastes and different enzymes used. As it regards the final concentration of
sugars at the end of the process, it is apparent that it is increased for higher enzymatic
loading of CE. For the quantification of the hydrolytic effect of the enzymes on FORBI, the
parameter saccharification efficiency, SE, was estimated and the values for each handling
are presented in Table 2.

Figure 1. Concentration of soluble (free) sugars (a) and reducing sugars (b) that are produced during enzymatic hydrolysis
of FORBI via the cellulolytic blend (CE) at different enzymatic loadings (2–30 FPU/g TS FORBI). The results are mean ± SD
from six different measurements (N = 6).

Table 2. Ratios of reducing to soluble (free) sugars that are produced during enzymatic hydrolysis
of FORBI via a cellulolytic blend (CE) at different enzymatic loadings (2–30 FPU/g TS FORBI) and
different enzymatic mixtures (EMs) of cellulolytic and amylolytic enzymes (composition and loadings
are presented in Table 1), and estimated saccharification efficiencies, SE. The results are mean ± SD
from six different measurements (N = 6). The statistical difference among values of the groups CE2-
CE30 and EM1-EM5 handlings is indicated by different superscript letters. The statistical difference
among CE and the values of group EM1-EM5 is indicated by an asterisk (Mann Whitney u-test).

Enzymes Reducing/Soluble Sugars (%) SE (%)

CE2 83.55 ± 0.78 abc 24.70 ± 1.64 abcd

CE5 85.18 ± 1.36 d 29.81 ± 2.82 aefg

CE10 87.08 ± 2.01 a 37.55 ± 1.44 abeh

CE20 88.12 ± 1.49 b 39.35 ± 2.16 afc

CE30 90.03 ± 1.46 cd* 49.51 ± 3.04 adgh*
EM1 89.86 ± 1.67 AB 45.35 ± 1.66 ABCD

EM2 91.95 ± 1.55 74.40 ± 1.48 EF*
EM3 92.66 ± 1.34 75.81 ± 1.99 GH*
EM4 94.22 ± 2.16 A 87.04 ± 2.22 EG*
EM5 94.68 ± 1.09 B* 86.89 ± 2.06 FH*

In Figure 2, the increase of soluble and reducing sugars versus time, during the
hydrolysis of FORBI with the enzymatic mixtures EM1-EM5 (composition analyzed in
Table 1), is presented. The comparison among Figures 1 and 2 reveals that the hydrolysis
rate increases significantly when amylolytic enzymes are used. As shown for EM1, which
contains solely amylolytic enzymes, the hydrolysis of starch ceased after 6 h of incubation
when approximately 12 g of carbohydrates are hydrolyzed, i.e., almost 75% of starch is
hydrolysis, corresponding to approximately 45% saccharification of FORBI (Table 2). The
significantly higher hydrolysis rates for blends EM2-EM5, which all contain 30 FPU of
the cellulolytic blend CE30, compared to the rate of hydrolysis via CE30 solely, is due
to the simultaneous and cumulative release of free sugars from the hydrolysis of starch
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and holocellulose. The hydrolysis of starch is much easier than the hydrolysis of cellulose
due to the differences in their structure (e.g., branched vs. linear formation, less stable
a-glycosidic bonds vs. b-glycosidic bonds), thus, making starch much more vulnerable to
enzymatic attack [52].

Figure 2. Concentration of soluble (free) sugars (a) and reducing sugars (b) that are produced during enzymatic hydrolysis
of FORBI via different enzymatic mixtures (EMs) of cellulolytic and amylolytic enzymes (composition and loadings are
presented in Table 1). The results are mean ± SD from six different measurements (N = 6).

The ratio of released free sugars to reducing sugars as well as the estimated SEs for
the different enzymatic blends and mixtures are presented in Table 2. As shown in the
case of hydrolysis via CE solely, the percentage ratio of reducing to free sugars seems
to highly increase for higher enzymatic loadings. Indeed, the ratio that was estimated
for CE2 was statistically lower than the ratios of CE10, CE20, and CE30. This can be
attributed to the increased liberation of reducing monosaccharides, mainly glucose, during
the complete hydrolysis of the holocellulosic fraction of FORBI, whereas the amount of
non-reducing sugars remains the same in all cases. Indeed, the estimated amount of
non-reducing sugars at the end of the hydrolysis showed an insignificant difference for
the different enzymatic loadings, having a mean value of 4.49 ± 0.64 g/L. With regard
to SE, the values obtained show that there is a statistically significant difference for all
enzymatic loadings detested, exhibiting increasing tendency, but in the cases of CE10 and
CE20, the SEs are not statistically differentiated. It seems, thus, that the saccharification
of FORBI is highly affected by the increase of the enzymatic loading of CE and is actually
doubled for 30 FPU/TS waste compared to 2 FPU/TS waste. Such an effect has also
been reported in previous studies. Matsakas et al. [53], using Celluclast® 1.5 L with
Novozyme 188 at a ratio of 5:1 v/v for the hydrolysis of source-separated household
FW containing 18.30 ± 0.19% w/w cellulose, have achieved hydrolysis of the latter by
50.27% after 8 h for an enzymatic loading 10 U/g FW. Moon et al. [54] have reported that
during the hydrolysis of restaurant FW, containing 14.9% crude fibers on a dry basis, the
saccharification increased significantly for enzymatic loadings 2.5–20 β-glucanase U/g dry
FW, whereas no statistically different saccharification was noted for enzymatic loadings
20–60 b-glucanase units/g dry FW. Salami et al. [55] have studied the hydrolysis of a
domestic FW, with 9.45% cellulose on dry basis, using an enzyme formulation developed
for the specific substrate, and have noticed that the solubilization of cellulose increased
from 35% to 50% for enzymatic loadings 20.43 FPU/g cellulose and 254.24 FPU cellulose,
respectively.

For the hydrolysis of FORBI via EM1, which contained amylolytic enzymes solely, and
not CE, the SE was statistically significantly lower compared to the SE of the hydrolysis
with the enzymatic mixtures containing the same amount of amylolytic enzymes and
also CE at an enzymatic loading of 30 FPU/g FORBI. As mentioned above, this is due to



Sustainability 2021, 13, 259 8 of 16

the simultaneous hydrolysis of starch and holocellulose, which leads to the cumulative
evolution of free sugars coming from the depolymerization of all three polymers. The
pairs of enzymatic mixtures EM2–EM3 and EM4–EM5 contain the same amount of CE and
FA, but only EM3 and EM5 contain also A. The estimated SE values for EM2 (12 U FA/g
starch) and EM3 (12 U FA/g starch and 6 U A/g starch) did not have a statistically
significant difference and so was also the case for EM4 and EM5 (61 U FA/g starch) and
EM3 (61 U FA/g starch and 31 U A/g starch). This can be attributed to the hypothesis
that the same amount of starch is hydrolyzed towards maltose for the same enzymatic
loadings of FA. The further hydrolysis of maltose to glucose does not differentiate the SE
values since maltose and glucose are both soluble sugars. Since both maltose and glucose
are also reducing sugars, the ratio of released free sugars to reducing sugars for those
pairs are also comparable (no statistically significant difference is observed among values).
As in the case of hydrolysis via CE solely, the estimated non-reducing sugars remaining
at the end of the hydrolysis showed insignificant differences for the different EMs, with
mean value 3.88 ± 0.57 g/L. As also shown in Figure 2, comparing the liberation of sugars
for EM3 and EM5, and in Table 3, the SE increases for higher enzymatic loadings of FA.
This is in agreement with other studies in which different amylolytic enzymes were used
for the solubilization of FW and other starchy wastes. In the study of Salimi et al. [55],
the hydrolysis of FW with an amylolytic enzyme developed for the specific substrate at
loadings 36.4–145.5 U/g starch is reported to lead to increasing saccharification yields
for increasing dosages of the enzyme, ranging from 43.9% to 79.0%. Pereira et al. [56]
investigated the hydrolysis of sweet potato granular starch via an a-amylase produced
in situ by Aspergilus niger at enzymatic loadings 5–40 U/g waste. It was shown that the
saccharification yields were significantly enhanced by an increase of the enzymatic loading
up to 31.25 U/g waste, after 37 h of incubation at pH 4 and 50 ◦C.

Table 3. Ethanol titers, yields, YE/FORBI, YE/S, and fermentation efficiencies, Fes, as estimated from the
alcoholic fermentation of FORBI with P. anomala at simultaneous saccharification and fermentation
(SSF) and separate hydrolysis and fermentation (SHF) via a cellulolytic blend (CE) at different
enzymatic loadings (10 FPU/g TS FORBI, 30 FPU/g TS FORBI) and different enzymatic mixtures
(EMs) of cellulolytic and amylolytic enzymes (composition and loadings are presented in Table 1).
The results are mean ± SD from six different measurements (N = 6). The statistical difference among
values of CE10 -CE30, and EM3 - EM5 handlings is indicated by different superscript letters. The
statistical difference of CE30 with EM3 and EM5 handlings is indicated by an asterisk or cross (Mann
Whitney u-test).

Enzymes Process CE
(g/L)

YE/FORBI
(g Ethanolkg

FORBI)

YE/S
(g Ethanol/g

util.carb.)

FE
(%)

CE10
SSF 9.26 ± 0.80 ab 84.55 ± 7.28 AB 0.39 ± 0.03 77.29 ± 5.88
SHF 9.70 ± 0.62 cd 88.50 ± 5.62 CD 0.41 ± 0.02 81.01 ± 4.31

CE30
SSF 12.73 ± 0.76 ac* 116.21 ± 6.91 AC* 0.40 ± 0.02 78.86 ± 4.71
SHF 12.07 ± 1.00 bd+ 110.21 ± 9.12 BD+ 0.40 ± 0.01 79.24 ± 2.75

EM3
SSF 14.15 ± 1.02 + 129.12 ± 9.30 + 0.40 ± 0.02 79.20 ± 4.51
SHF 14.47 ± 0.69 *+ 132.04 ± 6.26 *+ 0.39 ± 0.02 77.30 ± 3.92

EM5
SSF 15.45 ± 0.75 *+ 141.06 ± 6.81 *+ 0.40 ± 0.03 79.25 ± 4.92
SHF 15.41 ± 0.64 *+ 140.69 ± 5.80 *+ 0.42 ± 0.02 82.59 ± 4.71

3.2. Effect of Enzymatic Loading and Fermentation Mode on Ethanol Production

As analyzed above, the saccharification of FORBI seems to be enhanced by the in-
crease of enzymatic loadings for both cellulolytic blends and mixtures of cellulolytic with
amylolytic enzymes. However, the degree to which the liberated free sugars are exploitable
for bioconversion towards ethanol can also be highly affected by the fermentation mode
and biocatalyst.
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In this context, the bioconversion of hydrolyzed FORBI was further assessed via the
yeast P. anomala, strain X19, which has been previously proven to lead to high bioethanol
yields from food wastes and residues [18,36].

The effect of the fermentation mode on ethanol production from P. anomala was investi-
gated using initially only the cellulosic blend for the hydrolysis of FORBI in two enzymatic
loadings, i.e., 10 FPU/g TS FORBI, CE10 and 30 FPU/g TS FORBI, CE30. CE30 was se-
lected as the most effective loading for the saccharification of the holocellulosic content of
the waste. Since the cost of enzymes is an important factor affecting the economics of a
fermentation process, the effect of a lower enzymatic loading on the fermentation efficiency
of the processes was also assessed. Into this context, the selection of CE10 was preferred
over CE20, since the estimated SEs for those loadings were insignificant statistically. The
production of ethanol versus time for two different loadings of the cellulolytic blend, CE10
and CE30, are presented in Figure 3a.

Figure 3. Concentration of ethanol versus time (a) and final uptake of carbohydrates (b) during alcoholic fermentation of
FORBI with P. anomala at simultaneous saccharification and fermentation (SSF) and separate hydrolysis and fermentation
(SHF) via the cellulolytic blend (CE) at enzymatic loadings 10 FPU/g TS FORBI and 30 FPU/g TS FORBI. The results are
mean ± SD from six different measurements (N = 6). The statistical difference among values for the uptake of carbohydrates
is indicated by different letters next to each bar (Mann Whitney u-test).

As shown, a higher enzymatic loading of CE leads to higher ethanol production. On
the contrary, the fermentation mode does not affect either the fermentation rate or the
amount of ethanol produced. The maximum ethanol titer achieved was 9.18 ± 0.78 g/L
and 9.61 ± 0.60 g/L for CE10 at SSF and SHF modes, respectively, and 12.6 ± 0.74 g/L
and 11.97 ± 0.98 g/L for CE30 at SSF and SHF modes, respectively, as measured after
48 h of fermentation. It is obvious that ethanol accumulation actually ceases after 40 h
of fermentation. The final consumption of total carbohydrates expressed as a percentage
of the initial available carbohydrate amount in each culture is illustrated in Figure 3b.
Carbohydrate uptake reached 62.12 ± 1.25% and 63.31 ± 1.47% for CE10 at SSF and SHF
modes, respectively, and 71.03 ± 1.58% and 72.29 ± 2.77% for CE30 at SSF and SHF modes,
respectively. The values are quite similar for the same enzymatic loading, regardless of the
fermentation mode, whereas the carbohydrate uptake is higher for the higher enzymatic
loading, since a greater amount of carbohydrates is solubilized and is, thus, available for
bioconversion and assimilation by the yeast.

In Figure 4a, ethanol production from FORBI using enzymatic mixtures to facilitate
ethanol production is illustrated. The comparison of Figure 3a, Figure 4b, reveals thatthe
supplementation with amylolytic enzymes together with the cellulolytic ones enhances
ethanol production significantly.This can be attributed to the increase of the overall saccha-
rification of the carbohydrates content of the waste (since both starch and hollocellulose
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are hydrolyzed), resulting thus, to higher carbohydrate uptake (Figure 4b). The maximum
ethanol titer that was measured after 48 h of fermentation reached 14.02 ± 1.01 g/L and
14.34 ± 0.68 g/L for EM3 (265 FPU CE/g cellulose, 12 U FA/g starch, and 6 U/g starch)
at SSF and SHF modes, respectively, and 15.32 ± 0.94 g/L and 15.28 ± 0.78 g/L, for EM5
(265 FPU CE/g cellulose, 61 U FA/g starch and 31 U/g starch) at SSF and SHF modes, re-
spectively. Similar to the experiments with CE, the ethanol titers did not differ significantly
when altering the fermentation mode. These observations are not in line with the results
obtained from the study of Ben Atitallah et al. [18], according to which a 30% increase of
the achieved ethanol titer was noted when P. anomala was used for the fermentation of
potato peels at SHF mode compared to SSF mode. The difference with the results of the
current study could probably be attributed to the differences in the composition of the
wastes (potato peels contained 34.30 ± 0.60% cellulose and 44.80 ± 0.70% starch), which
is expected to affect the saccharification efficiency of the enzymatic mixtures used. The
addition of glucoamylase in the enzymatic mixtures could also be partly responsible for
the efficient performance of the yeast during SSF, since the saccharification of dextrins to
glucose could enhance the process efficiency even at the lower temperature applied during
such a process [57], i.e., 30 ◦C in the case of the current study vs. 50 ◦C that was applied for
the hydrolysis at SHF experiments. The comparison of SSF and SHF modes carried out
in previous studies with other types of food waste as substrate supports the assumption
that the performance of each process can vary highly according to the composition of the
substrate used. In the study of Zhu et al. [58], it is reported that the SSF process exhibited
notable advantages over the SHF method when using Saccharomyces cerevisiae for ethanol
production from cassava pulp hydrolyzed by an enzymatic cocktail of fungal cellulose,
bacterial a-amylase, and fungal glucosidase. On the contrary, Dahnum et al. [59] concluded
that SHF was advantageous over SSF in terms of achieved ethanol concentration, but not
in terms of productivities, during fermentation of empty fruit bunch using S. cerevisiae and
Cellic® HTec2 for the solubilization of the waste.

Figure 4. Concentration of ethanol versus time (a) and final uptake of carbohydrates (b) during alcoholic fermentation of
FORBI with P. anomala at simultaneous saccharification and fermentation (SSF) and separate hydrolysis and fermentation
(SHF) modes via the enzymatic mixtures EM3 (265 FPU CE/g cellulose, 12 U FA/g starch, and 6 U/g starch) and EM5
(265 FPU CE/g cellulose, 61 U FA/g starch, and 31 U/g starch). The results are mean ± SD from six different measurements
(N = 6). No statistical difference among values of CE2-CE30 and EM1-EM5 handlings was observed for the uptake of
carbohydrates (Mann Whitney u-test).

In Table 3, the ethanol yields and the fermentation efficiency, FE, of the ethanol pro-
duction process as estimated by Equations (1)–(5) are presented. It can be observed that the
different enzymatic loadings of cellulolytic or amylolytic enzymes did not affect YE/S, and
consequently the further estimated FEs, the values of which had insignificant statistically
differences for all experiments, reached almost 83%. The FE during alcoholic fermentation
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can vary significantly for different biocatalysts. Even for the same biocatalyst, the FE may
show considerable variations depending on many factors, such as pH, type of fermentation
substrate, substrate concentration, fermentation conditions, product inhibition, etc. [60]. In
all fermentation tests performed in the current study, the biocatalyst and the fermentation
conditions (pH, agitation, temperature, nutrients, carbon source, etc.) were the same and
the only variable parameter was the initial substrate concentration, which was controlled
by the availability of sugars during hydrolysis. In the SHF experiments, the initial substrate
concentration was almost twice as much as in the SSF experiments, not exceeding 50 g/L
in any case. The effect of initial substrate concentration during alcoholic fermentation
of sugars by P. anomala X19 was studied by Ben Atitallah et al. [36] in which sucrose
concentrations 30 g/L–120 g/L were tested, leading to ethanol production up to 41 g/L,
without the YE/S being affected. The FE of P. anomala in that study reached 88 ± 2% and
the bioconversion of sucrose was complete when efficient nitrogen for assimilation was
available. More diverse values were noted in the FE during the exploitation of chemically
pretreated (thermal, acid, or alkali) and/or enzymatically hydrolyzed potato peels via
P. anomala X19 [18]. In that study, the FE of the process ranges from 51% to 91%, a variation
that could be attributed to the differences in the pH during fermentation, as well as to
the formation of different inhibitory compounds during pretreatment that remain in the
fermentation broth and affect the performance of the yeast.

The values of YE/FORBI that were estimated for the different handlings, as well as
their statistical differences, are presented in Table 3. It can be observed that YE/FORBI from
the experiments with CE30 is statistically higher than those with CE10 and statistically
lower than those with either EM3 or EM5. This can be attributed to the higher amount of
holocellulose that is hydrolyzed for higher enzymatic loadings of cellulolytic enzymes, and
the additional liberation of sugars during hydrolysis in the presence of amylolytic enzymes
as well, leading, thus, to a higher bioconversion ratio of the waste. The maximum YE/FORBI
achieved was 141.06± 6.81 g ethanol/g FORBI (raw), which was noted for FORBI processed
with EM5 and was 20% higher than the maximum yield achieved when CE30 solely was
used for the hydrolysis of the waste. It can be assumed, however, that the extra amount of
sugars that are generated during supplementation with the highest loading of amylolytic
enzymes (EM5) is not enough to reflect a notable increase in the YE/FORBI, as shown by the
statistically insignificant differences between the yields of the handlings with EM3 and
EM5. These might seem like a contradiction with the results of the hydrolytic experiments
with EM3 and EM5, from which it was shown that the SEs were differentiated, with EM5
exhibiting statistically higher SEs than EM3. This can be attributed to the high initial soluble
sugars that FORBI contains (amounting to 50% of its total carbohydrate content) which do
not contribute to the relative increase of SE during saccharification (Equation (1)), whereas
they contribute significantly, and to the same extent for all handlings, to the increase of
YE/FORBI, thus, making the relative differences among values of different handlings lower.
With regard to the effect of fermentation mode on YE/FORBI, insignificant differences were
noted for SSF and SSF processes for all different enzymatic loadings. This observation
might also be due to the high amount of readily fermentative sugars of FORBI, and also
due to the relatively high rate of hydrolysis of the complex carbohydrate content of FORBI
compared to the fermentation kinetics. It seems that due to those parameters, there is
always availability of sugars for bioconversion resulting in similarly efficient fermentation
of the waste in either SSF or SHF mode.

The comparison of the current ethanol yields with those achieved from the fermenta-
tion of FORBI via a co-culture of Saccharomyces sereviceae and Pichia stipitis [39] indicates
that P. anomala is superior in terms of its fermentation efficiency. The maximum YE/FORBI,
which was obtained from the study by Ntaikou et al. [39] during supplementation of FORBI
with cellic, a-amylase, and amyloglucosidase and the SSF process was comparable, i.e.,
150 ± 10 g ethanol/g FORBI. The YE/S reported in the study by Ntaikou et al. was lower,
i.e., 0.35 ± 0.01, but with higher consumption of carbohydrates which reached 95%.
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3.3. Verification of Ethanol Production Kinetics of P. anomala during Fermentation of
Hydrolysed FORBI

In the sequel, a fermentation experiment was performed in a fermenter of 1 L working
volume with the highest loading of enzymes in SHF mode, in order to validate the results
of the fermentation of FORBI at a larger scale and also to study the kinetics of the yeast. As
shown by the above-presented fermentation tests, the fermentation mode hardly affected
the ethanol yields that were achieved from FORBI. In this context, the selection of an
SSF process would be recommended for scaling up since it is less time consuming and
it is performed at a lower temperature. However, an SSF experiment, during which
hydrolysis of the complex carbohydrates and consumption of sugars by the yeast occurs
simultaneously, would not allow for the direct monitoring of sugar bioconversion. As
such, the SHF process was selected to be scaled up and the performance of the yeast
during fermentation of FORBI was compared with that of the small scale (25 mL working
volume) experiments.

The results from the scale-up experiment are summarized in Table 4. As shown,
the obtained values of all estimated parameters from the scale-up experiment, i.e., the
maximum concentration of ethanol, CE, the yields YE/FORBI and YE/S and FE, did not have
statistically significant differences with those from the respective small scale experiment,
validating the efficiency of the process at different scales.

Table 4. Ethanol titer, yields, YE/FORBI, YE/S and fermentation efficiency, FE from the alcoholic
fermentation of FORBI with P. anomala during separate hydrolysis and fermentation (SHF) at a
fermenter with 1 L working volume, with the enzymatic mixture EM5 (265 FPU CE/g cellulose,
61 U FA/g starch, 31 U A/g starch). The results are mean ± SD from six different measurements
(N = 6).

CE
(g/L)

Carbohydrates
Uptake (%)

YE/FORBI
(g Ethanol/kg FORBI)

YE/S
(g Ethanol/g util.carb.)

FE
(%)

15.09 ± 0.62 88.08 ± 2.68 138.67 ± 5.69 0.40 ± 0.01 77.98 ± 2.21

Moreover, the data from the scale-up experiment were assessed in order to investigate
the kinetics of the fermentation process, since the increase of working volume would allow
for more frequent sampling compared to the small-scale experiments. The kinetics of the
yeast during the alcoholic fermentation of sucrose and date palm sap (a sucrose base natural
product of date palm trees) have been previously investigated by Ben Atitallah et al. [36].
The Monod-type expressions that were proposed by Ben Atitallah et al. [36] were used
to describe the overall fermentation of the hydrolyzed FORBI. The individual processes
included are the consumption of the carbon source estimated as free sugars (described
by Equation (6)), the microbial growth (described by Equation (7)), the microbial death
(described by Equation (8)), and the production of ethanol (described by Equation (11)).
A substrate inhibition (Equation (9)) and a product inhibition factor (Equation (11)) were
taken into account for which the inhibition constants, KIS (substrate inhibition) and KIP
(product inhibition), that were estimated by the same study [36] were used. Similar for the
decay constant, kd, the value that was estimated by the same study was also used. Based on
the above, the maximum specific growth rate, µmax, and the biomass yield, Yx/s of the yeast
from the hydrolyzed waste, i.e., a mixture of different sugars, were estimated by the model.

During the experiment, the concentration of total carbohydrates and soluble sugars,
measured as glucose equivalents via the Du Bois protocol [43], were followed versus time,
as well as the variation of pH and the generation of ethanol. The experimental data were
then fitted via AQUASIM 2.0 [46] and parameter estimation was carried out for determin-
ing the values of the specific growth rate, µmax, and the microbial biomass yield, YX/S, of the
yeast during fermentation of the hydrolyzed carbohydrate content of FORBI. It has to be
noted that for the better simulation of data, the remaining amount of soluble non-consumed
sugars at the end of fermentation, accounting for 0.96 ± 0.12 g/L glucose equivalents, were
subtracted from all measured values of soluble sugars. The non-consumed soluble sugars



Sustainability 2021, 13, 259 13 of 16

are expected to account for sugars that cannot be metabolized by the yeast. The results of
measured total carbohydrates and sugars consumption and ethanol production, as well
as the fitting curves for sugars and ethanol, are presented in Figure 5. Based on those, the
estimated values for µmax and YX/S were 0.26 ± 0.02 h−1 and 0.05 ± 0.00 g X/g S, respec-
tively. The comparison of the obtained values with the previously estimated for ethanol
production from date palm sap (DPS, a sucrose based substrate) [36], i.e., 0.39 ± 0.02 h−1

and 0.04± 0.01 g X/g S for µmax and YX/S, respectively, reveals that the growth of P. anomala
is faster during consumption of hydrolyzed FORBI compared to the consumption of su-
crose (µmax FORBI < µmax DPS). On the contrary, more carbon is assimilated to microbial
biomass during fermentation of FORBI (YX/S FORBI > YX/S DPS) and, thus, less carbon is
metabolized to ethanol as also shown by the lower FE of the yeast during the fermentation
of hydrolyzed FORBI (83% for FORBI and 88% for DPS).

Figure 5. Experimental data of total carbohydrates and sugars and fitting of sugars (a) and experimental data and fitting of
ethanol (b) versus time during alcoholic fermentation of FORBI with P. anomala at separate hydrolysis and fermentation
(SHF) via the enzymatic mixture EM5 containing cellulolytic and amylolytic enzymes (composition and loadings are
presented in Table 1).

4. Conclusions

Based on the results of the current study, it can be assumed that FORBI is an attractive
substrate for second-generation bioethanol production using the yeast P. anomala, when the
appropriate enzymatic cocktail is used for its hydrolysis. The performance of the yeast in
terms of all the studied parameters, i.e., ethanol concentration, yields, and fermentation
efficiency, does not seem to be affected by the type of fermentation process, i.e., SSF or SHF,
and remains high compared to the literature, reaching 83%. As assumed by the estimation
of the kinetics of the fermentation process, maximum ethanol production from the yeast can
be achieved faster from hydrolyzed FORBI than from sucrose-based substrates. Moreover,
the ethanol yields that were obtained for the higher enzymatic loadings were comparable
with those obtained by co-cultures of S. sereviceae and P. stipitis using the same waste.

Supplementary Materials: The following are available online at https://www.mdpi.com/2071-105
0/13/1/259/s1, Figure S1: Variation of pH versus time during alcoholic fermentation of FORBI with
P. anomala at separate hydrolysis and fermentation, SHF, (a) and simultaneous saccharification ad
fermentation, SSF, (b) via the cellulolytic blend (CE) at enzymatic loadings 10FPU/g TS FORBI and
30FPU/g TS FORBI, Figure S2: Variation of pH versus time during alcoholic fermentation of FORBI
with P. anomala at separate hydrolysis and fermentation, SHF, (a) and simultaneous saccharification
ad fermentation, SSF, (b) via the enzymatic mixtures EM3 and EM5 containing cellulolytic and
amylolytic enzymes, Table S1: Chemical composition FORBI.
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