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Abstract

Processing of lignocellulosic biomass includes four major unit operations: pre-treatment, hydrolysis, fermentation and product
purification prior to biofuel generation via anaerobic digestion. The microorganisms involved in the fermentation metabolize
only simple molecules, i.e., monosugars which can be obtained by carrying out the degradation of complex polymers, the
main component of lignocellulosic biomass. The object of this paper was to evaluate the saccharification conditions and
identify the process parameters that should be applied to improve the saccharification efficiency of lignocellulosic biomass,
defined as the simple sugars concentration, which was considered as a crucial parameter for hydrogen generation via dark
fermentation. Drawing global conclusions about the occurring changes in the biomass requires learning about the nature
of the biomass structure and composition at different stages of the process. Therefore, techniques for analysis, as FTIR,
HPLC and SEM were applied. The experiment was planned employing Box—Behnken design. The advantageous operating
conditions and the composition of saccharification enzymatic cocktail were identified and their values occurred similar in
the applied border conditions for all tested biomass types. Analysis of the intermediate solid and liquid streams generated
during the pre-treatment procedure revealed several structural and compositional changes in the biomass.

Keywords Lignocellulosic biomass - Saccharification biohydrogen - Fermentation - Process control methods

Introduction

The trend to produce second-generation biofuels from non-
consumer raw materials increases. The recovery of energy
and the reduction of the content of organic waste are the
benefits of the lignocellulosic residue application within the
bioconversion processes. Biomass residues contain lignocel-
lulose that is composed mainly of cellulose (about 50% wt.),
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hemicellulose (about 30% wt.) and lignin (about 20% wt.)
(Kumar and Sharma 2017). The content of the individual
components may vary significantly for different types of
biomass and even for the same type of biomass obtained
from different regions (Anwar et al. 2014). About 48% of
the biomass-originating energy comes from processing of
lignocellulosic materials (Balat 2011; Sun and Cheng 2002).
The development of technologies for lignocellulosic biomass
processing focuses mainly on biofuel generation and biorafi-
nation processes regarding the waste streams. The products
of biorafination include varied organic chemical compounds,
i.e., biomaterials and biochemicals, and biofuels, among
which the most important are bioethanol, biohydrogen, bio-
diesel and furan biofuels (Balat 2011; Lalak et al. 2014).
The processing of lignocellulosic biomass to hydrogen
includes four major unit operations: pre-treatment, hydroly-
sis, fermentation and product purification. Pre-treatment
includes milling, mincing and biomass conditioning; it is
a high-cost consuming process. Size reduction of biomass
particles is used for most lignocellulosic raw materials and
it is realized by means of fragmentation, grinding, milling or
defibering. The hydrolysis is carried by means of chemical,
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enzymatic or biological pre-treatment (Wi 2015). The ini-
tial alkaline (Kucharska et al. 2018) and/or oxidative treat-
ment increase the efficiency of saccharification. Therefore,
pre-treatment of lignocellulose material by alkaline and/or
oxidative hydrolysis is a key step in facilitating the release
of simple sugars during enzymatic hydrolysis from cellu-
lose and hemicellulose present in it. Based on the conducted
experiments, it is found that the availability of cellulose for
enzymes is an individual feature depending on the structure
and method of combining individual elements of ligno-
cellulose in biomass. The microorganisms involved in the
targeted dark fermentation metabolize more easily simple
sugar molecules, especially glucose, that can be obtained
by degrading the mentioned polysaccharides, which are the
main component of lignocellulosic biomass. For the effec-
tive modification of the complex structure of lignocellulosic
materials, it is necessary to determine the optimal, balanced
combination of cellulolytic enzyme mixtures. Based on
the literature review, it was found that the introduction of
B-glucosidase into the proposed enzyme cocktail increases
the efficiency of cellulose hydrolysis to monosaccharides
(Alvira et al. 2010), due to the fact that the intermediate
enzymatic cellulose hydrolysis, i.e., cellobiose is an inhibitor
of cellulolytic enzymes (endo- and exogenous cellulases).
Polysaccharide accessibility can be increased by redis-
tribution or lignin and/or hemicellulose removal. This pur-
pose is carried during alkaline hydrolysis and leads to the
increase in material porosity and a decrease of the cellulose
crystallinity (Brodeur et al. 2011). These various processes
contribute to facilitate the access of enzymes to polysac-
charides to perform their hydrolysis and saccharification
reactions. The efficiency of the subsequent release of simple
sugars during the enzymatic hydrolysis, i.e., saccharifica-
tion, strongly depends on the size of the biomass particles.
Hydrolysates obtained during the second step may be used
for biofuels generation via fermentative processes, €.g.,
for hydrogen generation during dark fermentation (Kumar
et al. 2015b; Agbor et al. 2011). Parameters affecting the
efficiency of saccharification were investigated by a wide
group of researchers. However, the published results do not
give a complex answer regarding the process parameters that
should be applied for diversified lignocellulosic materials.
The components of the enzymatic cocktail for pre-treated
lignocellulosic biomass saccharification are object of devel-
opment. Simple sugars must be released from crystalline
cellulose and hemicellulose via enzymatic hydrolysis to be
introduced to further bioconversion processes as feed mate-
rial. Therefore, the efficiency of enzymatic hydrolysis is
crucial as conversion of biomass to the desired products is
concerned (Kucharska et al. 2018, Narra et al. 2015). High
saccharification efficiency is a criterion for process param-
eters selection, as the process is cost consuming. Cellulose
and hemicellulose conversion is catalysed by cellulases,
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i.e., endoglucanases (digest p-1,4-glicosidic bonds inside
amorphic regions of cellulose chains and release oligosac-
charides molecules), exoglucanases (release monomers
and dimers, i.e., cellobiose from the end of the cellulose
chains) and p-glycosylases (release glucose from cellobiose)
and hemicellulases, i.e., endoxylanases and p-xylosidases,
a-glucuronidase, a-arabinofuranosidase and acetoxylan
esterase, f-mannanase and B-mannosidase. Each enzyme
proposed in the enzymatic cocktail is characterized with
a different optimal range of working temperature and pH,
therefore, it is crucial to determine the operational range for
specific enzymatic cocktail.

To determine the proportions between enzymatically
components, studies based on the 3 k Box—Behnken sta-
tistical design have been made, including variables such
as cellulase (B-glucosidase from Aspergillus niger, Sigma-
Aldrich) content in the enzymatic cocktail, temperature and
enzymatic hydrolysis time, as a parameter modeled using the
final glucose concentration in the hydrolysate. However, the
results of research on the optimization of the composition
of the enzyme cocktail are still being developed. Studies
regarding the immobilization of enzymes were also carried
(Kucharska et al. 2018). From the point of view of the effi-
ciency of enzymatic hydrolysis, it was found that a stream
separation regarding liquids after alkaline hydrolysis and
solid-state residues makes it possible to obtain results that
are reproducible and comparable with the yields obtained
as a result of acid hydrolysis (Trzcinski and Stuckey 2015;
Hasegawa et al. 2013).

Hence, the object of this paper is to evaluate the advanta-
geous saccharification conditions and identify the process
parameters that should be applied to improve the saccharifi-
cation efficiency of lignocellulosic biomass, defined as the
simple sugars concentration, which is considered as a crucial
parameter for hydrogen generation via dark fermentation.

Experimental
Materials and methods
Biomass origin, collection and preparation

Several types of biomass residues were chosen as the source
of lignocellulose. A representant of cereals, i.e., terrestrial
part of waste triticale (abr. TP) (Triticulum ssp. harvested
in September 2017 originated from a local farm in Pomera-
nian Voivodeship, Poland, (54.632,618N, 18.247,050E);
grass type residue, i.e., meadow grass (abr. MG) harvested
in August 2016, originated from a local farm in Pomeranian
Voivodeship, Poland, (54.370,719N 18.399,078E); wood
type residue, i.e., beech (abr. B) harvested in October 2016
originated from a local forest in Pomeranian Voivodeship,
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Poland, (54.601,425N 18.175,480E) were used as the lig-
nocellulosic biomass in this study. A Meec Tools garden
shredder 425 and RETCH Ultra Centrifugal Mill ZM 200
(0.75 mm screen) were used for materials milling and minc-
ing. Before introducing to alkaline hydrolysis, the material
was dried in a laboratory dryer at 105 °C for 4 h according
to previously prepared procedures (Sluiter et al. 2008a, Slu-
iter et al. 2008b; Sluiter et al. 2008c). The composition of
lignocellulosic materials was determined according to the
National Renewable Energy Laboratory (NREL) analytical
procedures.

Alkaline hydrolysis

Significant statistical parameters for alkaline hydroly-
sis were identified during previous experiments with the
Box—Behnken design. Therefore, in this study, the authors
have applied the optimal values to carry further research
for saccharification optimization. Monoethanoloamine (abr.
MEA) was used (Kucharska et al. 2018) at concentration of
21% (v/v). Former research has shown that there is a pos-
sibility to re-use MEA reagent (Kucharska et al. 2018). The
temperature of process was equal to 65 °C and the hydrolysis
lasted 16 h. Alkaline hydrolysis promotes the formulation of
lignin derivatives, which may be further processed during
biorafination. Such by-products can become value-added
products. Its further processing may offset apparatus costs
related to the corrosion of the materials for apparatus. Due
to the presence of lignin derivatives in the liquid fraction,
the solid residues were separated and washed. The solid-
state residues were then introduced to enzymatic hydrolysis
(Wikandari et al. 2016).

Enzymatic hydrolysis

Based on the literature review, it was found that the intro-
duction of B-glucosidase into the proposed enzyme cocktail
increases the efficiency of cellulose hydrolysis to monosac-
charides, due to the fact that the intermediate enzymatic
cellulose hydrolysis, i.e., cellobiose, is an inhibitor of cel-
lulolytic enzymes. Since -glucosidase is the most expensive
of the components of the enzyme cocktail being developed,
to determine the proportion between its components, studies
based on Box—Behnken design have been made. Parameters
identified as statistically significant during preliminary tests
were p-glucosidase content in the enzyme cocktail (m/m—
ratio of pB-glucosidase mass to the mass of other enzymes
in the cocktail), temperature, pH and enzymatic hydrolysis
time, as an out coming modeled parameter using the final
glucose concentration in the hydrolysate.

The solid residue after the alkaline pre-treatment was
introduced into cellulolytic enzymes cocktail, after thorough
washing with water and acetone, containing Viscozyme L

(Novozymes Corp., Copenhagen Denmark) supplemented
with B-glucosidase (Sigma-Aldrich, Stockholm, Sweden).
200 mL of enzymatic solution (Viscozyme L: Glucosidase
from Aspergillus niger; at different proportions) with 10 g
of solid lignocellulosic residue in Mcllvaine’s buffer was
stirred in a shaker at different temperatures in the range of
30-48 °C for 6-96 h in pH equal to 4.2-5.8. Subsequently,
samples were collected and before analysis, the enzymes
were separated by heating to 60 °C and centrifugation (Het-
tich zentrifugen, D-78,533 Tuttlingen, 3000 RPM).

Fundamental energy, economic balance and risk
assessment

The operational costs and energy requirement during the
applied laboratory scale experiment were carried with
respect to pre-treatment of energetic willow in former study
(Lukajtis et al. 2018). An exemplary economic analysis of
the energetic willow alkaline pre-treatment showed that
biomass preparation using mechanical methods, the alka-
line pre-treatment with special respect to temperature sig-
nificantly affect the costs of the process. As a result of this
research, it was stated that to reduce the costs of biomass
processing, the optimal values of process parameters identi-
fication is required. The authors have optimized parameters
regarding alkaline pre-treatment (Lukajtis et al. 2018), how-
ever, the saccharification step also required analysis regard-
ing the used border conditions. Therefore, the authors found
it reasonable to compare the efficiency and relative increase
in glucose efficiency for the process parameters during enzy-
matic saccharification with expansion to diversified lignocel-
lulosic materials.

During the applied procedure, different chemical sub-
stances, solvents, enzymes and microorganisms were
engaged. Therefore, in case of scale up from laboratory
scale to quarter-technical scale a risk management proce-
dure needs to be considered and introduced. Risk assess-
ment is one of the key management tools of any modern
organization, as the term risk is permanently inscribed in
all areas of organization management at both the strategic
and operational levels. The obligation to conduct system-
atic risk analysis is defined by legal regulations in the field
of management control, protection of personal data, quality
management system (ISO 9001), information security (ISO
27,001), business continuity (ISO 22,301) or anti-corrup-
tion system (ISO 37,001). The analysis of possible hazards
regarding the process and their occurrence is presented in
Table 1.

Analytical methods

Biomass, alkaline pre-treated biomass and enzymatic
hydrolysates composition determination Total solids, ash
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Table 1 Critical hazards and consequences related with the emissions during pre-treatment, saccharification and bioconversion processes

Consequence Critical hazard

Environmental cost

Financial consequences Injury

Severe Emission of chemicals due to multiple
fatalities

Major Emission of chemicals due to single
fatality

Minor Incidents or minor damages

Insignificant Barely noticeable loss of the chemicals

Total loss of the equipment
Total loss of the charge
Eliminable error in one of the stages of

the process

Incident with small impact on the costs

Sickness caused by an accident at work

Health complications related to the nature
of the work performed

Nuisance associated with repetition of
activities

Short-term absence with little effect on the
process

and extractives for TP, MG and B before and after alkaline
pre-treatment were determined according to the National
Renewable Energy Laboratory (NREL) analytical proce-
dures (Sluiter et al. 2008a, b, ¢, Kucharska et al. 2018).

The concentration of glucose, xylose, arabinose, man-
nose, galactose and cellobiose in enzymatic hydrolysates
were determined using HPLC (Nowak et al. 2017). For
the purposes of HPLC, collected samples were purified
via cationite and anionite ion exchange columns and fil-
tered through a syringe filter, to remove buffers and pro-
tein before the analysis. Nitrogen evaporated sample was
next dissolved in 200 pL of water and directed to HPLC
analysis (injection volume 50 pL, HPLC-RID; temperature
60 °C; Rezex Pb** column (300 % 7.8 mm, 8 pum, Phenom-
enex, Torrance, CA, USA; eluent: water; flow: 0.6 mL/
min. Each analysis was carried in triplicate. Control exper-
iments were carried without the addition of solid residues.

Lignin derivatives determination in alkaline hydro-
lysates The presence and concentration of lignin deriva-
tives, i.e., hydroxymethylfurfural, 5S-HMF and total phe-
nolic compounds were determined by QP2010 GC-MS
SE gas chromatograph-mass spectrometer (Shimadzu,
Japan) equipped with a combi-PAL AOC 5000 autosam-
pler (Shimadzu, Japan) and a 60 mx0.25 mm X 1.40 pm
Rxi-624Sil MS capillary column (Restek, USA). Lab
Solutions software (Shimadzu, Japan) with NIST 14 mass
spectra library were used for data management (Stupek
et al. 2018).

Scanning electron spectroscopy (SEM) and energy-disper-
sive X-ray spectroscopic measurements (EDX) Samples of
solid-state residues of lignocellulosic biomass before and
after enzymatic hydrolysis were dried and gold-covered by
sputtering method (sputter coater Quorum Q150TE, Quo-
rum Technologies Ltd, Lewes, UK). SEM images were per-
formed using SEM Zeiss EVO-40 (Carl Zeiss Microscopy
GmbH, Jena, Germany). Energy-dispersive X-ray spectro-
scopic measurements (EDX measurements) were carried
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out using EDS Bruker AXS Quantax 200 (Billerica, MA,
USA) to reveal the elemental composition of investigated
materials, applied samples were not gold sputtered.

Fourier transform infrared (FTIR) spectroscopy Fourier
transformation infrared spectroscopy (MIR-FT-IR) was
applied using the Nicolet 8700 Spectrometer (Thermo Sci-
entific) to identify the types of chemical bonds in structural
units of the obtained lignocellulosic particles before and
after pre-treatment. The method of suppressed total reflec-
tion (ATR) was used. The infrared spectra were registered
from 4500 to 524 cm™" at 2 cm™! resolution using air as the
background.

Results and discussion

Enzymatic cocktail composition and saccharification
parameters optimization

As an outcome of the Response Surface Methodology (abr.
RSM) data analysis for Box-Behnken design variables pre-
sented in Table 2, a model equation for each lignocellulosic
material was defined. Equations, determination coefficients
and optimal values of variables are presented in Table 3.

The presented models are valid in the operational model
conditions, i.e. in the range of 0.01-0.09 for p-glucosidase
content [m/m], 4-5.6 for pH, 30-40 °C for temperature and
20-48 h for saccharification time.

Even though several differences occurred when the
models were calculated, the range of optimal values for
different lignocellulosic materials calculated on the basis
of the response surface methodology revealed, that the
optimal values regarding process parameters and compo-
sition of enzymatic cocktail remained at a constant level
(in the range of 2%). Therefore, to evaluate the changes
occurring in the biomass structure and composition,
occurring during optimized alkaline pre-treatment and
optimized saccharification measurements regarding the
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Table 2 Box—Behnken design

for optimisation of enzymatic Numl?er of B-glucosidase pH 1 [°C] 7 [h] Glucose concentration [mg/

saccharification for TP, MG experiment content {m/m] Spiomass]

and B X1 X2 X3 X4 Y(TP) Y(MG) Y(B)
1. 0.01 4 35 34 191.3 156.1 214.4
2. 0.09 4 35 34 344.7 276.7 389.2
3. 0.01 5.6 35 34 226.3 183.7 254.3
4. 0.09 5.6 35 34 312.2 251.2 352.2
5. 0.01 4.8 30 34 276.4 223.1 3114
6. 0.09 4.8 30 34 317.6 255.5 358.4
7. 0.01 4.8 40 34 217.5 176.7 244.2
8. 0.09 4.8 40 34 343.2 275.6 387.5
9. 0.01 4.8 35 20 188.4 153.8 211.1
10. 0.09 4.8 35 20 321.2 258.3 362.5
11. 0.01 4.8 35 48 218.4 177.4 245.3
12. 0.09 4.8 35 48 429.0 343.1 485.4
13. 0.05 4 30 34 357.1 286.5 403.4
14. 0.05 5.6 30 34 288.7 232.7 3254
15. 0.05 4 40 34 290.2 233.9 327.1
16. 0.05 5.6 40 34 365.2 292.9 412.6
17. 0.05 4 35 20 312.4 251.3 352.4
18. 0.05 5.6 35 20 276.8 223.3 311.8
19. 0.05 4 35 48 315.2 253.6 355.6
20. 0.05 5.6 35 48 343.1 275.5 387.4
21. 0.05 4.8 30 20 288.7 232.7 325.4
22. 0.05 4.8 40 20 241.3 195.5 271.4
23. 0.05 4.8 30 48 287.5 231.8 324.1
24. 0.05 4.8 40 48 4229 338.3 478.4
25. 0.05 4.8 35 34 356.3 285.9 402.5

Table 3 Model equations based on RSM for different lignocellulosic materials

Lignocel-  Model equation R*  Optimal values

lulosic —
material X1 X2 X3 x4
TP Y (TP)=356.32+62.46 X1 +0.12 X2+5.34 X3 +32.28 X4 —53.85 X1% - 24.25 X22-21.51 092 0.06 4.82 37 48

X32—16.86 X1X2+21.17 X1X3 4 19.45 X1X4 4 15.88 X2X3 +45.68 X3X4

MG Y (MG)=285.91+49.13 X149.2 X2 +4.2 X3+25.39 X4—42.35 X12—19.08 X22—11.87 X3°—16.92 0.90 0.06 4.83 36 48
X42—13.27 X1X2+16.61 X1X3+15.3 X1X4+28.2 X2X3 + 12.49 X2X4 +35.93 X3X4

B Y (B)=402.5+71.21 X140.13 X2+6.09 X3 +36.8 X4—61.38 X12—27.65 X2% — 17.21 X32—24.52

091 0.06 4.78 36 48

X4%2—19.23 X1X2+24.075 X1X3 +22.18 X1X4 +40.87 X2X3 + 18.1 X2X4+52.075 X3X4

biomass at different stages of pre-treatment were carried.
The other authors have also reported a possibility to apply
response surface methodology to describe the effective-
ness of the process. (Dahunsi et al. 2017; Ko et al. 2009;
Lay 2001; Lay et al. 2005; Sangyoka et al. 2016; Sekoai
2016). However, in mentioned papers, the authors focused
on one type of raw material and its processing. The goal of
carried research is to carry an effort to compare the results

obtained for three types of biomass to draw global conclu-
sions in the studied range of variability.

Biomass composition at different stages
of pre-treatment

Changes in the composition of TP, MG and B occurring

during pre-treatment steps regarding lignin, cellulose,
hemicellulose and their derivatives content are presented
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Table 4 Content of cellulose, lignin, hemicellulose in solid-state residues of lignocellulosic biomasses (TP, MG and B) at pre-treatment stages

Biomass Cellulose = Hemicellulose Lignin content [%] Ash and extrac-  Cellulose Hemicellulose Lignin Total biomass
content [%] content [%] tives (ethanol) removal [%] removal [%] removal amount recovery
[%] [%] [%]
Raw biomass
TP 39.1 254 18.4 7.1 - - - -
MG 27.1 22.6 16.8 335 - - - -
B 38.6 19.9 28.3 13.2 - - - -
Solids after optimized MEA-pre-treatment
TP 38.8 21.5 1.4 n.d. 0.8 15.4 92.5 555
MG 26.7 19.8 33 n.d. 1.4 12.4 80.2 59.1
B 38.6 17.6 6.2 n.d. <LOD 11.4 79.9 73.6
Solids after optimized saccharification
TP 34 42 <LOD n.d. 91.2 80.5 <LOD 12.0
MG 22 3.1 <LOD n.d. 91.8 84.3 <LOD 8.5
B 1.1 23 <LOD n.d. 99.5 86.9 <LOD 6.1

n.d. not detected, LOD limit of detection, LOD 0.5%, [ %] content of constituents, i.e., cellulose, hemicellulose or lignin after pre-treatment steps
is presented as a content of each polymer in the initial material [m/m], respectively; standard deviation for data in the table, SD=0.8%

Table 5 Composition of alkaline and enzymatic hydrolysate liquid streams after optimized pre-treatment stages of lignocellulosic biomasses

(TP, MG and B)

Hydrolysate ~ Lignin and hemicellulose derivatives Monosugars Cellobiose, g/LL
Sum of TPC, HMF  Levulinic acid g/L Glucose g/L Xylose g/L Galactose g/L Mannose,
and furfural, g/L arabinose g/L.
Alkaline hydrolysate
TP 0.870 0.06 <LOD 0.09 0.05 0.05 0.03
MG 0.105 0.07 0.08 0.07 0.02 0.05 <LOD
B 0.200 0.02 <LOD 0.07 0.06 0.05 <LOD
Enzymatic hydrolysate
TP <LOD <LOD 1.28 0.32 0.12 0.06 0.04
MG <LOD <LOD 0.84 0.28 0.15 0.18 0.03
B <LOD <LOD 1.45 0.25 0.11 0.11 0.05

TPC total phenolic compounds, HMF hydroxymethylfurfural, LOD 0.012 mg/L (furfural), 1.120 mg/L (levulinic acid), 0.970 mg/L. (HMF),

0.009 mg/L (TPC), 0.003 mg/L (monosugars and cellobiose)

in Tables 4 and 5. The content of cellulose, hemicellu-
lose and lignin were determined in raw material and in
solid-state residues after alkaline pre-treatment with MEA
and in solid-state residues after enzymatic hydrolysis
(Table 4).

According to the data presented in Table 4, it can be
concluded that prior to pre-treatment steps, the composi-
tion of solid-state residues changes significantly during
alkaline and enzymatic hydrolysis. Even though lignins
are extremely resistant to chemical and enzymatic deg-
radation (Alvira et al. 2010; Brodeur et al. 2011; Kumar
et al. 2015a; Bali et al. 2015; Abudi et al. 2016), a sig-
nificant removal of this constituent has been determined
during MEA-pre-treatment. In further steps, i.e., during
enzymatic hydrolysis, the lignin removal was lower than
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the limit of detection. In general, lignin removal occurred
higher for cereal type of biomass than for grass and wood.
Recent progress in lignin removal during pre-treatment
is widely discussed in the literature (Kumar et al. 2015b;
Kumar and Sharma 2017). According to Michalska and
Ledakowicz (2013), the application of sodium hydrox-
ide during pre-treatment leads to almost complete lignin
removal. In addition, biological methods are successfully
applied to remove lignin during pre-treatment steps (Schil-
ling et al. 2009). Hemicellulose removal was also observed
during pre-treatment. At both MEA-pretreatment stage,
and enzymatic hydrolysis stage, in case of this polymer, a
comparable removal was observed for all used biomasses.
Similar effects are reported in the literature for alkaline
pre-treatment of Miscanthus sinensis (Haque et al. 2013),
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or diversified biomass types (Yu et al. 2016). However,
most of the constituent was hydrolyzed during enzymatic
hydrolysis. When cellulose, an unbranched linear poly-
mer is concerned, no significant change in its content was
observed during MEA-pretreatment. However, after enzy-
matic hydrolysis of the separated solid-state residue after
MEA-pretreatment, 99.5% of initial cellulose was hydro-
lyzed in wood type biomass, i.e., in beech samples. The
hydrolysis rate of cellulose in cereal and grass remains at
similar level, of 91.2% for triticale and 91.8% for meadow
grass. The ethanol extractives represent a minor fraction
of lignocellulosic materials. Their presence was only
identified and determined in raw biomass. This is due to
their chemical structure, as this group contains soluble
substances, i.e. terpenoids and steroids, fats and waxes,
phenolic constituents, and inorganic components (Taher-
zadeh and Karimi 2007) that were removed in the initial
stage of each biomass processing.

In conclusion, the presented data seem to confirm that
the MEA-pre-treatment step is well optimized as it allows
removing high amount of lignin and its derivatives. More-
over, the enzymatic cocktail composition seems to be com-
posed adequately to the biomass of diversified origin, as
it is able to convert most of cellulose present in analysed
biomass into less complex structures, i.e., monosugars.

The obtained results regarding solid-state residue
streams need to be compared with the results obtained for
liquid streams. According to the data presented in Table 5,
it can be concluded that the changes in composition of
liquid streams, i.e. alkaline and enzymatic hydrolysates
correspond with the changes observed in raw material and
solid-state residues after pre-treatment steps.

The loss of lignin amount during MEA-pre-treatment
is strongly correlated with the high concentration of TPC,
HMF, furfural and levulinic acid in the alkaline hydro-
lysate. In addition, the highest amount of mentioned
substances was found in alkaline hydrolysate of triticale
(remarkable higher than concentrations of these com-
pounds for other examined types of biomasses). Lignin
and hemicellulose removal during the first step was the
highest in case of this type of biomass. Similar results
were obtained in literature with respect to ionic liquid
pre-treatment (Hernandez et al. 2013) and Eichhornia
crassipes pre-treatment (Xie et al. 2011). Saccharifica-
tion occurring in the MEA-pretreatment step is poor, as
the determined reducing sugar and cellobiose concentra-
tion were low in comparison with the ones measured in
enzymatic hydrolysates. Obtained results conduct that
the approach for stream separation is reasonable, as the
alkaline hydrolysates contain high concentrations of by-
products that may be used prior to bio refining and the
enzymatic hydrolysate contains mainly reducing sugar
components, which can be directly introduced as feed in

the dark fermentation broths or for other biofuel genera-
tion processes. This approach is justified as in the context
of the separation of components, fermentation inhibitors
have not been identified in the enzymatic hydrolysate
stream or their concentration is below the detection limit
(Table 5).

Analysis of the structure of lignocellulosic biomass
at different pre-treatment steps

Analysis of the results regarding biomass composition at dif-
ferent stages of pre-treatment revealed that differences in the
solubility of lignin from diversified origin in MEA-solution
have a strong influence on the solid-state residue content.
According to the literature, another parameter for the lignin
removal and efficient saccharification is also the proportion
between the constituents, i.e. lignin, hemicellulose and cel-
lulose in the raw material, or in presented case in the solid-
state residue after MEA-pre-treatment. The changes in the
structure were observed using SEM and EDX measurements.
In Fig. 1, SEM images of investigated lignocellulosic materi-
als at further steps of pre-treatment are presented.

Analysis of changes occurring during pre-treatment steps
based on SEM images reveals that during consecutive steps
numerous cracks occur in the structure of biomass. Differ-
ences between SEM pictures taken for raw materials (see
Fig. 1a, d, g) structures and for MEA-pre-treated solid-state
residue (see Fig. 1b, e, h) result from the delignification
occurring in this stage. The migration and reorganization
of the biomass structure is the main reason for occurring
changes. Triticale and meadow grass surfaces, for which
lignin is peripherally located (Kucharska et al. 2018), is
more scarified, than beech surface. Differences between
SEM pictures taken for MEA-pre-treated solid-state resi-
dues (see Fig. 1b, e, h) and solid residues after enzymatic
hydrolysis (see Fig. 1c, f, 1) structures result from the sac-
charification occurring in this stage. An observation regard-
ing the total biomass amount recovery presented in Table 3.
Corresponded with the material distribution visualized on
presented pictures. The size and the scarification of the
materials surface confirm deep changes that have occurred
in the structure.

The results concerning EDX measurements for selected
elemental composition (Table 6) confirm that processes
occurring during the delignification and saccharification
cause only proportional changes in the elemental composi-
tion of the biomass.

Changes in the Fourier transform infrared (FTIR)
spectra

FTIR spectroscopy of raw biomass and solid-state resi-
dues after pre-treatment processes may deliver information
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Fig. 1 SEM images of investigated lignocellulosic materials: a raw TP, b MEA-pre-treated TP, ¢ residue after TP enzymatic hydrolysis, d raw
MG, e MEA-pre-treated MG, f residue after MG enzymatic hydrolysis, g raw B, h MEA-pre-treated B, i residue after B enzymatic hydrolysis

Table 6 Results of EDX

Element Triticale Meadow grass Beech
measurements for selected
elemental composition of raw Raw Enzymatic Raw Enzymatic Raw Enzymatic
material and solid-state residue pre-treated pre-treated pre-treated
after enzymatic hydrolysis
wt.% SD wt% SD wt% SD wt% SD wt% SD wt.% SD
C 45.66 535 4842 565 4755 570 4224 516 5301 6.02 5267 598
o 4949 584 4798 576 4425 546 48.69 587 46.03 546 4651 5.55
Si 301 015 086 0.06 208 0.11 438 021 0.06 003 - -
K 0.79 0.05 1.17 0.06 288 0.11 217 0.09 021 0.03 0.15 003
Ca 028 003 086 0.05 1.02 0.05 132 007 013 0.03 0.29 0.04
Mg 019 003 0.1 003 0.17 0.03 018 004 011 003 006 0.03

regarding the changes in the biomass structure during the
consecutive steps of pre-treatment. There are some specific
wavelengths which are expected to occur in the spectrum of
biomass sample. The FTIR spectrum for raw biomasses and
solid-state residues after alkaline and enzymatic hydrolysis
are presented in Fig. 2. The typical occurring bands regard-
ing the spectra are discusses further.

@ Springer

For each registered spectra, a strong broad band at
3433 cm™! can be observed. Its presence is related both to
the presence of aromatic and aliphatic hydroxyl groups. At
the progress of pre-treatment, the band tends to lower its
amplitude, as the concentration of components decreases.
One needs, however, to remember, that the analysis is carried
for solid-state residues, therefore, there is no straight correla-
tion between the absorbance intensity and the concentration.
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Fig.2 FTIR spectra for raw biomasses and solid-state residues
after MEA-pretreatment and enzymatic hydrolysis for a triticale, b
meadow grass, and ¢ beech

The band occurring at 2955 cm™' may be caused by C-H
stretch vibrations in the methoxyl, methyl and methylene
groups present in the aromatic and saccharidic structures
of the hydrolyzed products. The presence of this band
was expected, as for all parts of lignocellulosic constitu-
ents, bands related to monosaccharide presence occur. The
intensity of absorbance at 2955 cm™! decreases with the
progress of saccharification, which can also be observed
on presented spectra (Fig. 2). The effect is more visible for
beech (see Fig. 2¢), which corresponds well with the cel-
lulose removal presented in Table 1. The narrow bands at
1639 cm™! and 1567 cm™' may be assigned to the presence
of ketones, carbonyls and ester groups in the biomass lignin
and hemicelluloses. This kind of bands decreases mainly

during delignification via MEA-pretreatment. The presence
of lignin structures in the biomass is also determined by
the absorbance at 1414 cm™!, assi gned to skeletal vibrations
and carbonyl group stretching vibrations in the syringyl and
guaiacyl aromatic rings, parts of the lignin structures. The
CH, deformation vibrations appearing at 1351 cm~! and may
be caused by both lignin and hemicelluloses structures. The
bands in the wavelengths of 1110-800 cm™" are typical for
hemicelluloses (C—C ring vibrations, stretching vibrations
of C—OH side groups, C—O-C glucosidic band vibrations).
The band at 1047 cm™ is typical for xylan C—O—C stretch-
ing of glucosidic linkages. In conclusion, FTIR spectra may
deliver information regarding the changes in the structure of
biomass during pre-treatment.

Conclusions

Optimization of saccharification conditions of lignocel-
lulosic biomass for biofuels generation via fermentation
processes is crucial as the process efficiency is concerned.
The optimization employing Box—Behnken design may
be a good approach as it revealed, that even though using
diversified lignocellulosic biomass residues in different
conditions, when different values of monosugars efficiency
has been reached, the optimal operating conditions and the
composition of saccharification enzymatic cocktail seems
to be universal, and the optimal values regarding the model
can be applied to various biomass materials. The applica-
tion of several techniques to analyze the obtained solid and
liquid streams produced during the pre-treatment procedure
revealed several structural and composition changes in the
biomass. Therefore, FTIR spectra, SEM pictures and HPLC
analysis can be successfully applied to measure the develop-
ment of the process.
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