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Abstract: Fermentative hydrogen production via dark fermentation with the application of
lignocellulosic biomass requires a multistep pre-treatment procedure, due to the complexed structure
of the raw material. Hence, the comparison of the hydrogen productivity potential of different
lignocellulosic materials (LCMs) in relation to the lignocellulosic biomass composition is often
considered as an interesting field of research. In this study, several types of biomass, representing
woods, cereals and grass were processed by means of mechanical pre-treatment and alkaline
and enzymatic hydrolysis. Hydrolysates were used in fermentative hydrogen production via
dark fermentation process with Enterobacter aerogenes (model organism). The differences in the
hydrogen productivity regarding different materials hydrolysates were analyzed using chemometric
methods with respect to a wide dataset collected throughout this study. Hydrogen formation,
as expected, was positively correlated with glucose concentration and total reducing sugars amount
(YTRS) in enzymatic hydrolysates of LCMs, and negatively correlated with concentrations of
enzymatic inhibitors i.e., HMF, furfural and total phenolic compounds in alkaline-hydrolysates
LCMs, respectively. Interestingly, high hydrogen productivity was positively correlated with lignin
content in raw LCMs and smaller mass loss of LCM after pre-treatment step. Besides results of
chemometric analysis, the presented data analysis seems to confirm that the structure and chemical
composition of lignin and hemicellulose present in the lignocellulosic material is more important
to design the process of its bioconversion than the proportion between the cellulose, hemicellulose
and lignin content in this material. For analyzed LCMs we found remarkable higher potential
of hydrogen production via bioconversion process of woods i.e., beech (24.01 mL H2/g biomass),
energetic poplar (23.41 mL H2/g biomass) or energetic willow (25.44 mL H2/g biomass) than for
cereals i.e., triticale (17.82 mL H2/g biomass) and corn (14.37 mL H2/g biomass) or for meadow grass
(7.22 mL H2/g biomass).

Keywords: lignocellulosic biomass; hydrogen; Enterobacter aerogenes; biorefining; dark fermentation

1. Introduction

The depletion of fossil fuel resources and the accompanying extraction and processing of
environmental degradation force the search for alternative technologies for energy production from
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biomass resources [1]. Hence, conversion of the biomass of plant origin is gaining importance. One
of the alternative energy carriers, which can be produced from non-food raw materials, is hydrogen.
The gas with a high hydrogen content obtained from biomass could be used as a raw material
for the production of jet, gasoline and diesel fuels [2–4]. The currently leading technologies of
hydrogen production using conventional methods are energy-consuming, require high temperatures
and pollute the environment [5] due to the emission of large amounts of carbon oxides, sulfur oxides
and nitrogen oxides into the atmosphere [6]. An alternative is to obtain hydrogen from biomass using
biotechnological methods that use the natural possibilities of microorganisms that produce hydrogen as
one of the products of metabolic transformation. In dark fermentation, the carbohydrate substrates are
transformed without light by the bacteria in anaerobic respiration, the ratio between energy obtained
and consumed is equal to 1.9 [7]. The raw materials for dark fermentation may be simple sugars but
also cellulose or starch hydrolyzed into simple sugars [6,8]. It would be particularly desirable to use
this process for the production of second generation hydrogen from starch and cellulose-rich waste
from the agriculture, food, wood and paper industries [9,10].

In the case of bioconversion of cellulose-rich wastes, fermentation technologies are multistep
processes in which the fermentation step is preceded by enzymatic hydrolysis step aimed at degrading
the organic structure of polymeric compounds present in raw biomass used as feed, to simple molecules
(monosaccharides, fatty acids and amino acids) that are metabolized by the microorganisms involved
in fermentation. Enzymatic hydrolysis has a huge impact on the course of fermentation and its final
yield [11–14]. It is also the most expensive step, which limits the cost of the entire technology [15,16].
The rate of enzymatic hydrolysis of lignocellulosic waste is limited by many factors, such as the degree
of polymerization of the raw material, moisture content, hemicellulose and lignin content [17], or the
porosity of the raw material [18,19]. Therefore, the breakdown of the compact lignocellulose structure
during pre-treatment stage facilitates the enzymatic hydrolysis of polysaccharides [20–22]. It should
also ensure the reduction of the degree of cellulose crystallization and the increase of the surface contact
area of cellulose present in the raw lignocellulosic material with enzymes by removing lignin and
non-polymeric compounds from the reaction environment [23,24]. Hence, understanding the changes
occurring during the initial processing of lignocellulosic materials (differing in the content of cellulose,
hemicellulose and lignin and the structure of lignocellulose matrix) is crucial for understanding the
relationship between the yield of delignification of lignocellulose in the pre-treatment step, the efficiency
of the cellulose and hemi-cellulose enzymatic hydrolysis step and the hydrogen production yield in
the process of dark anaerobic fermentation of glucose, cellobiose and other monosaccharides being the
products of the enzymatic hydrolysis step [25,26]. In our opinion, in this matter, a new valuable data
may be achieved during the study of bioconversion process of selected raw lignocellulosic materials
(LCMs) characterized by different chemical composition of lignins and hemicelluloses with one of the
previously developed methods [27–29] of hydrogen production from lignocellulosic materials and
further analysis of obtained results via chemometric methods.

In a previous article, the authors presented a method of hydrogen production from energetic
poplar preceded by monoethanoloamine (abr. MEA) pre-treatment and enzymatic hydrolysis [30]
and concluded that there is a need to compare the results obtained when this procedure is applied
on diversified lignocellulosic materials. In this article, first of all, we tested the suitability of the
developed method of alkaline pre-treatment and enzymatic hydrolysis of energetic poplar (EP) for
the processing of five other lignocellulosic materials, i.e., beech (B), energetic willow (EW), triticale
paleas (TP), meadow grass (MG) and corn cobs (CC), respectively. Lignin, cellulose and hemicellulose
contents after and before the pre-treatment step were measured and compared. Secondly, for analyzed
biomass types, the suitability of the developed method was tested for the removal of selected inhibitors
(produced during pre-treatment) of cellulolytic enzymes before the enzymatic hydrolysis step. In
addition, guided by the need to reduce process costs, we have modified the enzymatic hydrolysis step,
previously investigated in [30] without affecting the efficiency of this process, which was justified by
the obtained values of total reducing sugar concentrations [30] for EP. Finally, which was of particular
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interest to us, we compared the applicability of the obtained enzymatic hydrolysates of the tested
lignocellulosic materials for the growth of Enterobacter aerogenes and we compared the efficiency of
hydrogen production during their dark fermentation. Chemometric methods were applied in order to
define the correlations between measured parameters and support the conclusions drawn at all steps
of the process.

2. Results

2.1. Design of Experiment

LCMs of different origin are diversified from the perspective of structural building components, i.e.,
lignin, hemicellulose and cellulose [31–33]. This is because comparison of the hydrogen productivity
potential of different lignocellulosic materials in relation to the lignocellulosic biomass composition and
the nature of the method used for their bioconversion is an interesting and valuable field of research.
Therefore, the principle criterion used during the selection of the LCMs for this study was the content
of cellulose, hemicellulose and lignin in biomass. On the base of the results published in our previous
studies [34,35], we chose such LCMs as beech wood (B), energetic poplar wood (EP), energetic willow
wood (EW), meadow grass (MG), corn cobs (CC) and triticale (TP). The content of cellulose is relatively
higher in lignocellulosic material of EW than in other investigated LCMs. On the other hand, the
content of cellulose in woods (EP and B) and in cereals (CC and TP) is comparable, but relatively higher
than in the meadow grass (MG; see Table 1). However, it should be noted, that EW has also the highest
content of lignin and all analyzed woods have higher content of lignin than investigated cereals and
grass [35]. Moreover, no clear trend regarding hemicellulose content in the analyzed LCMs can be
observed [30]. The content of hemicellulose is the lowest in EW, the highest in TP, and comparable in
other analyzed LCMs [36,37]. Limit of detection (abr. LOD) is given in the tables footer.

Table 1. Content of cellulose, hemicellulose and lignin in lignocellulosic biomasses of energetic willow
wood (EW), beech wood (B), energetic poplar wood (EP), meadow grass (MG), corn cobs (CC) and
triticale paleas (TP) before and after the MEA pre-treatment.

Biomass
Cellulose
Content

(%)

Hemicellulose
Content (%)

Lignin
Content

(%)

Ash and
Extractives
(Ethanol)

(%)

Cellulose
Content after

Delignification
(%) *

Hemicellulose
Content after

Delignification
(%) *

Lignin
Content after
Delignification

(%) *

Cellulose
Removal

(%)

Hemicellulose
Removal (%)

Lignin
Removal

(%)

EW 46.5 ± 0.5 15.6 ± 0.5 29.4 ± 0.5 8.5 ± 0.5 46.5 ± 0.5 14.3 ± 0.5 5.9 ± 0.5 <LOD 8.2 ± 0.5 79.9 ± 0.5
B 38.6 ± 0.5 19.9 ± 0.5 28. ± 0.5 13.2 ± 0.5 38.6 ± 0.5 17.6 ± 0.5 6.2 ± 0.5 <LOD 11.4 ± 0.5 79.9 ± 0.5

EP 39.5 ± 0.5 22.2 ± 0.5 26.3 ± 0.5 11.7 ± 0.5 39.5 ± 0.5 19.5 ± 0.5 5.2 ± 0.5 <LOD 12.1 ± 0.5 80.2 ± 0.5
MG 27.1 ± 0.5 22.6 ± 0.5 16.8 ± 0.5 33.5 ± 0.5 26.7 ± 0.5 19.8 ± 0.5 3.3 ± 0.5 1.4 ± 0.5 12.4 ± 0.5 80 ± 0.5.
CC 41.0 ± 0.5 22.6 ± 0.5 14.2 ± 0.5 22.2 ± 0.5 40.6 ± 0.5 19.8 ± 0.5 0.4 ± 0.5 1.1 ± 0.5 12.8 ± 0.5 97.5 ± 0.5
TP 39.1 ± 0.5 25.4 ± 0.5 18.4 ± 0.5 7.1 ± 0.5 38.8 ± 0.5 21.5 ± 0.5 1.4 ± 0.5 0.8 ± 0.5 15.4 ± 0.5 92.5 ± 0.5

(%)*—content of cellulose, hemicellulose or lignin after pre-treatment step is presented as a content of each polymer
in the raw material, respectively; LOD = 0.5%.

Subsequently, selected LCMs were bioconverted to hydrogen using the method developed
in our previous studies [10,30]. This method includes the following steps: alkaline hydrolysis of
lignocellulosic material (step 1), streams separation (step 2), removing of cellulolytic enzymes inhibitors
from residual biomass after pre-treatment (step 3), enzymatic hydrolysis of residual biomass (step 4)
and dark fermentation of enzymatic hydrolysates of LCMs (step 5) used as a feed during the culture of
Enterobacter aerogenes.

Several differences in the structure and organization degree of the biomass components are
reported in the literature [38–43]. Therefore samples of all analyzed LCMs before and after the
alkaline-pre-treatment step were also analyzed with scanning electron microscopy (SEM), in order to
investigate and compare noticeable differences in the surface structure of LCMs.

In the case of Enterobacter aerogenes, glucose is a preferable carbon source for growth (carbon
catabolite repression) [44]. Hence, in its presence the other carbohydrates present in enzymatic
hydrolysates of LCMs should not be consumed as efficiently as glucose in dark fermentation. Although
glucose may be a part of hemicellulose structure in lignocellulosic materials, its main source during
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the enzymatic hydrolysis step of LCMs is cellulose [30,45]. Therefore, it is assumed that high content
of cellulose in LCMs and glucose in enzymatic hydrolysates of lignocellulosic materials used as a
feed in dark fermentation should be positively correlated with yield of hydrogen production in this
process. Hemicellulose can be also hydrolyzed enzymatically and besides the glucose it can be a source
of other fermentable monosaccharides [46,47] i.e., xylose, arabinose and galactose consumed during
dark fermentation of E. aerogenes. However, due to the carbon catabolite repression, their presence
in enzymatic hydrolysates of LCMs should not significantly affect the rate of growth of the bacterial
culture and the yield of hydrogen production during the dark fermentation. On the other hand, it is
crucial to note that hemicellulose and lignin present in the material are the sources of inhibitors of
the cellulolytic enzymes that arise at the alkaline pre-treatment step [48]. Therefore, it is important to
effectively remove the resulting inhibitors from the remaining biomass after the pre-treatment. Their
presence at the LCMs enzymatic hydrolysis step would have a negative effect on the amount of glucose
released from cellulose, and other carbohydrates released from hemicellulose.

Concluding, in the light of above presented data and assumptions, in these studies we focused on
the analysis of: (i) the content of lignin, cellulose and hemicellulose in analyzed LCMs before and after
the pre-treatment (step 1, 2), (ii) the presence of inhibitors of cellulolytic enzymes in LCMs hydrolysates
after pre-treatment and in the residual biomass of LCMs (step 3, 4) after solid residue washing and
(iii) the growth rate and yield of hydrogen production for model organism E. aerogenes (step 5) and
their correlations with concentration of glucose and others fermentable sugars in LCMs enzymatic
hydrolysates. Finally, the collected data allowed us to assess the suitability of the method used with
different LCMs and pointed the possible directions of its further development. Due to the collection of
large data sets during research on LCMs characterized by the different structures of lignocellulosic
matrixes and the different contents and compositions of lignins and hemicelluloses, authors applied
chemometric methods to draw global conclusions regarding the usefulness of performed process and
possible directions for its further development.

The overall scheme of the design of the experiment (DOE) is presented in Figure 1.
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2.2. Effect of MEA Pre-Treatment on the Biomass Content and Structure

2.2.1. Structural Changes in Biomass During MEA Pre-Treatment

It may be assumed, that the properties and availability of cellulose for enzymes is an individual
feature depending on the structure and way of linking of the particular elements of lignocellulose in
each analyzed biomass. Certain structural differences of LCMs surfaces before and after the alkaline
pre-treatment can be observed on the basis of SEM pictures [38,40,43,49], Figure 2.

Even an approximate analysis of SEM images relating to each of the investigated lignocellulosic
material surface structure before and after the alkaline treatment with MEA allows observing changes
in LCMs, which can be a result of the applied pre-treatment. In each of the presented cases and for
each of the materials used, numerous cracks on the surface occur, which is probably related to the
delignification of each biomass. Supposable, the structures in which the lignin was located peripherally
were more scarified (Figure 2). Obtained results corresponded with those presented in [38], where the
authors have shown droplets on the biomass surface and the changes of the biomass structure due to
the isolation and migration of lignin.

Interestingly, there were significant differences in the composition and structure of lignin among
plants. Up to now lignin has been classified into three groups: gymnosperm (softwood), angiosperm
(hardwood) and grass lignin [38,50]. However, depending on the criterion, Towers and Gibbs
suggested [51] that lignin should be categorized into two groups: guaiacyl lignin and guaiacylesyringyl
lignin due to its overall chemical constitutions. Scanning electron microscopy is not able to provide the
detailed feature of the materials under examination. However it may be a good tool to observe the
lignin distribution within the biomass and the overall changes occurring in the structure during the
pre-treatment. As can be conducted on the basis of Figure 2, straw type lignin, i.e., removal of lignin
present in CC, TP and MG causes higher scarification of the surface in comparison with EP, B or EW
during pre-treatment. This conclusion matches the conclusions presented in [52], where the authors
concluded, that the physicochemical properties of straw lignin are known to be different from those of
softwoods or hardwoods, due to its higher solubility in alkaline solutions. The type of the source from
that lignin is obtained and the method of extraction has a strong bearing on its properties [52].
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2.2.2. Changes in Content of Six Different Lignocellulosic Biomasses After MEA Pre-Treatment

In order to determine the effect of the pre-treatment with MEA on diversified biomass residues,
their composition i.e., lignin, cellulose and hemicellulose content, were determined in raw materials
and materials after alkaline pre-treatment applying NREL methods (see Section 3.1, please). Although
the composition of the raw materials was previously determined during our previous research [35],
we decided to define it again. First of all, we used a new portion of lignocellulosic materials for
this research. Secondly, we took them from containers in which they were stored for a period of ca.
12 months from their preparation from environmental samples of trees, cereals and grass (Materials
and Methods). After analysis we found that there were no differences in composition of new portions
of analyzed LCMs compared to those published in [35] greater than the scope of the measurement
error (Table 1). We concluded that the conditions of LCMs storage had no negative impact on their
composition. Moreover, the method used for preparing of LCMs materials (milling and mincing) for
storage allowed us to correctly randomize and ensure homogeneity of the stored biomass samples.

In Table 1 the content of cellulose, hemicellulose and lignin in all analyzed LCMs determined
before and after alkaline pre-treatment with MEA is presented. Although, the cellulose was not
hydrolyzed under mild conditions of alkaline MEA-pre-treatment in LCMs of analyzed woods (EW, B
and EP), we found a slight decrease in cellulose content for analyzed LCMs of cereals (CC and TP)
and grass (MG) after the pre-treatment step (Table 1). Moreover, in all analyzed LCMs we found
that hemicellulose and lignin were hydrolyzed. Hemicellulose removal after pre-treatment in LCMs
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characterized by comparable content of hemicellulose (B, EP, MG and CC) was also comparable.
Moreover, the lowest and highest removal of hemicellulose was obtained for materials with the lowest
(EW) and the highest content (TP) of hemicellulose, respectively. However, it is worth to note, that
the main goal of this step was an effective removal of lignin from LCMs and the partial removal of
hemicellulose is a “side effect” of the alkaline pre-treatment, which leads to a loss of glucose and
other fermentable sugars present in hemicellulose molecules. Interestingly, although the pre-treatment
method was optimized for lignin removal from wood (EP) [35], the highest degree of lignin removal
was achieved for LCMs of cereals i.e., CC and TP (Table 1), materials characterized by remarkable
lower lignin content than analyzed woods, which corresponds to literature data [52]. However, for
meadow grass, which contains more lignin than CC but not more than TP, lignin removal was almost
the same (~80%) as for woods. Moreover, it is worth to note that for MG the removal of cellulose
was also the highest (1.4%). On the other hand, it seems that the removal of lignin from woods (EP,
EW and B) under conditions of MEA-pre-treatment optimized for EP [35] is limited. After this step,
the lignin (5–6%) present in these LCMs may have a negative impact on the contact of cellulolytic
enzymes with cellulose and hemicellulose. In conclusion, the presented data seem to confirm that the
structure and chemical composition of lignin and hemicellulose present in the lignocellulosic material
is more important to design the process of its bioconversion than the proportion between the cellulose,
hemicellulose and lignin content in this material.

Differences in the structure of materials discussed in the chapter regarding structural changes
in biomass during MEA-pretreatment (Section 3.2) correspond with the observations regarding the
changes occurring in the biomass content. It can be stated that not only the proportion between lignin,
hemicellulose and cellulose determine the delignification efficiency, but also differences in the solubility
of lignin in alkaline solutions, due to diversified structure, have a strong influence on the solid state
residue content.

In the light of data presented in Table 1, it seemed that EW (highest content of cellulose) and CC
or TP (high cellulose content and the lowest content of lignin) after pre-treatment seemed to be the
best LCMs for bioconversion to hydrogen via dark fermentation. However, there is another parameter
that seemed even more important for bioconversion process. The MEA-pre-treatment led to partial
hydrolysis of LCMs. Hence, after this step two fractions were obtained: solid and liquid, which had
to be separated before the next step of bioconversion process (liquid fraction contains inhibitors of
cellulolytic enzymes). In this case, for hydrogen production, only solid fraction was valuable. In
theory, the smaller the loss of mass of lignocellulosic material after the pre-treatment step, the greater
its potential for use in the hydrogen production process. That is why we also analyzed the weight loss
of lignocellulosic materials after pre-treatment (Table 2).

Table 2. Biomass amount recovery after the MEA pre-treatment for EW, B, EP, MG, CC and TP.

Biomass EW B EP MG CC TP

Biomass amount
recovery after

delignification (%)
75.45 ± 0.17 73.6 ± 0.26 74.54 ± 0.33 59.09 ± 0.23 40.90 ± 0.31 55.45 ± 0.54

After analyzing the data presented in Table 2, CC and TP ceased to appear as attractive
lignocellulosic materials for use in the hydrogen production process by means of biomass bioconversion.
At this step, EW characterized by the highest content of cellulose and the lowest loss of mass after
the pre-treatment step, seemed to be the best candidate for this process. Moreover, the data analysis
presented in Tables 1 and 2 showed that the conditions of pre-treatment optimized for EP [30] allowed
to obtain the same delignification rate and comparable loss of hemicellulose content and mass loss of
biomass for all analyzed woods, i.e., EP, EW and B.

It probably results from the fact that these lignocellulolytic materials, so-called “soft woods”,
contained hemicellulose and lignin with a similar structure and chemical composition.
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2.2.3. Inhibitory Compounds Formation During Alkaline Hydrolysis

In our previous work [53] we omitted two important analyses. Firstly, we did not check the
presence of cellulolytic enzymes inhibitors, which were formed during alkaline pre-treatment, in
obtained hydrolysates of EP. Secondly, we did not check if the method of washing of residual biomass
after pre-treatment step allowed for a successful removal of these inhibitors from residual EP biomass
subjected to enzymatic hydrolysis. Due to the above, the authors decided to carry out the mentioned
analyzes and drew appropriate conclusions in this paper.

The presence of levulinic acid, HMF, furfural and total phenolic compounds (abr. TPC, the presence
of the TPC is correlated with the presence of phenolic compounds in conversion to vanillin), recognized
inhibitors of cellulolytic enzymes and fermentation [54–56] was confirmed in alkaline hydrolysates of
Moringa oleifera biomass, kitchen waste and rice straw [57–59]. During alkaline hydrolysis, TPC are
products of lignin hydrolysis [60–62]; while HMF and Furfural are formed as a result of undesirable
chemical transformation of xylose released from partially degraded hemicellulose [63]. In this study,
the analysis of MEA hydrolysates composition also confirmed the presence of HMF, furfural and
phenolic compounds in all analyzed hydrolysates (Table 3).

Table 3. Biomass amount recovery after MEA pre-treatment for EW, B, EP, MG, CC and TP.

Carbon Source
HMF, g/L Furfural, g/L TPC, g/L Levulinic Acid g/L

Alkaline Hydrolysates/Enzymatic Hydrolysates

EW 0.02 ± 0.01/<LOD 0.01 ± 0.01/<LOD 0.07 ± 0.02/<LOD 0.01 ± 0.01/<LOD
B 0.05 ± 0.02/<LOD 0.07 ± 0.02/<LOD 0.08 ±0.02/<LOD 0.02 ± 0.01/<LOD

EP 0.07 ± 0.02/<LOD 0.04 ± 0.01/<LOD 0.11 ± 0.02/<LOD 0.01 ± 0.01/<LOD
MG 0.23 ± 0.03/<LOD 0.31 ± 0.04/<LOD 0.51 ± 0.04/<LOD 0.07 ± 0.01/<LOD
CC 0.19 ± 0.01/<LOD 0.22 ± 0.03/<LOD 0.48 ± 0.08/<LOD 0.08 ± 0.01/<LOD
TP 0.19 ± 0.02/<LOD 0.24 ± 0.02/<LOD 0.44 ± 0.04/<LOD 0.06 ± 0.01/<LOD

LOD: 0.012 mg/L (furfural); 1.120 mg/L (levulinic acid); 0.970 mg/L (HMF) and 0.009 mg/L (TPC).

Moreover, after the pre-treatment, significantly higher concentrations of all tested inhibitors were
found in CC, TP and MG hydrolysates than in woods hydrolysates: EP, EW and B. Interestingly, the
high concentration of HMF in CC, TP and MG hydrolysates indicates the possible use of these materials
and the presented pre-treatment method for biorefining process. Currently, HMF may be converted to
numerous compounds [64], gas fuels or fuel additives, building blocks for the production of polymeric
materials. To date, biorefinery based synthesis of HMF may be advantageous as it improves the
use of biomass raw materials [65–67]. In addition, due to the significant weight loss of these LCMs
after pre-treatment (Table 2), the need to effectively remove HMF and other inhibitors (Table 3), these
lignocellulosic materials did not seem to be as attractive for use in the production of hydrogen through
dark fermentation as we assumed at the beginning of the study. However, in our opinion, the analysis
of the data presented in Tables 2 and 3 allowed drawing the opposite conclusions for B, EW and
EP LCMs.

Due to the presence of the enzymatic inhibitors in alkaline hydrolysates for all tested LCMs, it
was necessary to check their presence in residual biomass after their removal. The results presented in
Table 3 show the lack of inhibitors in analyzed enzymatic hydrolysates. It means that the method used to
separate alkaline hydrolysates from lignocellulosic residues, developed during our previous study [30],
allowed the effective removal of these inhibitors from these residues before their enzymatic hydrolysis.

2.2.4. Enzymatic Hydrolysis Method Development

In our previous study, MEA-pre-treated EP solid residues were enzymatically hydrolyzed to
determine YTRS (the amount of total reducing sugar) and glucose yields, the parameters important for
analysis effectiveness of E. aerogenes growth cultures and hydrogen productivity, respectively. However,
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in contrast to the previous model study [30,49,68] we decided to optimize the composition of enzymatic
cocktail used during this step. As noted in the introduction, the cost of enzymes used during the
enzymatic hydrolysis step significantly affects the total cost of the entire bioconversion process [30,69].
Since the cellobiase (β-glucosidase from Aspergillus niger, Sigma-Aldrich, Darmstadt, Germany) is
four times more expensive (in conversion on enzyme activity) than cellulolytic enzymes cocktail from
Aspergillus niger (viscozyme L, Sigma-Aldrich), the authors decided to determine the smallest required
amount thereof to create a mixture of enzymes to allow the effective hydrolysis of energetic poplar,
comparable to that achieved in our previous work (comparable total reducing sugar (TRS) yields) [30].
For this purpose, the enzymatic cocktail, which fulfilled the presented criteria, was chosen on the basis
of a comparison of the total glucose yield for five different proportions of the enzyme cocktail at four
different temperatures, after 24 h enzymatic hydrolysis of EP (Figure 3).Catalysts 2019, 9, x FOR PEER REVIEW 11 of 29 
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Figure 3. Glucose and total reducing sugar (TRS) efficiency depending on enzymatic
hydrolysis parameters.

It occurred that the highest value considering glucose (and TRS) efficiency was obtained in 42 ◦C
when the proportion of viscozyme to β-glucosidase from Aspergillus niger was equal to 0.95:0.05. Since
no more glucose was released when the β-glucosidase from Aspergillus niger content was increased
above 0.05, and the cost of this enzyme was higher, than for viscozyme, the authors proceeded to
test the temperature influence using the defined mixture. These results correspond with the results
obtained in our previous work [30]. It occurred that obtained results represent the highest glucose
efficiency for temperatures from 42 to 45 ◦C. Since heat energy cost affects the overall cost of hydrogen
generation, a temperature equal to 42 ◦C was chosen for further experiments. The results obtained
for the saccharification of alkaline hydrolysates show that the model obtained for EP was applicable
for lignocellulosic materials of other origin. It seems, however, that by means of further enzymatic
hydrolysis tests, it should be confirmed whether the elongation of enzymatic saccharification time has a
beneficial effect on the obtained YTRS values. On the basis of the analysis of the data contained in Tables 1
and 2 and the mass of LCMs residues after the enzymatic hydrolysis step it can be concluded that,
especially in relation to woods in the source sample, there was an unhydrolyzed amount of cellulose.
Noticeable content (ca. 20%) of unhydrolyzed biomass contained between the diatomaceous earth
particles was observed after enzymatic hydrolysis and might still be substrate for cellulolytic enzymes.
However attempts to separate these particles failed and therefore an approach for the enzymatic
hydrolysis method development needs to be conducted. In the light of presented disadvantage of
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recently developed method we are planning to use the magnetic core immobilization to improve the
enzyme recovery after saccharification. This approach is known, however not widely applied for
cellulolytic enzymes [70].

2.2.5. Enzymatic Hydrolysis of Pre-Treated Lignocellulosic Materials

Application of viscozyme L and β-glucosidase from Aspergillus niger (0.95:0.05) in the enzymatic
hydrolysis step (DOE, step 4) allowed us to obtain the mix of sugars, which are products of the
decomposition of cellulose and hemicellulose of analyzed LCMs (Table 4).

Table 4. Content of selected carbohydrates in enzymatic hydrolysates of six different pre-treated
lignocellulosic biomasses.

Raw Material
Glucose Xylose Galactose Mannose and Arabinose Cellobiose YTRS

(mg/gbiomass)

EW 479 ± 0.81 30 ± 0.08 16 ± 0.38 14 ± 0.02 11 ± 0.09 550 ± 1.38
B 470 ± 0.83 33 ± 0.22 6 ± 0.12 7 ± 0.21 11 ± 0.11 527 ± 1.49

EP 472 ± 0.58 39 ± 0.41 14 ± 0.22 11 ± 0.23 2 ± 0.14 538 ± 1.58
MG 376 ± 0.68 81 ± 0.24 48 ± 0.41 13 ± 0.41 20 ± 0.16 482 ± 1.90
CC 401 ± 0.76 45 ± 0.18 25 ± 0.18 16 ± 0.32 5 ± 0.06 492 ± 1.50
TP 422 ± 0.33 36 ± 0.38 26 ± 0.14 18 ± 0.16 14 ± 0.09 516 ± 1.10

Despite the differences in the lignin content in the investigated LCMs after the pre-treatment step
(Table 1), the applied enzymatic hydrolysis process parameters allowed us to hydrolyze about 80% of
the total weight of all LCMs tested. Since the differences in the content of lignin remaining after the
alkaline pre-treatment step in analyzed LCMs did not seem to have a significant effect on the LCMs
biomass enzymatic hydrolysis, one should consider optimizing other process conditions. The duration
or the number of enzyme units seemed to be of great importance. On the other hand, the economically
optimized composition of the enzymes was characterized by a low content of β-glucosidase (at the
level of 240 U/g of hydrolyzed biomass). Despite the relatively small proportion of this enzyme, the
results shown in Table 4 indicate that this amount of enzyme appeared to be sufficient to efficiently
hydrolyze cellobiose to glucose. This is important because the cellobiose resulting from the hydrolysis
of cellulose by endocellulases and exocellulases may inhibit their further action, which affects the
efficiency of the entire process of hydrolysis of cellulose to glucose [18].

Moreover, the results presented in Table 4 show that cellulolytic enzymes hydrolyzed not only
cellulose, but also hemicellulose. This is evidenced by the presence of xylose, arabinose, mannose and
galactose in the enzymatic hydrolysates. Moreover, in the case of LCMs hydrolysis, i.e., EP, MG, CC and
TP, which contained similar amounts of hemicellulose, and significantly higher amounts of cellulose
compared to MG, a difference in the content of xylose and galactose can be seen. In the enzymatic
hydrolysate of MG the content of both mentioned sugars was higher than in the hydrolysates of EP, CC
and TP. However, despite the similar cellulose and hemicellulose content in solid state residues after
the alkaline pre-treatment (Table 1) in EP, CC and TP, there were noticeable differences in the amount
of glucose present in the hydrolysates of the mentioned materials (Table 5). It could be explained
by the fact, that beside cellulose, also hemicellulose is the source of glucose in this case. Despite the
slightly lower cellulose content in TP than in CC (Table 1), the glucose content in the TP hydrolysate
was significantly higher than in the CC hydrolysate (Table 4). In addition, the CC hydrolysate had
a significantly higher xylose concentration than in the TP hydrolysate (Table 4). On the other hand,
similar hydrolysis results were obtained (content of glucose and xylose, Table 4) for all examined “soft
woods”, i.e., EP, EW and B. In conclusion, it appears that these results indicate that the composition
of hemicellulose as well as the structure of cellulose and hemicellulose fibers (in the studied trees,
this structure is similar but different from the investigates cereals [51]) has a decisive influence on the
composition of the total reducing sugar amount and glucose content in enzymatic hydrolysates of
analyzed LCMs. However it did not correspond with the efficiency of the hydrolysis process itself,
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since maintaining the ratio of enzyme units in the mixture to the weight of hydrolyzed LCMs after 24 h
of enzymatic hydrolysis, allowed obtaining a comparable degree of hydrolysis for each of the analyzed
LCMs (up to ca. 80%). Therefore it could be concluded, that the enzymatic hydrolysis might require
further optimization, which the authors intended to perform during future research.

Table 5. Changes in the sugar concentration during dark fermentation for different broths.

Carbon
Source

Time,
h

Disaccharides,
g/L

Glucose,
g/L

Galactose,
g/L

Pentoses,
g/L

YTRS,
g/L

Glucose

Initial 0.00 ± 0.05 5.50 ± 0.05 0.00 ± 0.05 0.00 ± 0.05 5.50 ± 0.2
6 0.00 ± 0.05 3.47 ± 0.05 0.00 ± 0.05 0.00 ± 0.05 3.47 ± 0.2

20 0.00 ± 0.05 2.01 ± 0.05 0.00 ± 0.05 0.00 ± 0.05 2.01 ± 0.2
32 0.00 ± 0.05 1.22 ± 0.05 0.00 ± 0.05 0.00 ± 0.05 1.22 ± 0.2
50 0.00 ± 0.05 0.05 ± 0.05 0.00 ± 0.05 0.00 ± 0.05 0.05 ± 0.2

Final 0.00 ± 0.05 0.00 ± 0.05 0.00 ± 0.05 0.00 ± 0.05 0.00 ± 0.2

Blank

Initial 0.00 ± 0.05 0.50 ± 0.05 0.00 ± 0.05 0.00 ± 0.05 0.50 ± 0.2
6 0.00 ± 0.05 0.32 ± 0.05 0.00 ± 0.05 0.00 ± 0.05 0.32 ± 0.2

20 0.00 ± 0.05 0.14 ± 0.05 0.00 ± 0.05 0.00 ± 0.05 0.14 ± 0.2
32 0.00 ± 0.05 0.04 ± 0.05 0.00 ± 0.05 0.00 ± 0.05 0.04 ± 0.2
50 0.00 ± 0.05 0.02 ± 0.05 0.00 ± 0.05 0.00 ± 0.05 0.02 ± 0.2

Final 0.00 ± 0.05 0.00 ± 0.05 0.00 ± 0.05 0.00 ± 0.05 0.00 ± 0.2

EP

Initial 0.14 ± 0.05 4.61 ± 0.05 0.22 ± 0.05 0.53 ± 0.05 5.50 ± 0.2
2 0.11 ± 0.05 4.22 ± 0.05 0.18 ± 0.05 0.44 ± 0.05 4.95 ± 0.2
4 0.04 ± 0.05 3.01 ± 0.05 0.17 ± 0.05 0.31 ± 0.05 3.89 ± 0.2

24 0.00 ± 0.05 0.84 ± 0.05 0.14 ± 0.05 0.27 ± 0.05 1.25 ± 0.2
48 0.00 ± 0.05 0.04 ± 0.05 0.02 ± 0.05 0.17 ± 0.05 0.23 ± 0.2

Final 0.00 ± 0.05 0.02 ± 0.05 0.00 ± 0.05 0.09 ± 0.05 0.11 ± 0.2

EW

Initial 0.09 ± 0.05 4.51 ± 0.05 0.34 ± 0.05 0.56 ± 0.05 5.50 ± 0.2
2 0.07 ± 0.05 4.37 ± 0.05 0.29 ± 0.05 0.42 ± 0.05 5.15 ± 0.2
5 0.04 ± 0.05 3.98 ± 0.05 0.29 ± 0.05 0.38 ± 0.05 4.69 ± 0.2

24 0.04 ± 0.05 1.98 ± 0.05 0.18 ± 0.05 0.27 ± 0.05 2.47 ± 0.2
48 0.02 ± 0.05 1.11 ± 0.05 0.14 ± 0.05 0.12 ± 0.05 1.39 ± 0.2

Final 0.00 ± 0.05 0.01 ± 0.05 0.02 ± 0.05 0.05 ± 0.05 0.08 ± 0.2

B

Initial 0.08 ± 0.05 4.44 ± 0.05 0.41 ± 0.05 0.57 ± 0.05 5.50 ± 0.2
2 0.08 ± 0.05 4.38 ± 0.05 0.38 ± 0.05 0.51 ± 0.05 5.35 ± 0.2
5 0.06 ± 0.05 4.15 ± 0.05 0.35 ± 0.05 0.48 ± 0.05 5.04 ± 0.2

24 0.04 ± 0.05 2.24 ± 0.05 0.33 ± 0.05 0.37 ± 0.05 2.98 ± 0.2
48 0.04 ± 0.05 0.25 ± 0.05 0.22 ± 0.05 0.05 ± 0.05 0.56 ± 0.2

Final 0.03 ± 0.05 0.00 ± 0.05 0.00 ± 0.05 0.02 ± 0.05 0.05 ± 0.2

CC

Initial 0.12 ± 0.05 4.49 ± 0.05 0.42 ± 0.05 0.47 ± 0.05 5.50 ± 0.2
2 0.01 ± 0.05 4.33 ± 0.05 0.37 ± 0.05 0.38 ± 0.05 5.09 ± 0.2
5 0.09 ± 0.05 4.02 ± 0.05 0.31 ± 0.05 0.34 ± 0.05 4.76 ± 0.2

24 0.04 ± 0.05 1.98 ± 0.05 0.22 ± 0.05 0.32 ± 0.05 2.56 ± 0.2
48 0.04 ± 0.05 0.42 ± 0.05 0.14 ± 0.05 0.22 ± 0.05 0.82 ± 0.2

Final 0.02 ± 0.05 0.00 ± 0.05 0.00 ± 0.05 0.08 ± 0.05 0.10 ± 0.2

TP

Initial 0.16 ± 0.05 4.01 ± 0.05 0.68 ± 0.05 0.65 ± 0.05 5.50 ± 0.2
2 0.12 ± 0.05 3.85 ± 0.05 0.52 ± 0.05 0.56 ± 0.05 5.05 ± 0.2
5 0.12 ± 0.05 3.16 ± 0.05 0.48 ± 0.05 0.49 ± 0.05 4.25 ± 0.2

24 0.08 ± 0.05 1.55 ± 0.05 0.47 ± 0.05 0.41 ± 0.05 2.51 ± 0.2
48 0.04 ± 0.05 0.32 ± 0.05 0.21 ± 0.05 0.00 ± 0.05 0.57 ± 0.2

Final 0.04 ± 0.05 0.00 ± 0.05 0.00 ± 0.05 0.00 ± 0.05 0.04 ± 0.2

MG

Initial 0.07 ± 0.05 3.98 ± 0.05 0.60 ± 0.05 0.85 ± 0.05 5.50 ± 0.2
2 0.07 ± 0.05 3.57 ± 0.05 0.52 ± 0.05 0.85 ± 0.05 5.01 ± 0.2
5 0.07 ± 0.05 3.41 ± 0.05 0.49 ± 0.05 0.84 ± 0.05 4.81 ± 0.2

24 0.07 ± 0.05 1.53 ± 0.05 0.40 ± 0.05 0.81 ± 0.05 2.81 ± 0.2
48 0.00 ± 0.05 0.24 ± 0.05 0.31 ± 0.05 0.00 ± 0.05 0.55 ± 0.2

Final 0.00 ± 0.05 0.00 ± 0.05 0.00 ± 0.05 0.00 ± 0.05 0.00 ± 0.2
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2.3. Dark Fermentation

2.3.1. Process Parameters

Hydrogen production experiments are based on the mesophilic dark fermentation technique
carried out periodically in triplicates under anaerobic conditions. Hydrogen production is a process
that strongly depends on many factors, including the composition of the fermentation charge, substrate
concentration, pH value and temperature [71]. Mentioned process parameters were monitored and
controlled at set points during the experiment. Importantly, the total sugar concentration (see Table 4),
utilized as a sole carbon source by Enterobacter aerogenes, in the initial fermentation broth was set
as 5.5 g/L for each analyzed hydrolysate. For this purpose, appropriate volumes of real enzymatic
hydrolysates of analyzed LCMs were introduced in the broths. Hence, the content glucose and other
sugars for each analyzed lignocellulosic material corresponding proportionately to data presented in
Table 4.

2.3.2. Process Course

The changes in the optical density ODλ=600nm of Enterobacter aerogenes cultures in bioreactors as
well as the hydrogen volume increase were investigated and the appropriate results are presented in
the Figures 4 and 5, respectively.
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Figure 4. Changes in optical density of Enterobacter aerogenes cultures during dark fermentation for
different feed materials.
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Figure 5. Changes in the volumetric concentration of hydrogen for different feed materials during dark
fermentation experiments.

Having presented the data analysis, it might be concluded that the hydrogen production was
positively correlated with the growth of E. aerogenes cultures (Figures 4 and 5) for each analyzed
lignocellulosic material, respectively. On the basis of the course of the curves (Figure 6), some
similarities can be observed regarding the positive correlation between the content of glucose in each
hydrolysate and the hydrogen productivity. The higher the initial glucose concentration in the nutrient
solution (Table 4), the higher the hydrogen production efficiency (Figure 6). The same correlation was
observed when we compared the rate of growth E. aerogenes cultures (Figure 5) and the content of
glucose in hydrolysates used as a feed. Therefore, we decided to analyze the concentration of glucose
and other selected sugars during dark fermentation for each analyzed LCMs (Table 5).

The analysis of data from Table 5 demonstrates that glucose was mainly used as a carbon source
during the logarithmic phase of growth. This is consistent with the presence of carbon catabolite
repression mechanism for E. aerogenes [72], which means that glucose was the preferred carbon and
energy source than others presented in Table 5. Since most of the hydrogen is produced during the
logarithmic phase, the concentration of glucose in the biomass hydrolysates becomes one of the key
parameters of this process. Hence, the results obtained (Tables 4 and 5, Figure 6) seemed to confirm the
assumptions adopted during the design of the experiment (DOE). The ratio of the obtained hydrogen
volumes (mL) to overall concentration of reducing sugars also indicates the correlation of the results
obtained with the increase in the glucose content in YTRS (Table 6, line 2). However, in order to assess
the cost-effectiveness of the entire biomass bioconversion process to hydrogen, it is also necessary to
compare the yield of hydrogen produced from 1 g of the lignocellulosic material used for this purpose.
The authors [53] have previously carried a procedure to generate hydrogen with the application of
EP, and stated that it is possible to obtain an average amount of hydrogen generated during the dark
fermentation carried by Enterobacter aerogenes ATCC 13048 equal to 22.99 mL H2/g EP. However, due to
a large influence of process parameters applied on the pre-treatment stage, we concluded, the need
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to carry experiments for diversified raw material and create the ability to compare the hydrogen
efficiency from different biomasses and conduct discussions allowing us to link the composition and
structure of these materials with the hydrogen generation performance. This approach allowed us
to conclude, that the hydrogen yield was higher for materials that had a smaller mass loss after the
alkaline pre-treatment and a greater share of glucose in the YTRS after enzymatic hydrolysis (Table 6,
line 1). For comparison, results obtained for glucose (G) as a sole carbon source were presented in
the table.

Catalysts 2019, 9, x FOR PEER REVIEW 16 of 29 

 

 

Figure 6. Correlation matrix for the compositions of biomass, enzymatic hydrolysates and hydrogen 

efficiency (YTRS—total reducing sugars amount, HMF_HA—HMF concentration in alkaline 

hydrolysates, FUR_HA—furfural concentration in alkaline hydrolysates, TPC_HA–total phenolic 

compound concentration in alkaline hydrolysates, H2(1)—hydrogen productivity mL/g biomass, 

H2(2)–hydrogen productivity mL/YTRS, CEL_con—content of cellulose in biomass, HCEL_con— 

content of hemicellulose in biomass, LIG_con—content of lignin in biomass, CEL_rem—removal of 

cellulose after alkaline pre-treatment, HCEL_rem—removal of hemicellulose after alkaline 

pre-treatment, LIG_rem—removal of lignin after alkaline pre-treatment, BAR—biomass amount 

recovery, Glu—glucose concentration in enzymatic hydrolysates, Xyl.,Gal.,Man.,Arab.—reducing 

sugars concentration in enzymatic hydrolysate and Cel—cellobiose concentration in enzymatic 

hydrolysate). 

The analysis of data from Table 5 demonstrates that glucose was mainly used as a carbon source 

during the logarithmic phase of growth. This is consistent with the presence of carbon catabolite 

repression mechanism for E. aerogenes [72], which means that glucose was the preferred carbon and 

energy source than others presented in Table 5. Since most of the hydrogen is produced during the 

logarithmic phase, the concentration of glucose in the biomass hydrolysates becomes one of the key 

parameters of this process. Hence, the results obtained (Tables 4 and 5, Figure 6) seemed to confirm 

the assumptions adopted during the design of the experiment (DOE). The ratio of the obtained 

hydrogen volumes (mL) to overall concentration of reducing sugars also indicates the correlation of 

the results obtained with the increase in the glucose content in YTRS (Table 6, line 2). However, in 

order to assess the cost-effectiveness of the entire biomass bioconversion process to hydrogen, it is 

also necessary to compare the yield of hydrogen produced from 1 g of the lignocellulosic material 

used for this purpose. The authors [53] have previously carried a procedure to generate hydrogen 

Figure 6. Correlation matrix for the compositions of biomass, enzymatic hydrolysates and
hydrogen efficiency (YTRS—total reducing sugars amount, HMF_HA—HMF concentration in alkaline
hydrolysates, FUR_HA—furfural concentration in alkaline hydrolysates, TPC_HA–total phenolic
compound concentration in alkaline hydrolysates, H2(1)—hydrogen productivity mL/g biomass,
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Table 6. Hydrogen productivity for different raw materials after 48 h.

Raw Biomass G EW B EP MG CC TP

Overall hydrogen
productivity

mL/gbiomass - 25.44 ± 0.42 24.01 ± 0.87 23.41 ± 1.55 7.22 ± 0.89 14.37 ± 1.05 17.82 ± 1.52
mL/YTRS 727.31 ± 3.55 283.45 ± 1.87 264.27 ± 2.44 278.22 ± 1.98 140.51 ± 0.89 202.39 ± 4.25 231.21 ± 3.22
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As it is shown in Table 6, in this study the highest hydrogen productivity was achieved for
energetic willow, however, the overall hydrogen productivity for all investigated wood derived LCMs
was comparable. Hence, the model bioconversion method of wood biomass (energetic poplar) to
hydrogen [30] may be extended to bioconversion of other lignocellulosic materials, however the best
consistency was obtained for lignocellulosic materials of beech wood and energetic willow. The lowest
(almost three times lower in comparison to results obtained for EW, B and EP) hydrogen productivity
was achieved for meadow grass. For comparison, in other dark fermentation studies carried out with
E. aerogenes as a model organism the maximal hydrogen productivity were higher than those presented
in Table 6. Nobre et al. [73] achieved a hydrogen production yield of 47.0 to 60.6 mL H2/g biomass
of remaining biomass of microalga Nannochloropsis sp., after oil and pigment extraction processes.
Batista et al. [74] achieved 7.7–40.9 mL H2/g biomass of Scenedesmus obliquus. However, in both studies,
the hydrogen productivity was a function of the operational conditions of the dark fermentation
process and the maximal productivity of hydrogen was achieved after process optimization. Hence,
the presented data encouraged future studying operational conditions of the dark fermentation process
for EW, B and EP lignocellulosic materials.

On the other hand, the results seemed to confirm that the yield of hydrogen obtained (Table 6)
was dependent on the concentration of glucose in the medium (Tables 4 and 5) and the remaining
sugars e.g., xylose was not used as an effective carbon source for hydrogen production (Table 5) during
logarithmic phase of growth E. aerogenes. This result could be linked to carbon catabolite repression
in E. aerogenes cells. It seems, however, that it is possible to increase the amount of remaining sugars
and increase the efficiency of hydrogen production. Jung et al. [44] constructed a genetically modified
E. aerogenes strain in which the mechanism of carbon catabolite repression was abolished and the
substrate preferences were modified in order to better use the mixture of sugars found in the cassava
molasses for the production of 2,3-butanediol by fermentation. An analogous procedure could be
used to obtain genetically modified strains of E. aerogenes that in the glucose presence in enzymatic
hydrolysates of LCMs efficiently assimilate various monosaccharides, i.e., xylose, and use it for the
production of hydrogen. The use of such recombinant E. aerogenes strain in developed bioconversion
process could increase hydrogen efficiency production and make it more economically profitable.

2.3.3. Chemometric Analysis of the Results of Hydrolysis and Fermentation Steps

On the basis of data presented in Tables 2 and 3, a correlation matrix using [75] was prepared
for the compositions of biomass, enzymatic hydrolysates and hydrogen efficiency describing factors
(Figure 6). As predicted, it was found that there was a positive correlation between the biomass
components and the sugars formed from them. Positive correlation occurred between the content of
hemicellulose in biomass and achieved concentrations of xylose, galactose, mannose and arabinose
as a result of saccharification. Similarly, the concentration of glucose and its dimer, i.e., cellobiose
was positively correlated. Hydrogen formation, as expected, was negatively correlated with sugar
concentration in growth medium (Table 6, Figures 5 and 6). This conclusion corresponded with the
course of fermentation, as the decrease in hexoses, pentoses and disaccharides concentration was
observed at the end of logarithmic phase (Figure 4). The changes occurring in the fermentation broth,
concerning sugar consumption are presented in Table 6 and the changes occurring in the fermentation
broth, concerning by-products formation are presented in Table 5.

A strong positive correlation was observed for total reducing sugars amount with hydrogen
generation yield and glucose concentration, while a negative correlation occurred when inhibitory
compounds formation was considered. Formation of inhibitory compounds, i.e., HMF, furfural and
TPC were positively correlated with hemicellulose content and consequently with xylose, galactose,
mannose and arabinose content. Hence, the presence of high hemicellulose content in LCMs seemed
to be disadvantageous for hydrogen productivity in tested model. However, the effective inhibitors
removal after alkaline pretreatment from LCMs residual materials before enzymatic hydrolysis step
abolished their negative impact on the effectiveness of hydrogen production. Interestingly high
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hydrogen productivity was positively correlated with lignin content in the raw biomass and high
biomass amount recovery. Hence, it could be assumed that high content of lignin was not a major
issue, if the delignification process was efficient and inhibitory compounds were removed adequately
in pre-treatment steps. Pre-treatment conditions elaborated for EP [30] allowed us to achieve a similar
percentage of removal of lignin from other investigated materials derived from wood. When the
developed model conditions were applied to other lignocellulosic materials originating from cereals, a
high degree of delignification was also achieved, which could be observed on the basis of experimental
results (Table 1) and chemometric analysis (Figure 6). However, since research have shown, that it is
not possible to completely remove lignin with MEA. It seems very important that the results indicate
a positive correlation between hydrogen yield and lignin recovery after pre-treatment. This trend
corresponds with results of other alkaline pre-treatments published in the literature [35,76–78].

On the basis of the correlation matrix, the principal component analysis (Figure 7b) and cluster
dendrogram (Figure 7a) representing the similarity of features was prepared using [79]. Variables are
presented as biomass samples, i.e., samples 1 ÷ 18 (Figure 7). The cluster distance measurement was
performed on the basis of correlation matrix (Figure 6). It can be stated that the biomasses used for
hydrolysis and fermentation could be clearly divided into two (Figure 7a) or three groups (Figure 7b),
depending on the assumed similarity level. It was assumed, that the clusters should have a relatively
high similarity level and a relatively low distance level. Therefore the authors decided to divide the
variables in two major groups (Figure 7a) and carried the discussion according to this point of view.
First group represents woods and the second group stood for cereals and grass. Hence, it could also
be concluded that previously mentioned differences occurring in the structure, biomass content and
recovery, sugar proportions and hydrogen productivity and the course of the process associated with
the biomass type might be reflected applying chemometric methods.

Samples 3, 9 and 15 represent EP, and samples 2, 8 and 14 represent B. As it could be conducted
analyzing Figure 7a,b these materials were located in a small distance and a high similarity could be
observed. Both in the mentioned woods, i.e., EP and B were grouped. Moreover, these two groups
were closely related with samples 1, 7 and 13, which stood for EW. Such interpretation on the basis of
chemometric analysis corresponded with previously conducted conclusions regarding the hydrolysis
and fermentation processes course and results (Tables 5 and 6 and Figures 5 and 6). All mentioned
biomasses, i.e., EW, EP and B samples represented wood materials, thus according to the expectations,
the results allowed us to classify listed types of biomass in terms of their bioconversions pathways not
only on the basis of structure and chemical content, but also basing on statistical parameters, which
may be a criterion for biomass classification. In the case of other materials i.e., samples 5, 11 and 17
standing for CC and 6, 12 and 18 standing for TP statistical similarities also occurred, these materials
could be grouped both on the principal analysis graph and in the cluster dendrogram. This confirmed
the possibility of biomass classification in terms of statistical parameters, since both CC and TP
represented cereals and therefore results correspond with the expectations. Interestingly, the samples
represented by 4, 10 and 16 standing for MG constitute an independent group (Figure 7b), showing
however a greater resemblance to the cereals than to woods if the cluster dendrogram similarity level
was considered.
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Figure 7. (a) Cluster dendrogram for different biomasses based on criteria for correlation matrix
analyzed for data repeated in triplicates. (b) Principal component analysis and defined groups
according to parameters presented in Figure 6. First series: 1—EW(1); 2—B(1); 3—EP(1); 4—MG(1);
5—CC(1) and 6—TP(1); second series: 7—EW(2); 8—B(2); 9—EP(2); 10—MG(2); 11—CC(2) and
12—TP(2) and third series: 13—EW(3); 14—B(3); 15—EP(3); 16—MG(3); 17—CC(3) and 18—TP(3).

3. Material and Methods

3.1. Origin, Collection and Preparation of Lignocellulosic Materials

Places of origin and time of harvesting samples of woods (EW, EP and B), cereals (CC and TP)
and grass (MG) are presented in Table 7.
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Table 7. Places of origin and time of harvesting samples of wood (EW, EP and B), cereals (CC and TP)
and grass (MG).

Biomass
Type

Energetic
Willow (EW) Beech (B) Energetic

Poplar (EP)
Meadow

Grass (MG)
Corn Cobs

(CC)
Triticale

(TP)

Source
Local farm
Wejherowo

Poland

Local forest
Wejherowo

Poland

Local farm
Wejherowo

Poland

Local farm
Pępowo
Poland

Local farm
Kościerzyna

Poland

Local farm
Wejherowo

Poland
Geographical
coordinates

54.635538 N
18.246602 E

54.601425 N
18.175480 E

54.635538 N
18.246602 E

54.370719 N
18.399078 E

54.080518 N
17.928266 E

54.635538 N
18.246602 E

Collection
time September 2016 October 2016 September

2016 August 2016 September
2016

September
2016

Milled and minced with a Meec Tools garden shredder 425 and RETCH Ultra Centrifugal Mill ZM
200 lignocellulosic materials were sieved through a 0.75 mm screen [35]. The material after grinding
was dried (105 ◦C, 4 h) and stored in room temperature in sealed containers. Prior to the alkaline
pre-treatment the material was dried in a laboratory dryer at 105 ◦C for 4 h and then stored in a
desiccator with NaOH [80,81].

To determine the parameters of each of lignocellulosic materials tested, total solids, ash and
extractives of raw materials were determined according to the National Renewable Energy Laboratory
(NREL) analytical procedures. The composition and analysis of sugar [82] and lignin content in the raw
materials [83] were determined using the NREL procedure. The content of cellulose and hemicellulose
was determined by HPLC with a Rezex Pb2+ column (300 mm × 7.8 mm, 8 µm) and refractometric
detection (Knauer). Water with a flow rate of 0.6 mL/min was used as the eluent [82].

3.2. Alkaline Pre-Treatment

In or previous study, statistically significant parameters were selected and consequently applied
during optimization of our alkaline pre-treatment method of energetic poplar in accordance with the
Box-Behnken design using alkaline catalyst monoethanoloamine (MEA) [30]. Energetic poplar was
selected as a model lignocellulosic material, because of the high content of cellulose and lignin in
comparison to cereals and grass (CC, T and MG) and high content of hemicellulose in comparison
to woods (B and EW), comparable with hemicellulose content in CC and MG (Table 1) [53]. Optimal
values for MEA pre-treatment are defined as follows: MEA 21% (v/v), temperature 65 ◦C and time 16 h,
according to [30]. Five grams of each dried LCM and 100 mL of MEA solution was placed in 150 mL
flask for alkaline pre-treatment (step 1) and shook vigorously in a shaking water bath for 16 h. Due to
the presence of inhibitory compounds in the liquid fraction of alkaline hydrolysates, the solid residues
should be separated. The experiments were carried in triplicates.

3.3. Separation of Inhibitory Compounds

After the alkaline pre-treatment, the solid and liquid fractions were separated using centrifugation
(5000 RPM, Biofuge 28RS, Heraeus Sepatech, Hanau, Germany). The supernatant was collected for
analysis concerning inhibitory by-products formation and the solid state residue was filtered through
a Buchner funnel to separate the precipitate from the remaining solution. The precipitate was then
washed three times with deionized water (30 mL) and then twice with acetone (30 mL) to ensure the
complete removal of lignin and hemicellulose derivatives as a possible source of compounds acting
as inhibitors for both enzymatic hydrolysis and dark fermentation. The precipitate was dried for 4 h
at 105 ◦C and placed in a desiccator with a drying substance (NaOH). Each experiment was carried
in triplicate.

3.4. Enzymatic Hydrolysis of Solid Residues of LCMs After MEA-Pre-Treatment

In our previous work, solid residue of energetic poplar of the MEA pre-treatment was
processed using enzymatic hydrolysis with viscozyme L (Novozymes Corp., Kalundborg, Denmark)
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supplemented with commercially available β-glucosidase from Aspergillus niger (Sigma-Aldrich, Buchs,
Switzerland) immobilized on diatomaceous earth [84] In this study, the same lignocellulolytic enzymes
were used with exception for enzymes proportions (Viscozyme L: β-glucosidase from Aspergillus niger;
0.95:0.05 m/m). Reaction flasks were incubated in bath shaker at 42 ◦C for 24 h. The immobilized
bed was regenerated and re-used [30]. After the pretreatment step and the removal of inhibitors, the
mass of residual biomass for all LCMs tested was different (Table 2), this factor was taken into account
during the addition of cellulolytic enzymes. For each gram of LCMs 1 g of diatomaceous earth with
approximately 0.2 mL of enzyme cocktail was applied. The experiments were carried in triplicates.

3.5. Dark Fermentation

Enterobacter aerogenes (Selectrol TCS Biosciences Ltd., Buckingham, UK) was used for hydrogen
production in dark fermentation process of enzymatic hydrolysates of B, EW, EP, CC, MG and TP
LCMs. The dark fermentation process for each hydrolysate was conducted under conditions described
in our previous work [53]. Of enzymatic hydrolysates 900 mL was diluted with water in order to keep
a constant level of the reducing sugar content equal to 5.5 g/L for each analyzed LCMs was placed
in the bioreactors. All the given samples were performed using real biomass solutions. The authors
obtained hydrolysates that were further introduced in the broths. For comparison purposes, glucose
based broths were carried as model processes. To compare the results, the concentration of sugars
was set at a level of 5.5 g/L in all experiments, however the proportions of monosugars were different
for different raw materials (please, refer to Table 5). For this reason final hydrogen productivity was
presented with respect to 1 g of biomass. Bioreactors used for this process were inoculated with 100 mL
Enterobacter aerogenes in liquid breeding containing buffered peptone water 20 g/L (Biomaxima, Gdańsk,
Poland), at OD600 = 2.4 ± 0.1. The experiments were carried in triplicates.

3.6. Analytical Methods for Sugars Determination of Enzymatic Hydrolysates and Fermentation Broth

Total solids, ash and extractives for raw materials were determined according to the National
Renewable Energy Laboratory (NREL) analytical procedures [81–83,85,86]. The presence and the
concentration of reducing monosaccharides (glucose, xylose, arabinose, mannose and galactose) and
disaccharides (cellobiose) were determined using HPLC [49]. Sugar fraction was filtered through a
cationic as well as anionic ion exchange column followed by vigorous shaking (30 min). Ion exchange
procedure was completed by filtration through a syringe filter. Then, the eluent was evaporated in a
stream of nitrogen. Sugar fraction was dissolved in 200 µL of water and directed to HPLC analysis
(injection volume 50 µL) HPLC analysis of sugars: HPLC-RID; temperature of separation: 60 ◦C;
column: Rezex Pb2+ column (300 mm × 7.8 mm, 8 µm; Phenomenex, Torrance, CA, USA); eluent:
water; flow: 0.6 mL/min. The analysis was carried in triplicates.

The residual monosaccharides concentration in culture supernatant samples taken after
approximately 0, 2, 6, 20, 50 and 72 h of fermentation was measured using HPLC [34,86].

3.7. Analytical Methods for Inhibitory Compounds Determination in Alkaline and Enzymatic Hydrolysates
of LCMs

The concentration of hydroxymethylfurfural, 5-HMF and total phenolic compounds in alkaline
and enzymatic hydrolysates of LCMs was determined by QP2010 GC–MS SE gas chromatograph–mass
spectrometer (Shimadzu, Kyoto, Japan) equipped with a combi-PAL AOC 5000 autosampler (Shimadzu,
Japan) and a 60 m × 0.25 mm × 1.40 µm Rxi-624Sil MS capillary column (Restek, Bellefonte, PA,
USA). Lab Solutions software (Shimadzu, Japan) with NIST 14 mass spectra library were used for
data management. The temperature program was applied as follows: 50 ◦C (5 min)—ramped at
10 ◦C/min to 260 ◦C (10 min). Injection port temperature was equal to 300 ◦C. Injection mode: split 10:1.
Detector temperature was 300 ◦C, ion source temperature (Electron ionization, 70 eV) was 220 ◦C and
GC/MS transfer line temperature was 300 ◦C. The carrier gas was hydrogen (1 mL/min). SCAN mode
over the mass-to-charge ratio 34–400 m/z and single ion monitoring for particular m/z values selected
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individually for each compound were used. Hydrolysate samples (1.5 mL) were centrifuged (Hettich
zentrifugen, D-78533 Tuttlingen, 3000 RPM) and filtered through the 0.45 µm hydrophilic filters. Next,
1 mL of samples were transferred to 2 mL vials followed by addition of 20µL of an internal standard
solution (4-chlorophenol in acetone at a concentration of 5 mg/mL), pH of samples was adjusted to 2.5
using formic acid. 300 µL of dichloromethane was added to the samples and the samples were shaken
vigorously in the vial for 1 min, followed by centrifugation at 3000 RPM for 5 min. A volume of 250 µL
of organic phase was then transferred to 2 mL vials equipped with 300 µL micro inserts. Finally, 1 µL
of the organic phase (extract) was analyzed by GC–MS. The analysis was carried in triplicates.

3.8. Determination of Hydrogen Yield Obtained During Dark Fermentation Process

Changes in the hydrogen concentration in the obtained gas during fermentation were measured
using gas chromatography, previously described and published parameters were applied [53]. The
analysis was carried in triplicates. Gaseous samples were taken from the reactor at the lag, exponential
and decline phases of culture growth. The growth of E. aerogenes culture was monitored by measuring
of optical density of culture at λ = 600 nm [30,87]. The pH was continuously monitored using Arduino
Microcontroller data-logger.

3.9. Scanning Electron Microscopy (SEM)

Samples of milled and minced raw and alkaline pretreated lignocellulosic biomasses were dried
(105 ◦C, 4 h) and gold-covered by sputtering method prior to analysis in sputter coater Quorum Q150TE
(Quorum Technologies Ltd., Lewes, UK). Then, SEM images of gold covered biomass samples were
performed using SEM Zeiss EVO-40 (Carl Zeiss Microscopy GmbH, Jena, Germany).

4. Conclusions

The applied procedure and the designed method of conducting the bioconversion process enabled
drawing a global conclusion regarding the applicability of various types of biomass for bioconversion
processes (for gaseous fuels) and the suitability of biomass for biorefinery processes. In the case of the
wood biomass type, i.e., EP, EW and B as a result of the applied alkaline pre-treatment, high degrees of
delignification were obtained, with a small loss of the solid fraction after delignification and relatively
high cellulose content in their lignocellulosic residues. Since, as shown by means of chemometric
analysis, high cellulose contents corresponded with the efficiency of enzymatic hydrolysis and at the
same time allowed obtaining high glucose concentrations, also the hydrogen productivity was high. As
for the second type of applied biomass used, i.e., for CC, TP and MG, a high degree of delignification
was also observed; unfortunately a large loss of the biomass was the side effect during delignification.
Therefore, the efficiency with respect to cellulose, i.e., the glucose source after the enzymatic hydrolysis,
was insignificantly smaller. In the case of the alkaline hydrolysates, for the second group of materials,
the content of lignin and its derivatives in the stream was four times higher than in the first group
(representing wood).

The authors confirmed that the previously developed procedure for the removal of enzymatic
inhibitors [30] allowed us to effectively remove inhibitors of cellulolytic enzymes from the residual
biomass of investigated LCMs. The obtained results of enzymatic hydrolysis of the investigated
residual LCMs (part of the cellulose and hemicellulose did not undergo hydrolysis) indicate the need
to optimize the conditions of this step of the bioconversion. The authors concluded, that not only
the presence of lignin but also the composition and structure of hemicellulose and cellulose in the
lignocellulosic material subjected to enzymatic hydrolysis seemed to affect the glucose content and the
concentration of total reducing sugars in the obtained enzymatic hydrolysates. It should be assumed
that the particular features of the morphological structure, not only the composition of the raw material
affected the efficiency of total reducing sugars in the enzymatic hydrolysates and hydrogen efficiency
after dark fermentation.
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Chemometric analysis confirmed that the biomass used for hydrolysis and fermentation could be
clearly divided into two groups. The first group represents woods and the second group stands for
cereals and grass. It could be concluded that previously mentioned differences occurring in the structure,
biomass content and recovery, sugar proportions and hydrogen productivity and the course of the
process associated with the biomass type might be a source of the criterions for biomass classification
in terms of its suitability in the production of gaseous biofuels or in biorefinery processes (see below,
please). As a future direction of research it is necessary to investigate the effect of hemicellulose more
closely on the subsequent steps and consider such pre-treatment to completely remove it before the
saccharification step.

As an effect of the carried procedure i) it was concluded, that a high content of cellulose was
obtained after pre-treatment; ii) delignification and lignin/hemicellulose derivatives removal procedure
was developed; iii) it was stated, that cereal and grass type lignocellulosic material are characterized by
a lower hydrogen generative potential than wood type LCMs and iv) it was possible to carry presented
pre-treatment steps (alkaline hydrolysis of LCMs, then solid LCMs residues and alkaline hydrolysates
separation) before biorefining of cereal and grass type hydrolysates of LCMs.

On the basis of the results obtained for various kinds of biomass analyzed in this study, the
following decision scheme for the classification of biomass, the direction of flow of streams after specific
stages of the pre-treatment could be proposed (Figure 8). The size of the arrows on the block diagram
matches the proportions of the streams.
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Figure 8. Possible pathways of biomass application in bioconversion and biorefining processes based
on the results of the presented study.

Moreover, we concluded that the research on the genetic modification of Enterobacter aerogenes
in order to reduce the effect of carbon catabolite repression with glucose and enable the use of other
monosaccharides resulting from hemicellulose hydrolysis should become a one of future direction of
research related to the bioconversion of wood-type lignocellulose residues presented in this study. For
this purpose, we planned to explore the knowledge about developed strategies of bioengineering of
the E. aerogenes strain for biohydrogen production [88].

On the other hand, optimization of the composition of alkaline hydrolysates, delignification
efficiency and removal of hemicellulose, which may become a precursor to many chemical substances,
should become a direction of biorefining path of our future research on MG, CC and TP biomasses.
The effective separation of the indicated streams described in this paper seemed to be a relevant issue.
From an economic point of view, it is important to conduct bioconversion and biorefining in a parallel



Catalysts 2019, 9, 858 23 of 27

manner in order to fully utilize the potential of a given type of biomass. It is also worth adding that
after termination of dark fermentation, the broth containing a number of metabolites, including organic
acids, could be methanized and thereby the profit from the presented process should be increased.
A future direction of the study should also consider enzyme immobilization with the application of
magnetic matrix for better enzyme recovery, as the optimization of enzymatic hydrolysis step is of
great importance for the economics of the process. Performance of a scale-up requires an optimization
of dark fermentation step, preferably applying a continuous rotary system.
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