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SUMMARY

In next generation bio-based refineries, hydrolysis and primary (or extractive) fermentations by undefined microbial cul-
tures (UMC) are precursors of secondary bio-transformations, in which H,, CO, and mixed carboxylates are used as sub-
strate for achieving added-value target products (e.g. bio-based chemicals, bio-plastics and pigments). Dark fermentation
(DF) is the most simple UMC-driven hydrolysis and primary fermentations to extract gaseous and soluble mixtures of
compounds from raw biomass. Which solid fractions (types of macro-molecules) of mixed raw organic matter (OM) are
efficiently hydrolyzed + fermented during DF is an aspect that was rarely considered in depth.

Here, a first attempt was made to propose a new approach for understanding the effects of DF on different fractions of
biomass. A set of seven different biomasses underwent optimized DF tests and, for simplicity, only the gaseous main prod-
uct, i.e. bio-hydrogen potential (BHP) production, was used as parameter to assess DF efficacy. BHP was studied in relation
with OM characteristics: on one side, chemical composition (macro-molecular fractions) and, on the other side, bioavail-
ability to UMC attack (using two different biological assays). BHP was found significantly correlated (Pearson’s test for
p <0.05, n=7) only to acid detergent lignin (negatively), soluble sugars and sugars + starch (positively). Bioavailability
was negatively correlated with fibrous fractions and to fat-like fractions, but correlations with BHP were poorer
(p>0.05, n=17). A statistical model (partial least square regression) was proposed for predicting BHP from OM character-
istics, with interesting predictability. In the next future, the proposed approach should be widened to better understand the
DF effectiveness not only referred to its gaseous products, but especially focusing on the wide range of soluble products
(carboxylates), thought as substrates for secondary biorefinery. Copyright © 2015 John Wiley & Sons, Ltd.
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1. INTRODUCTION

Fossil-based refineries and traditional chemical industry have
been based on extracting energy and building blocks (process
intermediates such as H,, CO, CHy, alkanes, fatty acids, alco-
hols and esters) essentially from oil, natural gas or other non-
renewable carbon sources. Today, a new model of refinery is
rising, based on renewable carbon and on the concept of cir-
cular, instead of linear materials/energy streams, as principle
for the overall sustainability [1]. H, and other building blocks,
intermediate-chain compounds derived from biomass
transformations, can be produced and also used as a reactant
(reducing agent) in renewable carbon refinery cycles based
on biomass and renewable energy [2].

To close energy and carbon cycles, the reuse of impure
organic substrates (e.g. organic waste, food-industry

Copyright © 2015 John Wiley & Sons, Ltd.

byproducts, agricultural residues and green waste), side
streams of other bio-refinery chains and/or food industry,
characterized by random and variable physical, chemical
and biological properties, is of fundamental importance [3].
In this sector, the refinery approach must be deeply different
from other bio-refineries based on dedicated homogeneous
substrates (e.g. bioethanol/biodiesel from dedicated crops
[4] or bio-hydrogen from enzymatic hydrolysis of purified
carbohydrates [5]) and it was recently called ‘carboxylate
platform’ [6]. After eventual chemical-physical pretreatments
[7], undefined microbial cultures (UMC) are used for simulta-
neously hydrolyzing (through specific enzymes produced di-
rectly on-site by microbial activity) and transforming
(through the so-called primary or extractive fermentations)
the mixed organic matter (OM) into easily available substrates
for downstream specific bioconversions [8].
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Dark fermentation (DF) is the most common primary
UMC-driven hydrolysis/fermentation and allows simulta-
neous production of H,/CO, and a mixture of soluble car-
boxylates (short-chain carboxylic acids, aminoacids,
amines, alcohols, etc.), available for further downstream
bio-refineries, called secondary bioconversions [6,9]. A
variety of secondary bioconversions are currently in-
vestigated to obtain target compounds of particular interest
(e.g. carboxylic acids, biofuels, solvents, biopolymers,
building blocks, etc.) [10] and/or further bio-hydrogen
through either photo-fermentations (by cyanobacteria or
green algae) or electrically-driven bioprocesses (i.e. micro-
bial electrolysis cells) [11].

In this emerging sector, DF is the intermediate ring of
the chain; in DF, the sequence hydrolysis + fermentation
is simultaneously driven by UMC, able to produce specific
enzymes directly on-site and to ferment the liberated
monomers [6]. Hydrolysis is the conditio sine qua non to
produce soluble monomers available to microbial conver-
sions and often represents the rate-limiting step, because
of recalcitrance of the OM structure and to limiting process
bio-chemical conditions [11].

However, in literature the large majority of DF studies
have focused on maximizing H, production, thereby deal-
ing with (i) easily hydrolysable and (ii) sugar-rich sub-
strates (i.e. milk/cheese whey, organic waste leachates,
winery wastewaters and rice starch). The integrated chain
hydrolysis—fermentation has been less (mostly recently)
studied as-a-whole, regardless of type and quality of the or-
ganic substrate treated, especially for ligno-cellulosic or
other hardly hydrolysable materials (e.g. complex proteins,
fats, long-chain fatty acids, polyphenols and aromatics).
Few contributions in recent literature have exhaustively
examined the influence on DF of chemical composition,
structural recalcitrance [12], inhibitory metabolites libera-
tion and metabolic side paths [13] that may mislead the
main ‘road’ of soluble-sugar glycolysis to pyruvate and
NADH [14].

For example, if mineral nitrogen (in form of ammonia)
is commonly a fundamental nutrient for bacterial consortia
[15], there is still poor description of complex proteins
breakdown in DF that leads to ammonia liberation [16].
Again, it was reported that lipid hydrolysis leads to the
reduction of glycerol, a substrate that bacteria are able to
use for growing; in addition the formation of carbohy-
drates and volatile fatty acids (VFA) from lipids was
reported to be involved in hydrogen production [17]; at
the same time, long chain fatty acid formation from
triglycerides hydrolysis was several times reported as a
possible source of bacterial cell inhibition, because of neg-
ative interactions with cell membranes [18]. In general,
hydrolytic/fermentative paths that involve proteins, lipids
and other macromolecular classes are still an open field
of study.

Finally, new tools should be developed to follow the
path that in the past decades has been accompanying
field applications of anaerobic digestion (the forefather
of the upcoming ‘carboxylate platform’), i.e. to allow
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full, efficient and versatile applications of DF to the wid-
est variety of biomass types available, regardless of their
chemical/physical/structural characteristics and variabil-
ity [19].

In this work, a new approach is proposed to understand
the effect/efficiency of DF, by given UMC at optimized
process conditions, on waste/mixed OM depending on
the combination of its chemical composition and recalci-
trance. Here, we present only a first attempt in this path,
with a limited number of samples and parameters analyzed:
a statistical approach was proposed for a first set of
differently chemically composed organic matrices, and
ultimate H, generation yield alone was considered as
parameter representing the efficiency of the overall chain
hydrolysis + fermentation. In the future, also the wide spec-
trum of soluble organic compounds that are liberated from
solid organic matter should be deeply studied as target.

2. MATERIALS AND METHODS

2.1. Set of biomass samples

A set of seven different organic substrates were considered
to perform an optimized DF test: corn silage, malt powder,
beet silage, giant cane (Arundo donax L.), olive pomace
and rice bran. Pure glucose (100% soluble sugar C-6)
was used as reference substrate with null recalcitrance to
hydrolysis (100% soluble) and standard chemical charac-
teristics for DF glycolysis. Samples were selected in order
to obtain a variability in both chemical composition and
recalcitrance to microbial degradation. All samples were
dried at 40 °C until constant weight, then milled to pass
through a 0.5-mm screen.

2.2. Biomass macromolecular
characterization

Dry matter (DM) and volatile solids (VS) contents were
evaluated according to standard procedures [20,21]. Total
Kjeldhal Nitrogen (TKN) was detected on fresh material,
while organic nitrogen content was used to evaluate the to-
tal protein content of samples [22]. Van Soest method [23]
was used to evaluate fiber content on dry samples milled at
0.5mm. NDF (Neutral Detergent Fiber), ADF (Acid
Detergent Fiber) and ADL (Acid Detergent Lignine) data
were used to calculate the content of lignin-like fraction,
cellulose (ADF-ADL), hemicellulose (NDF-ADF) and
soluble cell content (100-cellulose-emicellulose-lignine).
Total fat content was determined by Soxhlet extraction
with ether [24]. Hall method [25] was used for the determi-
nation of sugar content (TESC, Total Ethanol-Soluble
Carbohydrate 80%) while the amyloglucosidase/o-amylase
kit method was used for the determination of total starch
[26]. The gross energy (GE) was measured using the adia-
batic bomb calorimeter IKA 4000 (IKA®-Werke GmbH &
Co. KG, Staufen, Germany).

Int. J. Energy Res. 2015; 39:1519-1527 © 2015 John Wiley & Sons, Ltd.
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2.3. Evaluation of OM bioavailability to
microbial hydrolysis

Two different tests were performed to obtain an estimation
of the availability to microbial hydrolysis (in one word:
bioavailability) of the given samples and to see how this
is linked to the biomass macromolecular composition.

First, in vitro digestibility was measured, based incuba-
tion in rumen fluid inoculum obtained from cow digestive
system, according to Robinson et al. [27]: dried samples
were placed into individual in vitro incubation bags
(multi-weave polyethylene polyester polymer cloth) and
incubated in a DAISY® in vitro system (Ankom—Macedon,
NY, USA).

The other approach was to measure short-term biode-
gradability according to Schievano et al. [28], by detecting
the Specific Oxygen Uptake Rate (SOUR). Briefly, 0.2 g of
dry matter was set in a flask to which the following were
added: 500ml of deionized water, 12ml of phosphate
buffer solution and 5 ml of nutritive solution [28]. To en-
sure optimum microbial activity and rates standard condi-
tions were ensured and, to allow oxygen diffusion, the
slurry was continuously stirred and intermittently aerated
every 15 min. Potential oxygen uptake was reported as cu-
mulative oxygen demand during the 20-h test (ODyg, 202

g_lDM)-

2.4. Optimized DF tests

UMC were used to incubate the selected organic matrices
in lab-scale reactors set under optimal conditions for DF,
as indicated by Tenca et al. [29]. Bio-hydrogen generation
was measured and considered as parameter representing
the effectiveness of DF. As soon as optimal conditions
were ensured for DF, bio-hydrogen production was
thought to be only dependent on substrate characteristics
and thereby called bio-hydrogen potential (BHP). BHP
was used as parameter to understand DF correlation to both
macromolecular composition and OM bioavailability.

The startup UMC was collected from a 10-1 lab-scale re-
actor producing hydrogen under anaerobic thermophilic
conditions (55 °C) and maintained in the pH range 5 — 6
[30]. Before the test, the inoculum was heat-shocked in
oven at 100 °C for 1 h to inhibit non-spore forming bacteria
and methanogens and diluted with sterile water to obtain
optimal residual volatile fatty acid (VFA) concentration
(VFA <800 mg 171, Batch reactors of 500 ml were inocu-
lated with 300ml, fed with 0.3g of dried biomass;
substrate/inoculum ratio and overall dilution were chosen
to avoid metabolite-driven inhibition [29]. All reactors
headspaces (200 ml) were flushed with N, and incubated
at 55 °C till no further biogas was produced. All tests were
performed in triplicate.

Volumetric production of biogas was daily monitored
through graduated syringes. H,, CH; and CO, concen-
trations were daily measured through gas chromatogra-
phy (Micro GC 3000, Agilent Technology, Santa Clara,
CA, USA).

Int. J. Energy Res. 2015; 39:1519-1527 © 2015 John Wiley & Sons, Ltd.
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2.5. Statistical approach

The data set employed to perform statistical study was
composed by the chemical and physical parameters charac-
terizing the considered biomass samples. A Pearson corre-
lation matrix was performed by using the SPSS statistical
software (version 17; SPSS, Chicago, IL). Data were trans-
formed to normality according to the literature [31].

Multiple linear regressions to predict bio-hydrogen po-
tential production (BHP) versus chemical and physical var-
iables were detected using the Partial Least Square method
(PLS) by applying NIPALS algorithm [32]. The cross-
validation ‘leave-one-out’ approach of scaled variables
was applied to calculate the goodness of regressions (good-
ness of fit coefficient—R? and goodness of prediction coef-
ficient—R’cv, respectively). Taking into consideration all
variable values the best PLS regression was calculated
and the importance of each independent variable (impor-
tance coefficient) defined. Then PLS analysis was repeated
excluding the variables characterized by the smallest im-
portance coefficient [32]. This procedure was repeated un-
til a final regression model with high regressions
coefficients (R and R*cv) and the smallest number of var-
iables was achieved. PLS was performed using SCAN
software (Minitab Inc., State College, PA).

3. RESULTS AND DISCUSSION

3.1. Chemical properties

A wide diversity in chemical-physical composition in the
organic matrices studied was evidenced (Table I). Pure
glucose (100% OM and soluble sugar content), as ex-
pected, undergoing SOUR test, gave the highest biode-
gradability (OD,p=250+8 goao kggll\,,, Table I), and the
in vitro digestibility resulted of 1000gkg™" (i.e. 100%
digestible).

The other substrates showed relatively high OM content
(834—950gkg§1{4), the rest of DM being ash. Rice bran,
corn silage and olive pomace showed higher raw protein
contents (131—159gkg51{4, Table I) as compared to the
other samples (all below 62 gkgpy, Table I). Olive pom-
ace showed the highest content of total lipids, with an ethe-
real extract of 127 gkgpy, while the rest of the organic
matrices were below 40gkg5ﬁ,[ (Table I). Olive pomace
also showed the highest ADL content (383 +1 gkggﬁ,[),
probably because of the presence of the olive kernel, and
in general high fiber contents (669 =2 and 584 +2 g kgpa
of NDF and ADF, respectively). Giant cane had compar-
atively less ADL, similar ADF, while sensibly higher
NDF contents (Table I). On the other side, malt powder
showed the lowest fiber contents, even if NDF still repre-
sented over 30% of the DM (Table I). The rest of malt
powder was almost starch (over 600gkg51{4), with low
protein and fats contents (Table I). Starch as also found
in considerable amount in corn silage (1511 gkgﬁﬁ/l),
while in concentrations below 30 gkgpy in the other
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Figure 1. Significant Pearson’s correlations (p < 0.05, n=7) found for chemical composition versus bioavailability (represented by
in vitro digestibility and ODyq) and BHP (r= correlation coefficient).

DF process conditions. Ultimate bio-hydrogen produc-
tions were reported in Table I, as average of the tripli-
cate tests.

Pure glucose produced 186+ 10 Nly, kggf\,[, which
corresponds to 1.49 moly, molgfmsc; this result is in line
with the results obtained by various authors in similar
conditions, reported for comparison by Tenca et al.
[29]. All other matrices resulted in lower H, production,
with similar results (102—107 Nl kgﬁﬁd) for malt pow-
der, corn silage and giant cane. Slightly lower BHP re-
sulted from rice bran and the lowest was found for olive
pomace (Table I).

3.2.2. BHP versus physical-chemical properties

A series of Pearson’s correlations between BHP and dif-
ferent chemical components was performed on normalized
data (Table II). Pearson’s analysis showed strong negative
correlations of BHP versus recalcitrant compounds, espe-
cially with the less digestible portions of fibers, i.e. ADL
(r=—0.893, p<0.01). Significant positive correlations
for BHP were found also with soluble sugars + starch
(r=0.893, p < 0.05) and with OD,( (r=0.786, p < 0.05).

On the other hand, no significant correlations of BHP
were found with neither starch nor soluble sugars, when
considered as single variables. Furthermore, no signifi-
cant correlations were found for other fractions of the

Int. J. Energy Res. 2015; 39:1519-1527 © 2015 John Wiley & Sons, Ltd.
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OM, such as proteins and lipids, NDF, ADF, cellulose
and hemicellulose.

This means that while OM bioavailability (represented
here as in vitro digestibility and OD,y) is strongly linked to
the presence of the most recalcitrant fractions such as fibrous
fractions and the most insoluble hydrophobic molecules
(EE) (Figure 1), the fate of the same OM in an optimized
DF environment follows slightly different paths. Bioavail-
ability is still an important factor, as confirmed by the posi-
tive correlation found for BHP and OD, (Figure 1) and the
negative correlation for BHP and ADL (Figure 1), but it is
not the only factor. Sugars and starch (caught together as
bioavailable carbohydrates) were the only specific chemical
fractions that significantly correlated to BHP (Figure 1). On
the other hand, sugars and starch were not significantly cor-
related to bioavailability, because they are not the only
bioavailable fractions of the OM; it is well known that part
of proteins, hemicellulose, part of cellulose, part of EE, are
also readily available to microbial hydrolysis [35]. This
means that a specific dependency of bio-hydrogen genera-
tion during DF is to be ascribed to the initial presence of
sugars + starch. Furthermore, this dependency is not partic-
ularly linked to their bioavailability (no significant correla-
tion found), i.e. to their behavior during microbial
hydrolytic mechanism, but it must regard to the other
mechanism driven by DF, i.e. fermentative metabolism
itself. In other words, not all the easily hydrolysable
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Table Il. PLS cycles for prediction of BHP versus chemical composition and bioavailability of the organic matter.

PLS cycle Predictor variables Importance of the predictor Optimal number of component R Fﬁv
Organic matter 0.05 1 0.77 0.08
1 Raw proteins —0.06
Ethereal extract —.06
NDF -0.08
ADF —0.08
ADL -0.1
Hemicellulose —0.05
Cellulose —0.05
Cell Soluble 0.08
Starch —0.03
Soluble sugars 0.09
Energy content —0.06
Digestibility 0.05
OD5g 0.07
Starch + soluble sugars 0.1
2 Raw proteins -0.07 1 0.78 0.46
Ethereal extract -0.07
NDF —0.09
ADF -0.09
ADL -0.12
Cell soluble 0.09
Soluble sugars 0.1
Energy content -0.07
Digestibility 0.06
OD5g 0.08
Starch + soluble sugars 0.11
3 NDF —0.04 2 0.91 0.61
ADF —0.04
ADL -0.27
Cell soluble 0.04
Soluble sugars 0.39
ODyo —-0.03
Starch + soluble sugars 0.21
4 ADL —-0.29 1 0.91 0.81
Soluble sugars 0.25
Starch + soluble sugars 0.26

PLS cycles (from 1 to 4) performed step by step, excluding variables characterized by the smallest importance coefficient.

fractions of OM (e.g. proteins, hemicellulose, etc.), that are
fermented during acidification process, can be related to
metabolic pathways driving to H, release, as previous lite-
rature often highlighted [17,36-38].

3.2.3. Statistical model to predict BHP with
physical-chemical properties

Multiple partial least square (PLS) analysis performed
on normalized data gave a selection, among chemical com-
ponents, of those with higher influence on H, production
and their relevance. The cycles performed for statistical se-
lection were 4, and they are reported in Table II, together
with the importance of each predictor selected, the optimal
number of component, R? and Riv. Multiple PLS resulted
in a linear regression model able to predict BHP according
to the following equation, based on three important
variables:

1524

BHP = 110.24-20.04 arcsiny/ADL
+11.4 arcsiny/soluble sugars
+0.3749% (starch + soluble sugars);

in which BHP is expressed as NI kg™~ 'y and ADL, solu-
ble sugar and starch as % (w/w) of DM.

The equation showed good regression coefficient
(R*=0.91, p<0.05) and high predictability (R%cv=0.84,
p <0.05). This was confirmed by the comparison between
experimental and modeled data, considering a dataset of
literature data and two new samples (Figure 2). A statistical
validation was performed by applying the method used by
Schievano et al. [19]. A double validation was done, first
considering both the original dataset alone (n="7) and then
adding the new dataset (n=14). The calculated validation
indexes (Figure 2) were acceptable, when compared to typ-
ical ranges found in literature [19].

Int. J. Energy Res. 2015; 39:1519-1527 © 2015 John Wiley & Sons, Ltd.
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Figure 2. Comparison between modeled and measured bio-hy-

drogen potential (BHP); validation of the proposed model using

the original and a new dataset. * Li et al. [39]; b Ozmihci et al.

[40]; © Davila-Vazquez et al. [41]; 4 New samples; ° Root mean

squared error [19]; f Modeling efficiency [19]; ° Regression coef-
ficient [19].

This model allows obtaining a quick prediction of the
efficiency (in terms of BHP) of DF process, when
applied to heterogeneously composed biomass, by mea-
suring few characteristics of its OM quality. This idea
has been proposed in the past decades for full-scale
applications of anaerobic digestion, to deal with the large
variety of waste types available on market [19,28,42].
The same approach is here proposed as path to widen
DF applicability to mixed waste materials, which
composition normally vary consistently depending on
seasonal factors, origin (industrial/agricultural process),
pretreatment efficiency, etc.

This equation is a first example of a new way of
understanding/modeling the complex pool of physical,
chemical, biochemical and biological mechanisms in-
volved in DF. However, it can only be considered as an ini-
tial attempt in developing the proposed new approach, for
at least three reasons:

a. the set of samples here used was relatively limited
(seven samples); the proposed statistical approach
should in the next future be developed with larger num-
bers of samples, to ensure more generalized results;
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introducing more peculiar analytical variables, such
as specific enzymatic attack assays and/or more de-
tailed chemical characterization;

. here, BHP was used, for simplicity reasons, as sole pa-
rameter to discriminate the effect of DF on a given OM.
However, bio-hydrogen generation should not be the
sole focus of DF, in future research. Instead, DF should
mainly be considered as a pre-step to transform
waste/mixed solid biomass into soluble carboxylates
for secondary bio-based and waste-based refinery
processes, such as microalgal mixotrophic cultivations,
anodic current generations for MECs, microbial
electrosynthesis, intracellular and extracellular poly-
meric compound accumulation and secondary fermen-
tations towards target building blocks, as recently
indicated by Rabaey and Ragauskas [43]. This, even
if little bio-hydrogen is evolved and other fermentation
pathways are naturally followed by UMC. For these
reasons, future efforts in describing the relationship be-
tween the composition of a mixed waste-based OM and
its fate in DF should also be focused on the production
of target spectra of soluble carboxylates, in accordance
to recent advances in this field [1,3,6,8,43].

b. the characterization of the OM should be refined by
c

4. CONCLUSIONS

This work was aimed at proposing and gives only a first
hint of a new approach, which can be explored by more
comprehensive studies, for better understanding the behav-
ior of UMC during DF, as obligate step towards the use of
waste OM as substrate for bio-refineries. The fate of all
different fractions of the OM in DF (i.e. proteins, hemicel-
lulose, cellulose, aromatics, complex alcohols, triglycer-
ides and waxes) should be better investigated, especially
emphasizing the influence of their bioavailability and
focusing mainly on soluble products obtainable from
hydrolysis—fermentation of solid organic matter, because
in the near future, this process is expected to be no longer
utilized with the sole focus of bio-H, generation. In the
next step of this approach, H, should be considered only
one among a large variety of substances that can be
separated by DF from waste OM. DF, itself, should be
considered as a versatile UMC-based intermediate ring of
new bio-refinery chains, aimed at optimizing transforma-
tion of complex OM into soluble or gaseous cocktails of
compounds that can be utilized as substrate in the upcom-
ing ‘carboxylate platform’.
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