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Abstract: In industrial-scale biogas production from cereal straw, large quantities of solid fiber-rich
digestate are produced as residual material. These residues usually contain high amounts of cellulose,
hemicellulose and lignin and thus have potential for further utilization. However, they also contain
impurities such as ammonia and minerals, which could negatively affect further utilization. Against
this background, the present study investigates how this fibrous straw digestate can be fractionated
by a combined hydrothermal and enzymatic treatment and what influence the impurities have in this
process. Therefore, it is analyzed how the fractions cellulose, hemicellulose and lignin are modified
by this two-stage treatment, using either raw digestate (including all impurities) or washed digestate
(containing only purified fibers) as the substrate. For both substrates, around 50% of the hemicellulose
is solubilized to xylans after 50 min of hydrothermal treatment using steam at 180 ◦C. Furthermore,
by subsequent enzymatic treatment, around 90% and 92% of the cellulose and hemicellulose still
contained in the solids are hydrolyzed to glucose and xylose, respectively. Lignin accumulates in the
remaining solid but structurally degrades during the hydrothermal treatment, which is indicated by
decreasing ether and ester bond contents with increasing treatment times. Impurities contained within
the raw digestate do not hinder this fractionation; they even seem to positively affect hemicellulose
and cellulose valorization, but apparently lead to a slightly higher lignin degradation.

Keywords: waste biorefinery; straw digestate; lignocellulose fractionation; hydrothermal treatment;
steam treatment; enzymatic hydrolysis; lignin degradation; thioacidolysis

1. Introduction

In view of limited biomass resources, a growing world population and thus an increas-
ing demand for resources, the goal must be to utilize biomass as completely as possible
once it has been withdrawn from nature in a sustainable manner. Often, however, only
part of the harvested biomass is processed, resulting in numerous organic waste streams
available throughout our overall economy. Anaerobic digestion is a simple possibility for
the valorization of these organic waste streams as it can convert almost any kind of organic
waste into biogas useable as a raw material for the chemical industry as well as a “green”
energy carrier [1]. However, lignocellulosic biomasses, representing an abundant organic
waste stream, especially in agricultural crop production, are only converted to a lesser
extent by anaerobic digestion compared with other plant biomasses due to the complexity
and recalcitrance of their structure [2–4].

Lignocellulose is a matrix of three polymers: cellulose, composed of glucose monomers;
hemicellulose, mainly composed of pentoses; lignin, mainly composed of phenylpropanoids.
The polymeric carbohydrates cellulose und hemicellulose (together referred to as holo-
cellulose) are degradable under anaerobic conditions. This is true if they are accessible
by the fermentation bacteria. However, they are significantly less degradable when they
are incorporated into the lignocellulosic matrix [3–5]. Lignin itself is hardly degradable
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under anaerobic conditions; i.e., typically the lignin to holocellulose ratio increases during
the anaerobic digestion of lignocellulose [6–9]. The consequence is that lignin and not
easily degradable carbohydrates accumulate in the fibrous digestate during the anaerobic
digestion of a lignocellulosic biomass and rather low biogas yields are achieved. In order to
increase the carbohydrate availability, and thus the biogas yields out of a lignocellulosic
biomass, there are numerous pretreatment options for the disintegration of the lignocellu-
losic matrix, which have already been extensively reviewed [2,10–12].

Among these pretreatment options are hydrothermal methods that apply just water
at certain temperatures (typically 150 to 230 ◦C) and respective pressures. Typically, no
other chemicals are used. Thus, hydrothermal treatments have the advantage that no addi-
tional chemical waste is produced [13,14]; however, these processes are energy-intensive.
Hydrothermal processes can be divided into two different groups, depending on the state
of aggregation in which water is used: either as steam (i.e., steam treatment) or as liquid
water (i.e., liquid hot water treatment).

During such hydrothermal methods, a selective solubilization and further degradation
of hemicellulose takes place, being catalyzed by an auto-hydrolysis reaction. This is based
on two effects. Firstly, higher temperatures lead to stronger water auto-ionization and thus
a higher concentration of hydronium ions [13]. Secondly, under typical reaction conditions,
the cleavage of acetyl groups from hemicellulose at high temperatures releases acetic acid.
This acid decreases the pH value and thus causes further hydrolysis of the hemicellulose [15].

Cellulose is hardly solubilized at temperatures below 210 ◦C [13,16]. However, the
biodegradability of cellulose is significantly enhanced by such a hydrothermal treatment
due to an increased available surface area and changes in its microstructure (e.g., loss of
crystallinity) [13]. The consequence is that the carbohydrates from the lignocellulosic biomass
become more available to enzymes and therefore hydrothermal treatments are often used as
pretreatment methods before anaerobic digestion or enzymatic hydrolysis [10,17].

Little to no lignin is removed from the biomass feedstock by such hydrothermal
treatments; nevertheless, liquid-hot water processes apparently remove slightly more
lignin than processes applying steam [18–20]. However, such a hydrothermal treatment
leads to several structural changes in the molecular structure of the lignin, including the
cleavage of ether bonds, deacetylation and repolymerization reactions [18,19,21,22].

Hydrothermal treatments have already been applied to various organic waste materials
such as grass cuttings [23], foliage [24], sewage digestate [25], manure [26], beet pulp [27],
food waste [28] or lignocellulosic wastes such as corn stalk and corn stalk digestate [29]. In
all these studies, the investigations were focused on increasing the potential for energy use
by either increasing the heating value or the biomethane potential of the substrate. However,
some studies indicate that hydrothermal pretreatment to increase energy potential is not
economically viable. Andersen et al. [30] showed that a simple mechanical pretreatment
of straw before anaerobic digestion is more viable than a hydrothermal or an alkaline pre-
treatment. Zieliński et al. [31] even observed a negative energy balance if liquid hot water
pretreatment of the silage of Sida hermaphrodita mixed with cattle manure was applied before
biogas production.

An alternative to the pure energetic utilization is the fractionation of the lignocel-
lulosic biomass via a hydrothermal treatment with possible non-energetic valorization
strategies for the resulting single fractions. For example, it has been investigated how
xylo-oligosaccharides can be obtained from hemicellulose in wheat bran, brewery spent
grain and corn cobs by hydrothermal treatment [32]. It was also demonstrated that the
cellulose fraction of such residual materials can be converted to glucose via subsequent
enzymatic hydrolysis [20,33]. For the example of wheat straw, it was shown that the lignin
fraction is included in the remaining solids after hydrothermal and enzymatic treatments
of wheat straw. Some studies also assessed further valorization strategies for this lignin
fraction by investigating its structural properties [18,34].

Despite the wide range of investigations in the field of hydrothermal and enzymatic
fractionations of biomass, there are only a few studies dealing with the application of such
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combined hydrothermal and enzymatic processes on residual biomass streams resulting
from previous biological treatments such as ensiling [31,35] or anaerobic digestion (no
related publications found). During such a fermentation treatment, impurities and/or
trace components such as proteins, minerals and ammonia can be formed or accumulate,
whereby the composition may differ fundamentally from unprocessed agricultural residues.
With regard to a subsequent hydrothermal treatment and enzymatic fractionation, this can
lead to significant changes in the reactions taking place and it is hypothesized that the
fractionation efficiency decreases due to these impurities.

In order to investigate this further, the hydrothermal and enzymatic fractionation
of a separable fibrous digestate remaining after an anaerobic digestion of cereal straw is
presented below. Following on from this fermentation of cereal straw, which is already
implemented at the industrial scale, the focus of this study is on the further material utiliza-
tion of the resulting digestate, which still contains significant amounts of carbohydrates
and lignin and consequently a high potential for further value creation. The aim is to
show in detail what happens to the individual fractions of the digestate, namely hemicellu-
lose, cellulose and lignin, during hydrothermal and enzymatic treatments. Furthermore,
it is the aim to verify the hypothesis formulated above and thus to assess the influence
of impurities on this fractionation process. This is done by comparing the fractionation
effects for raw and washed fibrous digestate. A detailed look is also taken at structural
changes (i.e., changes in the ether and ester bond content) caused by the hydrothermal
treatment in the lignin fraction, which accumulates in the digestate during anaerobic
digestion, as already described above.

In this way, the present research article demonstrates that both raw and washed fibrous
straw digestate can be fractionated into a hydrolysate containing mainly hemicellulose-
derived sugars, a hydrolysate containing mainly cellulose-derived glucose and a solid
enriched in partially degraded lignin by combined hydrothermal and enzymatic treatments.

2. Materials and Methods

In the following, all the materials, treatment methods and analytical methods are
presented. In order to keep this part compact, more detailed descriptions of already
published methods and calculations are moved to Appendix A. As a starting point, a
graphical overview of the experimental procedure is given in Figure 1.

2.1. Materials

The fibrous straw digestate was obtained from an industrial cereal straw mono-
fermentation biogas plant in Brandenburg (Germany). This original material is named as
the raw digestate in the following. A portion of this raw digestate was extensively washed
with tap water and repeatedly pressed off using a hydraulic press (40 L, Speidel, Germany)
until a fully clear effluent was obtained. The solids obtained in this way are named the
“washed digestate”. Tap water was added to the washed digestate until its water content
was the same as the raw digestate (80 wt%) to allow for similar starting conditions. The
enzyme mix Cellic® CTec2 was received from Novozymes A/S (Bagsværd, Denmark). All
further chemicals were purchased from Th. Geyer GmbH & Co. KG (Renningen, Germany).

2.2. Treatments
2.2.1. Hydrothermal Steam Treatment

The hydrothermal steam treatment was performed in a high-pressure reactor with a
void volume of 3 L (with a height of 0.47 m and an inner diameter of 0.09 m). A schematic
drawing of the reactor system is given in Figure 2. Around 506.8 g of moist digestate,
corresponding to 100 g dry matter, was loaded into a steel cartridge. The loaded cartridge
was then introduced into the reactor, which was preheated to 195 ◦C by a heating oil
jacket. The cartridge was left inside the reactor for five minutes for preheating, while
the outlet to the condenser was kept open in order to allow hot expanding air to escape.
The valve towards the steam generator was slightly opened to pressurize the reactor with
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saturated steam at 180 ◦C and to flush the remaining air from the reactor. As soon as the
first condensate came out of the condenser, the outlet valve to the condenser was closed,
while the valve towards the steam generator was fully opened and the reaction time started.
The temperature of the heating oil jacket was reduced to 188 ◦C in order to maintain a
temperature of about 180 ◦C inside the reactor. Both the pressure at the bottom and the
temperatures at the top and at the bottom of the reactor were monitored using the software
LabVIEW. After a defined treatment time (between 20 to 120 min), the treatment was
stopped by closing the valves to the steam generator and slowly opening the valve towards
the condenser to release the pressure and to condense the steam. Once the atmospheric
pressure had been reached (which was typically achieved after about 1 min), the cartridge
was removed from the reactor and externally cooled with tap water.

Energies 2022, 15, 6111 4 of 28 
 

 

 
Figure 1. Schematic representation of the experimental procedure with the treatment methods car-
ried out and the analytical methods used, each with reference to the corresponding Section (in brack-
ets), in which the corresponding method is described in more detail. 

2.1. Materials 
The fibrous straw digestate was obtained from an industrial cereal straw mono-fer-

mentation biogas plant in Brandenburg (Germany). This original material is named as the 
raw digestate in the following. A portion of this raw digestate was extensively washed 
with tap water and repeatedly pressed off using a hydraulic press (40 L, Speidel, Ger-
many) until a fully clear effluent was obtained. The solids obtained in this way are named 
the “washed digestate”. Tap water was added to the washed digestate until its water con-
tent was the same as the raw digestate (80 wt%) to allow for similar starting conditions. 
The enzyme mix Cellic® CTec2 was received from Novozymes A/S (Bagsværd, Denmark). 
All further chemicals were purchased from Th. Geyer GmbH & Co. KG (Renningen, Ger-
many). 

2.2. Treatments 
2.2.1. Hydrothermal Steam Treatment 

The hydrothermal steam treatment was performed in a high-pressure reactor with a 
void volume of 3 L (with a height of 0.47 m and an inner diameter of 0.09 m). A schematic 
drawing of the reactor system is given in Figure 2. Around 506.8 g of moist digestate, 
corresponding to 100 g dry matter, was loaded into a steel cartridge. The loaded cartridge 
was then introduced into the reactor, which was preheated to 195 °C by a heating oil 
jacket. The cartridge was left inside the reactor for five minutes for preheating, while the 
outlet to the condenser was kept open in order to allow hot expanding air to escape. The 
valve towards the steam generator was slightly opened to pressurize the reactor with sat-
urated steam at 180 °C and to flush the remaining air from the reactor. As soon as the first 
condensate came out of the condenser, the outlet valve to the condenser was closed, while 
the valve towards the steam generator was fully opened and the reaction time started. The 
temperature of the heating oil jacket was reduced to 188 °C in order to maintain a temper-
ature of about 180 °C inside the reactor. Both the pressure at the bottom and the tempera-
tures at the top and at the bottom of the reactor were monitored using the software Lab-
VIEW. After a defined treatment time (between 20 to 120 min), the treatment was stopped 

Figure 1. Schematic representation of the experimental procedure with the treatment methods carried
out and the analytical methods used, each with reference to the corresponding Section (in brackets),
in which the corresponding method is described in more detail.

Energies 2022, 15, 6111 5 of 28 
 

 

by closing the valves to the steam generator and slowly opening the valve towards the 
condenser to release the pressure and to condense the steam. Once the atmospheric pres-
sure had been reached (which was typically achieved after about 1 min), the cartridge was 
removed from the reactor and externally cooled with tap water. 

The cartridge was weighed in order to calculate the water mass balance (neglecting 
compounds that have passed into the gas phase). Subsequently, some hydrolysate was 
pressed off the treated digestate for pH measurement and further sugar analysis. The 
treated digestate was freeze dried, milled below 1 mm and stored for further composi-
tional analysis (Section 2.3.1), enzymatic hydrolysis (Section 2.2.2), thioacidolysis and sa-
ponification (both Section 2.3.3). All experiments were conducted in duplicates. 

 
Figure 2. Schematic drawing of the reactor system for hydrothermal steam pretreatment. 

2.2.2. Enzymatic Treatment 
The enzymatic hydrolysis was carried out in 50 mL centrifuge tubes filled with 0.825 

g dry matter of pretreated digestate and 40 mL of 0.05 M citrate buffer (adjusted to pH 5). 
Furthermore, Novozymes Ctec2 enzymes with a total activity of 28 FPU were added. Sub-
sequently, the tubes were positioned horizontally in a water bath shaker and shaken con-
tinuously (100 min−1) at 50 °C for 72 h. Immediately after the end of the experiment, the 
tubes were cooled on ice and centrifuged (4776× g for 10 min). The supernatant was de-
canted and preserved for sugar analysis (Section 2.3.2). The remaining solid was kept in 
the tube, washed with water twice (40 mL each), freeze dried and subsequently weighed. 
Its composition/lignin content was analyzed following the procedure described in Section 
2.3.1. For each duplicate of hydrothermally pretreated digestate, the subsequent enzy-
matic hydrolysis was again conducted in duplicates. 

2.3. Analytical Methods 
2.3.1. Compositional Analysis 

The ash content of the biomass samples was determined by ashing at 550 °C accord-
ing to DIN EN ISO 18122 [36]. The protein contents of the biomass samples were deter-
mined based on their nitrogen content by applying a nitrogen-to-protein conversion factor 
of 6.25. The nitrogen content was determined via a NCHS elemental analyzer (Vario 
Macro Cube, Elementar, Langenselbold, Germany) by the central laboratory of the TU 
Hamburg [37]. The content of the structural carbohydrates and lignin in the digestate and 
treated biomass samples was determined by a two-stage acid hydrolysis according to pro-
tocol TP-510-42618 published by NREL (National Renewable Energy Laboratory) [38]. The 
hydrolysate obtained from this two-stage acid hydrolysis was analyzed for dissolved sug-
ars, acetic acid and degradation products by HPLC (Section 2.3.2). Based on the amount 

Figure 2. Schematic drawing of the reactor system for hydrothermal steam pretreatment.

The cartridge was weighed in order to calculate the water mass balance (neglecting
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pressed off the treated digestate for pH measurement and further sugar analysis. The
treated digestate was freeze dried, milled below 1 mm and stored for further compo-
sitional analysis (Section 2.3.1), enzymatic hydrolysis (Section 2.2.2), thioacidolysis and
saponification (both Section 2.3.3). All experiments were conducted in duplicates.

2.2.2. Enzymatic Treatment

The enzymatic hydrolysis was carried out in 50 mL centrifuge tubes filled with 0.825 g
dry matter of pretreated digestate and 40 mL of 0.05 M citrate buffer (adjusted to pH 5).
Furthermore, Novozymes Ctec2 enzymes with a total activity of 28 FPU were added.
Subsequently, the tubes were positioned horizontally in a water bath shaker and shaken
continuously (100 min−1) at 50 ◦C for 72 h. Immediately after the end of the experiment,
the tubes were cooled on ice and centrifuged (4776× g for 10 min). The supernatant
was decanted and preserved for sugar analysis (Section 2.3.2). The remaining solid was
kept in the tube, washed with water twice (40 mL each), freeze dried and subsequently
weighed. Its composition/lignin content was analyzed following the procedure described
in Section 2.3.1. For each duplicate of hydrothermally pretreated digestate, the subsequent
enzymatic hydrolysis was again conducted in duplicates.

2.3. Analytical Methods
2.3.1. Compositional Analysis

The ash content of the biomass samples was determined by ashing at 550 ◦C according to
DIN EN ISO 18122 [36]. The protein contents of the biomass samples were determined
based on their nitrogen content by applying a nitrogen-to-protein conversion factor of 6.25.
The nitrogen content was determined via a NCHS elemental analyzer (Vario Macro Cube,
Elementar, Langenselbold, Germany) by the central laboratory of the TU Hamburg [37]. The
content of the structural carbohydrates and lignin in the digestate and treated biomass samples
was determined by a two-stage acid hydrolysis according to protocol TP-510-42618 published
by NREL (National Renewable Energy Laboratory) [38]. The hydrolysate obtained from this
two-stage acid hydrolysis was analyzed for dissolved sugars, acetic acid and degradation
products by HPLC (Section 2.3.2). Based on the amount of dissolved sugars and acetic acid,
the corresponding cellulose and hemicellulose contents were then calculated according
to the protocol TP-510-42618. The acid-soluble lignin (ASL) content was determined
using UV spectrometry at a wavelength of 320 nm and calculated with an absorptivity of
30 L/(g cm). The weight of the acid insoluble residue after the two-stage acid hydrolysis
was corrected for ash content in the case of all the biomasses analyzed and for protein
content in the case of the raw and the washed digestate to obtain the value for acid insoluble
lignin (AIL). In the case of the washed and the raw digestate, extractives were removed
before analysis by two consecutive Soxhlet extractions using first water and subsequently
ethanol (following TP-510-42619 [39]).

While all samples presented up to this point were based on dried samples, the ammo-
nia content in the liquid phase was additionally determined titrimetrically for the moist
raw digestate by the central laboratory of the TU Hamburg [40].

2.3.2. Sugar Analysis (Monomers/Oligomers)

For the quantification of sugar monomers, an HPLC system (Infinity II HPLC Series,
Agilent, Santa Clara, CA, USA), equipped with a Hi-Plex H+ column (Agilent, Santa Clara,
CA, USA) and a refraction index detector, was used. A total of 5 mM sulfuric acid in
deionized water was used as the mobile phase. A five point calibration with D-cellobiose,
D(+)glucose, D(+)xylose, L(+)arabinose, acetic acid, HMF and furfural was performed.
Hemicellulose solubilization yields and enzymatic hydrolysis yields were calculated based
on the HPLC results, as described in Appendices A.2 and A.3.

To quantify oligomeric sugars in the liquid hydrolysate obtained after the hydrothermal
treatment, an acidic hydrolysis was conducted before HPLC analysis, using a sample volume
of 10 mL and a thermal reactor (TR420 from Merck, Darmstadt, Germany) instead of an
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autoclave to ensure a temperature of 121 ◦C during acidic hydrolysis with 4% w/w sulfuric
acid according to the protocol in [41]. The degree of oligomerization was determined by
dividing the amount of oligomeric xylose by the amount of total xylose, as presented in
Appendix A.2.

2.3.3. Analysis of Lignin Structure

Ether-bound lignin monomers were released from the hydrothermally treated biomass
samples by thioacidolysis and detected by GC-MS following published procedures [42,43] (for
further details see Appendix A.4). Ester-bound phenolic acids were solubilized by saponifi-
cation and subsequently analyzed by HPLC with UV detection to determine their content
in the biomass samples. This was done following the method published by Linh et al. [44],
but scaling it down maintaining the same substrate-to-solution ratio of 0.02 g/mL (further
details in Appendix A.5).

The molar fraction xmon of the total lignin monomers released by either ether bond
cleavage (thioacidolysis) or ester-bond cleavage (saponification) was determined from the
amount of monomers nmon,released released from an introduced mass of lignin mlignin by
the respective method, assuming an average molecular weight of 5125 µmole/g per lignin
monomer and using Equation (1), as further justified in Appendix A.6.

xmon =
nmon,released

5125 µmol
g ·mlignin

(1)

The content of the ether linkages in lignin was determined as the root of the molar frac-
tion of lignin monomers released by thioacidolysis [45–49], see Appendix A.6.1 for details.
Furthermore, the content of the ester bonds between p-coumaric acid (pCA) and lignin was
calculated under the assumption that the molar fraction of pCA released corresponds to
the molar fraction of ester bonds with pCA in lignin, as justified in Appendix A.6.2.

The kinetics of total apparent decrease in ether and ester content during the hydrother-
mal treatment were determined based on the experimental data. First-order reaction kinetics,
as derived in Appendix B (Equations (A10) and (A11)), combined with Equation (1) result in
Equation (2) used to model the ether and ester content with the assumed first order reaction
kinetics as basis.

xlinkage(t) =
ne,0·e−kdegr ·t

5125 µmol
g ·mlignin

(2)

xlinkage can be either the ether bond content xether or the ester bond content xester. ne,0 is
the initial amount of the respective linkage at t = 0 and kdegr is the reaction rate constant of
the apparent decrease of the respective linkage. Based on kdegr, the half life t1/2 of the ether
or ester bond content can be calculated according to Equation (3). Further considerations
and justifications for kinetic modeling can be found in Appendix B.

t1/2 =
ln(2)
kdegr

(3)

2.3.4. Statistical Analysis

The experimental data were analyzed using the statistical software SPSS Statistics 26
(IBM, New York, NY, USA). The Tukey post hoc test was applied in order to determine
statistically significant differences between multiple mean values at a significance level of
α = 0.05 [50].

3. Results

The fibrous digestate used had a dry matter content of around 20 wt%. The composi-
tions of the dry mass of the raw digestate and the washed digestate are given in Table 1.
Washing the digestate fibers removes extractives and thereby relatively enriches the content
of cellulose, hemicellulose and lignin within the solid digestate. In the liquid phase of the
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raw fibrous digestate, an ammonia content of around 2.5 g/L was detected. A total of
506.8 g of moist raw digestate, that was inserted into the reactor for hydrothermal treatment,
contained about 406.8 g of liquid phase and thus about 1 g of ammonia. In contrast to this,
the liquid phase of the washed digestate did not contain measurable ammonia concentra-
tions. The following subsections show how the constituents of the digestate are distributed
into the three fractions: the hydrolysate of the hydrothermal treatment (Section 3.1), the
hydrolysate of the enzymatic treatment (Section 3.2) and the remaining solid (Section 3.3).

Table 1. Composition of raw and washed fibrous digestate, including the mean values and standard
deviations calculated from duplicates.

Raw Solid Digestate Washed Solid Digestate

In wt% (Based on Dry Mass)

Cellulose 30.6 ± 1.2 37.5 ± 1.7
Hemicellulose 20.2 ± 1.0 25.7 ± 2.1

Lignin 17.9 ± 0.3 23.3 ± 0.7
Total amount extractives * 19.3 ± 1.2 4.5 ± 1.4

* Sum of water and ethanol extractives.

3.1. Solubilization of Hemicellulose by Hydrothermal Steam Treatment

An important parameter during the hydrothermal treatment is the pH value. At a
constant temperature of 180 ◦C, the final pH values of the hydrolysate and the condensate
depend on the hydrothermal treatment time and whether the digestate was applied raw or
washed. As can be seen in Figure 3, the pH values for the raw digestate are significantly
higher than for the washed digestate. The condensates from the hydrothermal treatment
of the raw digestate show a pH value around 9, regardless of the treatment time. The
pH values of the hydrolysates obtained from treating the raw digestate start at pH 8 and
slowly decrease with longer treatment times. For the washed digestate, the pH values of the
condensate and the hydrolysate show a very similar course and are much lower compared
with the values achieved for the raw digestate, being already around 5 after 20 min of
treatment and further decreasing with longer treatment times approaching a pH = 3.8 after
120 min.
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times within 50 min, solubilization yields increase with treatment time and are slightly
higher for the washed digestate than for the raw digestate. However, with higher treat-
ment times, the solubilization yield decreases for the washed digestate, whereas it slightly
increases for the raw digestate. Another significant difference is in the proportion of
oligomers in the solubilized sugars. While in the case of the raw digestate, irrespective of
the reaction time, almost all dissolved sugars are bound in oligomers, increasing hydrolysis
to monomers with increasing treatment time, as evident in the case of the washed digestate
(Figure 4b).
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the mean values are significant according to the Tukey–Kramer test at a significance level of α = 
0.05. Results that share a letter are not significantly different from each other. 

3.2. Hydrolysis of Cellulose by Enzymatic Treatment 
After hydrothermal treatment, the cellulose can be hydrolyzed by enzymes. Using 

always the same conditions for enzymatic hydrolysis, Figure 5a shows how the glucose 
yield depends on the hydrothermal treatment time. It is apparent that a treatment dura-
tion of 50 min leads to significantly higher yields compared with a treatment duration of 
20 min, but longer treatments do not lead to any further significant improvement. For a 
shorter treatment time of 20 min, hydrolysis yields for the raw digestate are higher than 
for the washed digestate. 

Non-solubilized or non-separated solubilized hemicellulose can also be hydrolyzed 
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even slightly higher yields can be achieved (yields around 90% for cellulose hydrolysis, 
whereas yields are approaching 100% for hemicellulose). 

Figure 4. Analysis of solubilized sugars in the hydrolysate after hydrothermal treatment of raw
digestate (filled in gray •) compared with washed digestate (no filling #). (a) Solubilization yield of the
hemicellulose-related sugars xylose and arabinose as a function of hydrothermal treatment time; (b) share
of dissolved sugars bound in oligomers among total dissolved sugars (free monomers + oligomers). The
error bars reflect the standard deviation observed between two hydrothermal treatments performed at
the same conditions. The letters A to D indicate whether the differences between the mean values are
significant according to the Tukey–Kramer test at a significance level of α = 0.05. Results that share a
letter are not significantly different from each other.

3.2. Hydrolysis of Cellulose by Enzymatic Treatment

After hydrothermal treatment, the cellulose can be hydrolyzed by enzymes. Using
always the same conditions for enzymatic hydrolysis, Figure 5a shows how the glucose
yield depends on the hydrothermal treatment time. It is apparent that a treatment duration
of 50 min leads to significantly higher yields compared with a treatment duration of 20 min,
but longer treatments do not lead to any further significant improvement. For a shorter
treatment time of 20 min, hydrolysis yields for the raw digestate are higher than for the
washed digestate.

Non-solubilized or non-separated solubilized hemicellulose can also be hydrolyzed
enzymatically (see Figure 5b), showing a similar trend as the hydrolysis of cellulose, and
even slightly higher yields can be achieved (yields around 90% for cellulose hydrolysis,
whereas yields are approaching 100% for hemicellulose).
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Figure 5. Enzymatic hydrolysis of hydrothermally pretreated raw digestate (filled in gray) and
washed digestate (no filling). (a) Hydrolysis yield of cellulose-related glucose as a function of
hydrothermal pretreatment time; (b) hydrolysis yield of the hemicellulose-related sugars xylose and
arabinose as a function of hydrothermal pretreatment time. Hydrothermal treatments were performed
in duplicates and for each treated sample, enzymatic treatment was performed in duplicates again
(the error bars reflect the standard deviation observed among all these samples). Within one figure, the
letters A to D indicate whether the differences between the mean values are significant according to
the Tukey–Kramer test at a significance level of α = 0.05. Results that share a letter are not significantly
different from each other.

3.3. Structure of Lignin after Hydrothermal Steam Treatment

After hydrothermal treatment and enzymatic hydrolysis, a solid enriched in lignin
remains. With longer hydrothermal treatment times, the lignin content in these solids
increases from the starting values of around 18 wt% for the raw digestate and 23 wt%
for the washed digestate to around 75 wt% for both digestates (see Figure A3 in the
Appendix C). However, there seems to be a limit at around 75 wt% lignin content, since
other components, especially ash and proteins, also remain in the solid residue (each with
contents up to about 10 wt%, see Table A3 in the Appendix C).

In order to design possible valorization strategies for these lignin enriched solids, the
changes in lignin structure were further analyzed (i.e., changes in the content of the ether
and ester bonds before and after hydrothermal treatment). By thioacidolysis, it was shown
that the amount of purely ether-bound lignin monomers per lignin mass decreases with
an increasing reaction time (see Table A4 in the Appendix C). Similarly, the amount of
ester-bound p-coumaric acid (pCA) per lignin decreases with an increasing reaction time
(see Table A4 in the Appendix C).

From the results from thioacidolysis and saponification, conclusions about the content
of the ether and ester bonds in lignin can only be drawn indirectly. For this purpose, a
model conception of lignin is used, which is presented in Section 2.3.3 (for more details see
Appendix A.6). The resulting ether and ester contents were fitted to the first-order reaction
kinetic model presented in Section 2.3.3 and Appendix B, as shown in Figure 6.
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) and the resulting degradation rate constants are given below the diagrams. For the
washed digestate, measurements were performed in duplicates from samples of one hydrothermally
treated sample (error bars indicating the standard deviation). For the raw digestate, measurements
were performed as single determinations.

By fitting the degradation of the ether and ester bonds to first-order reaction kinetics
via the method of least squares (Appendix B), the degradation rate constant and the half-life
of the total apparent decrease in bond types could be determined. However, it is apparent
from Figure 6 that the first-order reaction kinetics model does not well describe the decrease
in the ether bond content. After 120 min, the content of the ether linkages decreases by
about half for both the washed and the raw digestate and appears to approach an asymptote
in this range at an ether content around 18 mole%, whereas the kinetic model approaches
an asymptote at 0 mole%. While the ether bond contents after 120 min are similar for
the raw and the washed digestate, the ether bond content in the raw digestate appears to
decrease more rapidly at shorter treatment durations.

The ester bond content can be fitted to the first-order reaction kinetics model with
smaller deviations, but, here too, it appears that the values decrease less with longer
treatment times than described by the kinetic model. The degradation of the ester bonds
seems to be higher for the raw digestate than for the washed digestate, which can be seen
in a higher degradation rate constant (3.4 × 10−4 s−1 for raw digestate and 1.6 × 10−4 s−1

for washed digestate) and consequently a shorter half-life (34 min for raw digestate and
74 min for washed digestate).
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4. Discussion

Having a considerable high content in lignocellulose of nearly 70 wt% in a raw state
and nearly 90 wt% when washed, the straw digestate represents an interesting waste
stream for further valorization. However, compared with untreated straw, the lignin-to-
holocellulose ratio for straw digestate is higher, as holocellulose degrades more than lignin
during fermentation (see Table 2). Fermentation thus represents a biological method for
lignin enrichment, with the special feature that only mild conditions are employed and,
accordingly, no lignin degradation is expected.

Table 2. Comparison of the lignin to holocellulose ratios in different straw varieties (calculated by
their average composition given in [30]) and the straw digestate used in this study.

Type of Biomass Wheat
Straw

Barley
Straw

Maize
Straw

Rice
Straw

Straw
Digestate

Lignin to holocellulose ratio 0.29 0.26 0.29 0.21 0.42

This study investigated how the combination of hydrothermal and enzymatic treat-
ments can promote the valorization of the digestate. Below, the respective effects on
hemicellulose, cellulose and lignin are discussed individually. The digestate fibers could be
used as they are (raw) or they could be previously washed. There are optimized concepts
for the washing of biomass fibers; however, washing always implies a further process-
ing effort and the generation of additional wastewater streams [51]. The most influential
difference between raw and washed fibrous straw digestate is considered to be the high
ammonia content in raw digestate, as ammonia acts chemically as a base and is also used
in different pretreatment strategies for lignocellulose fractionation [52,53]. In the following,
its presumed influence will be further discussed.

4.1. Solubilization of Hemicellulose by Hydrothermal Steam Treatment

The hydrothermal treatment of lignocellulose leads to the solubilization of hemicellu-
lose. In this context, the pH value does not seem to have a major influence on the extent
of the solubilization. Although in the case of the raw digestate, much higher pH values
are observed in the condensate and in the hydrolysate, a comparable solubilization of the
hemicellulose takes place as in the case of the washed digestate. A maximal solubilization
yield of 53 wt% was achieved from the washed digestate after 50 min of hydrothermal
treatment corresponding to a severity factor of 4.05 (the severity factor is commonly used to
compare results from hydrothermal treatments obtained with different reaction times and
temperatures and is calculated as described in Appendix A.1 [54]). No comparative values
could be found in the literature for cereal straw digestate. However, for the hydrothermal
treatment of cereal straw, similar yields were obtained in other studies, e.g., by treating
wheat straw (around 50% for a severity of 3.94 [33]) or corn straw (53% at a severity of 3.75 [55])
under comparable conditions.

However, the pH value has a decisive influence on further hydrolysis. At low pH values
in the case of the washed digestate, solubilized oligomers are further broken down into
monomers, as can be seen in Figure 4b. Subsequently, further degradation of xylose monomers
seems to occur, so that the total sugar yield decreases further with increasing treatment time
of the washed digestate, a trend which is also observed in other studies, e.g., for the treatment
of wheat straw [56]. It is known that acidic conditions lead to hydrolysis and further xylose
degradation to furfural or even humins [57]. For this reason, researchers have developed the
strategy of adding a certain amount of sodium hydroxide before the hydrothermal treatment,
so that the treatment takes place at neutral conditions and the degradation of the oligomers is
prevented [58,59]. The results obtained here show that ammonia is also suitable for buffering
the pH value and even keeps it in the slightly alkaline range in the condensate, which hardly
affects the solubilization yield but prevents the degradation of the sugar oligomers. The raw
digestate used in this study naturally already contained this buffer system with an ammonia
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content of 2.5 g/L in the liquid phase, as organic nitrogen is converted to ammonia during
anaerobic digestion.

However, with regard to further valorization of the xylo-oligosaccharides, it must
be noted that the hydrolysate in the case of the raw digestate is a very complex, murky
and dark mixture, containing the impurities found in the liquid phase of the raw digestate
(see Figure 7). If the isolation of valuable products from this hydrolysate is targeted, this
would be a disadvantage, as it makes further product purification challenging. Impurities
in the raw digestate could also lead to rapid fouling at reactor, pipe and heat exchanger
walls, for example by Maillard reactions occurring at high temperatures in which amino
acids and reducing sugars, both present in the hydrolysate, react with each other in an
undirected manner. However, if the hydrolysate is to be used for a subsequent fermen-
tation, the increased complexity and higher nutrient content could also be an advantage.
Compared with that, the hydrolysate obtained from the washed digestate was brownish
but transparent (see Figure 7). This shows that the dark coloration of the hydrolysate is
not due to the hydrothermal treatment of the fibers but to the impurities contained in the
liquid phase of the raw digestate.
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4.2. Hydrolysis of Cellulose by Enzymatic Treatment

The hydrothermal treatment increases the enzymatic degradability of the cellulose con-
tained in the digestate. The results show that a treatment duration of 50 min (severity of 4.05)
is sufficient to make about 90% of the cellulose enzymatically hydrolysable and longer
treatment durations hardly lead to increased yields. For rape straw, Wang et al. [60] also
achieved a glucose yield of around 90% from cellulose by enzymatic hydrolysis after treat-
ing rape straw hydrothermally with a severity of 3.99. When making comparisons with
the literature data, it should be noted that yields are based on the cellulose content of the
original feedstock in most studies, whereas here they are based on the cellulose content of
the hydrothermally pretreated feedstock, i.e., possible cellulose losses during hydrothermal
treatment must be included. Thomsen et al. [61] indicated a yield of 72% based on the
cellulose content of wheat straw during enzymatic hydrolysis after a steam explosion
treatment with a severity of 3.72 in a pilot scale. Taking into account that about 4% of the
cellulose is solubilized during the treatment and that a recovery of almost 100% of cellulose
was realized in these analytics, a yield of about 75% for the enzymatic hydrolysis alone
results. This is comparable to the yield for the raw digestate (73 ± 2%), but higher than
the yield observed for the washed digestate (48 ± 0.5%) at comparable conditions (20 min
treatment time, severity of 3.66). The combined hydrothermal and enzymatic treatment of
the fibrous cereal straw digestate is thus well comparable to that of the untreated straw.
Additionally, after other biological pretreatments such as ensiling, comparable and even
increased yields were observed after hydrothermal and enzymatic treatments compared
with the untreated cereal straw [35].
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Higher pH values during a hydrothermal treatment of the raw fibrous digestate show
a slightly positive effect. Whether the digestate is raw or washed does not seem to affect
the maximum achievable yield, but it does affect the yield after a less severe treatment. It
was observed that after a shorter treatment time of 20 min, the raw digestate seemed to
be better hydrolyzable by enzymes. This finding can also be supported by findings from
the literature. Alkaline treatment is generally considered to be efficient in making cellulose
available [62]. Specifically for hydrothermal treatment, Imman et al. [63] showed that the
addition of sodium hydroxide leads to the increased enzymatic digestibility of cellulose.

In conclusion, cellulose in raw or washed fibrous digestate can be enzymatically
hydrolyzed to glucose after hydrothermal pretreatment. Here, a steam pretreatment of
50 min is sufficient to achieve yields of 90%. Furthermore, the remaining hemicellulose can
be enzymatically hydrolyzed nearly completely at these conditions. Sugar hydrolysates
obtained in this way can be used for further fermentations in order to produce propionic
acid or bioethanol, as examples.

4.3. Structure of Lignin after Hydrothermal Steam Treatment

Full valorization of the lignocellulose also includes valorization of the lignin. Many
studies emphasize that lignocellulosic biorefining will only become economically viable
when the lignin is utilized in a high-quality way [22,64]. However, depending on the
intended use, different structural and functional properties are desired, and these proper-
ties are varying significantly depending on the type of biomass and isolation technique
and must therefore be characterized precisely beforehand. One important characteristic,
particularly with regard to selective depolymerization to aromatic chemicals, is the ether
bond content [45,64–67].

The ether bond content in the washed digestate is decreased by hydrothermal treatment
from around 35% to roughly 18% after 120 min of treatment time, corresponding to a decrease
of around 48% for a severity of 4.4. After a treatment time of around 50 min, which might
be chosen as the optimum for carbohydrate conversion from the results discussed above,
around 296 µmoles of lignin monomers are released per gram of lignin by thioacidolysis.
This is comparable with results from Li et al. [22], who could release 185 to 639 µmoles/g
lignin monomers by thioacidolysis after steam explosion treatment of different types of wood.
Furthermore, it is comparable with technical lignins that were obtained by other processes.
From Kraft lignin, for example, around 100 to 400 µmoles/g lignin monomers could be
released by thioacidolysis [68,69]. From organosolv lignins, values between 0 to 670 µmoles/g
were found [70], depending on the type of acid catalyst added. However, in these studies,
higher thioacidolysis yields were obtained from the untreated substrate than in this study,
so that the relative decreases in the ether bond contents appear to be higher. All over, there are
large deviations in the evaluation in the ether bond content in the literature, depending on the
chosen substrate, treatment process, severity of treatment and analysis method.

Another analysis method to evaluate the change in the ether bond content is 2D NMR.
Heikkinen et al. [71] detected a decrease in the ether bonds of about 33% after the steam
explosion of wheat straw (severity of 3.94), which is comparable to the findings here (31%
decrease at a severity of 4.05). Yelle et al. [18] observed a much higher decrease in the ether
bonds of 60% after treating wheat straw with steam at a severity of 3.6. The choice of the
analytical method and the respective evaluation approach are probably reasons for these
discrepancies in ether quantification. After treatment, there might be structurally modified
ethers which are not found in the typical spectrum for β-aryl ethers and thus might not
be quantified by all 2D NMR investigations [72]. However, there might also be some
inaccuracies in the ether bond contents detected by thioacidolysis. Besides the inaccuracies
already arising from the rough assumptions about the lignin molecule structure, it also has
to be considered that esters are only partially cleaved during thioacidolysis [73,74]. Grass
lignin, such as cereal straw lignin, typically has a high content of ester-bound pCA, ferulic
acid, uronic acid and acetic acid [74,75], and comparable contents are expected for cereal
straw digestate. This can be justified by comparing the ester-bound pCA-contents: In [76],
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a content of 21.8 mg of ester-bound pCA per gram of lignin was found in wheat straw.
Here, 32 to 36 mg of pCA was found per g lignin in cereal straw digestate. An incomplete
cleavage of these ester bonds leads to reduced monomer yields during thioacidolysis, as
esterified monomers are not detected. This reduction in the thioacidolysis yield due to an
incomplete ester cleavage was likely greater with less severely treated substrate, as more
ester bonds were detected in the lignin of less severely treated substrate. This might explain
the relatively low thioacidolysis yield (and thus calculated ether content) observed for the
untreated fibrous straw digestate lignin.

On this basis, it is difficult to make an accurate and comparative statement about
the extent of the decline in the ether bonds reported from different treatments and inves-
tigated using differing analytical methods. However, a significant decrease in the ether
bond content also after hydrothermal treatment is obvious, indicating a lignin depoly-
merization. Furthermore, due to the large amount of polymeric lignin remaining and the
low occurrence of typical lignin degradation products in the hydrolysate, it is assumed
that repolymerization and condensation reactions take place to a comparable extent as
depolymerization (for a more detailed justification, see Appendices B and C.1). Many other
authors have made similar observations about hydrothermal processes and have reasoned
in this way [19,21,71,77], and were able to support this assumption by illustrating how the
molecular weight of lignin actually increases with increasing treatment severity [21,71].

Lignin repolymerization (also known as “condensation”) is not only affecting the lignin
quality, but also decreasing the carbohydrate degradability as shown by Pielhop et al. [78].
It is assumed that an acid-catalyzed condensation takes place, for example, through the
reaction of a highly reactive benzylic carbocation with nucleophilic carbons of the aro-
matic rings [21,79]. Li et al. [21] concluded that, under the conditions of steam explosion
with treatment severities between 3.2 and 4.5, repolymerization seems to dominate over
fragmentation. They showed that the repolymerization reaction can be avoided by the
addition of 2-Naphtol as a scavenger for carbonium ions. Furthermore, they assumed,
that repolymerization could also be prevented by shifting the pH conditions of the steam
treatment towards the alkaline side. In contradiction to this, lignin condensation, thus
a decreasing ether content and polymeric nature of lignin, was observed also under the
alkaline conditions caused by the ammonia contained in the raw digestate in this study.
However, the conditions were only slightly alkaline and no precise statement about the
actual extent of repolymerization can be made from the experimental data.

In grass lignin such as lignin from cereal straw digestate, ester bonds lead to further
heterogeneity, even if they play only a minor role. Taking the ester bonds to pCA as an
example, and in accordance with other studies, it was found that they are partially cleaved
during hydrothermal treatment [71,80,81]. After a treatment time of 50 min and thus a
severity of 4.05, the content in the pCA ester bonds cleavable by saponification decreased
by about 41% for the washed digestate and even by about 64% for the raw digestate. The
fact that a higher decrease in esters was generally observed for the raw digestate could
be attributed to the catalytic effect of the ammonia on the ester cleavage. No comparable
investigations using saponification of hydrothermally treated samples could be found, but
pCA esters can also be detected by 2D NMR. Heikkinen et al. [71], for example, found
a comparable decrease of 55% after the steam explosion of wheat straw with a severity
of 3.94 by 2D NMR. The released pCA could be hardly recovered in the hydrolysate (see
Appendix C.1), which raises the research question of what other side reactions occur with
pCA. Besides further reactions to other monomers (e.g., via oxidation), repolymerization
reactions with lignin or carbohydrates are also possible here. These would again hinder
cellulose and lignin valorization.

Figure 6 indicates that the first-order reaction kinetic model used seems to fit the
degradation of the pCA ester bonds to some extent. The degradation of the ether bonds, on
the other hand, did apparently not fit well to the model and seemed to follow a different
kinetics. Based on Figure 6, it appears that the ether bond content initially decreases with
an increasing treatment time and then approaches a value of 18% ether bonds for both the
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washed and unwashed digestate for higher treatment times. One explanation might be
that ether bonds with differing stability can be found in the digestate lignin. For example,
Heikkinen et al. [71] calculated different bond energies for ether bonds between different
monomers, which would consequently result in different depolymerization rates.

In view of lignin valorization to aromatic chemicals and based on the ether and
pCA ester bond content, it can be concluded that further depolymerization targeting
these weaker linkages in lignin obtained after hydrothermal and enzymatic treatment
would result in smaller oligomers and even few amounts of monomers. The longer the
hydrothermal treatment, the fewer the amount of monomers and the larger the amount of
oligomers are expected to be due to the formation of stable carbon–carbon bonds in the
repolymerization reactions. For example, after a steam treatment of 50 min, 296 µmoles
(corresponding to about 58 mg) of lignin monomers and 18.5 mg of pCA can be obtained
per gram of pure lignin. However, the limited lignin purity, which was also observed
in other studies, has to be considered [82]; especially, the contained ashes might act as a
catalyst poison in the catalytic depolymerization reactions.

5. Conclusions

Both washed (and thus purified) and raw fibrous straw digestate (containing different
impurities such as ammonia, proteins and minerals) can be fractionated by combined
hydrothermal and enzymatic treatments, leading to three fractions:

1. About half of the hemicellulose contained in the digestate can be solubilized and
recovered in the hydrolysate after a hydrothermal steam treatment at 180 ◦C for
at least 50 min. During the hydrothermal treatment of the raw digestate, much
higher pH-values are observed than during the treatment of the washed digestate,
most likely due to the contained ammonia in the raw digestate. Higher pH values
prevent the hydrolysis and further degradation of xylans for long treatment times.
However, if xylo-oligosaccharides are a targeted product, it has to be considered
that the hydrolysates from the raw digestate are very complex mixtures, making a
separation challenging.

2. Cellulose mainly stays with the solid fibers and can be enzymatically hydrolyzed to
glucose with a yield of around 90% after a hydrothermal steam treatment at 180 ◦C
for 50 min for both the raw and the washed digestate. Furthermore, the remaining
hemicellulose can be enzymatically hydrolyzed nearly completely at these conditions.
For shorter treatment times, a higher enzymatic degradability of carbohydrates is
observed for the raw digestate than for the washed digestate.

3. A solid enriched in lignin remains after both treatment steps. The lignin is partially
degraded due to depolymerization and repolymerization reactions, which is indicated
by a reduced content of ether and ester bonds. The reduced ether content as well as
the high ash content should be considered if a catalytic depolymerization is targeted.

The hypothesis that the impurities in raw digestate lead to a decreased fractionation
efficiency is not valid, as has been shown. The impurities lead to some changes in the pro-
cess, but, among these, there are also improvements such as a decrease in the degradation
of hemicellulose-derived sugars and a faster increase in cellulose degradability. However,
it must be considered that the impurities end up in the product streams.

In order to achieve optimum xylan or xylose and glucose yields and to keep lignin
degradation and energy requirements as low as possible, a treatment time somewhere
around 50 min seems to be appropriate if a one-step hydrothermal steam treatment at
180 ◦C is considered. The solubilized and hydrolyzed carbohydrates can be used for the
fermentation to bio-based chemicals such as ethanol or propionic acid. Here, the use of
the raw digestate might have the advantage that various nutrients for fermentation are
already included; however, the actual effects have to be tested in the specific case. In
order to achieve a full valorization of the straw digestate, different possibilities for the
valorization of the lignin enriched solids should be identified and tested in a next step.
Finally, in order to verify the feasibility of the proposed concept, it would be important
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to perform a techno-economic analysis of an overall concept. As a promising basis, the
scalability of steam treatments in general and their transferability to a continuous operation
mode has already been demonstrated in practice [83].
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Appendix A. Details about the Methodology

Appendix A.1. Severity Factor of Hydrothermal Treatment

For the comparison of results obtained with different reaction times and temperatures
during hydrothermal treatments, the commonly used severity factor S0 was determined as the
logarithm of the reaction ordinate R0, which combines the influence of temperature T in ◦C and
the treatment time t in minutes in one factor [54].

R0 = t·e(
T−100
14.75 ) (A1)

S0 = log(R0) (A2)

Appendix A.2. Hemicellulose Solubilization after Hydrothermal Treatment

To evaluate solubilization yields after hydrothermal treatment of a certain amount of
digestate mdig,hyd (dry mass), the total mass of monomeric and oligomeric xylose (mXyl,hyd)
and arabinose (mAra,hyd) obtained by acid hydrolysis of the hydrolysate from hydrothermal
treatment (Section 2.3.2) was related to the amount of xylose mXyl,comp and arabinose
mAra,comp released by acidic hydrolysis of a certain dry mass mdig,comp of digestate during
compositional analysis (Section 2.3.1, before any correction factors were applied) according
to Equation (A3).

YHemi,hyd =

(
mXyl,hyd + mAra,hyd

)
·mdig,comp(

mXyl,comp + mAra,comp

)
·mdig,hyd

(A3)

Furthermore, the degree of oligomerization D was calculated by Equation (A4).

D = 1 −
mXyl,sol + mAra,sol

mXyl,hyd + mAra,hyd
(A4)

cXyl,sol and cAra,sol are the concentrations of solubilized monomeric xylose and ara-
binose, respectively, that were detected in the hydrolysate after hydrothermal treatment
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before acid hydrolysis. cXyl,hyd and cAra,hyd represent the same concentrations but after acid
hydrolysis (Section 2.3.2).

Appendix A.3. Hydrolysis Yields after Enzymatic Treatment

The glucose yields YCell,EH achieved by enzymatic hydrolysis of cellulose was calcu-
lated by Equation (A5).

YCell,EH =
mGlu·0.9

xCell/Sub·mSub
(A5)

mGlu is the mass of solubilized glucose found in the enzymatic hydrolysate. xCell/Sub
is the cellulose content of the pretreated digestate as determined by compositional analysis
(Section 2.3.1). mSub is the actual mass of pretreated digestate that was used.

In the same way, the pentose yields YHemi achieved by hydrolysis of hemicellulose,
was calculated by Equation (A6).

YHemi,EH =

(
mXyl + mAra

)
·0.88

xHemi/Sub·mSub
(A6)

mXyl and mAra are the masses of the solubilized xylose and arabinose. xHemi/Sub is the
determined hemicellulose content of the substrate and 0.88 is the applied hydrolysis factor.

Appendix A.4. Thioacidolysis

Before each experiment, a fresh thioacidolysis reagent containing 10% v/v ethanethiol,
2.8% v/v boron trifluoride diethyl etherate and a definite amount of 4,4-ethylidenebisphenol
(~0.01 g per g of biomass) as an internal standard dissolved in dioxane was prepared. A
total of 10 mL of this thioacidolysis reagent together with about 10 mg of biomass were
added into a 15 mL PTFE-sealed screw cap reaction vial. The filled vials were flushed with
argon gas, before the vial cap was screwed on tightly and the vial was kept in a heating
block at 100 ◦C for 4 h with regular shaking about every 30 min. After stopping the reaction
by cooling the vials on ice for 10 min, the product mixture was transferred into a separating
funnel and neutralized by adding 14 mL of 0.4 M sodium bicarbonate. Subsequently,
4 mL of 1 M hydrochloric acid was added to acidify the solution. The solution was then
extracted three times using 8 mL of dichloromethane. The combined organic phase was
washed with saturated ammonium chloride, dried over anhydrous magnesium sulfate
and evaporated under reduced pressure at 40 ◦C. The leftovers after evaporation were
dissolved in 1 mL of ethyl acetate. Before analysis by gas chromatography coupled with
mass spectrometer (GC-MS), the products were silylated by mixing 100 µL of the obtained
product solution with 100 µL N,O-bis (trimethylsilyl)trifluoroacetamide (BSTFA) and 20 µL
pyridine and incubating this mixture for 50 min at 45 ◦C. GC-MS analysis was carried
out on an Agilent system (6890 Series gas chromatograph with 5975C mass spectrometer,
Agilent, Santa Clara, CA, USA) equipped with an OPTIMA 5-MS capillary column (30 m
length × 0.25 mm inner diameter × 0.25 µm film thickness, from MACHEREY-NAGEL).
Helium was used as the carrier gas. The following conditions were chosen for the GC
program: an initial oven temperature of 60 ◦C, rising to 160 ◦C with 10 ◦C/min, from there
to 210 ◦C with 2 ◦C/min and from there to 250 ◦C with 5 ◦C/min, where temperature
was held for 6 min. The inlet temperature was 250 ◦C and a split mode with a 5:1 split
ratio was applied, keeping a constant column flow of 1 mL/min. Electron ionization
was used as the ionization technique for the mass spectrometry. The mass of obtained
thioacidolysis monomers was quantified using the response factors versus the internal
standard 4,4-ethylidenebisphenol obtained by Yue et al. [43]. The response factors are
obtained via the following Equation (A7).

RF =

(
ma

Aa

)
/
(

mIS
AIS

)
(A7)
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ma is the mass of the analyte under consideration, mIS is the added weight of internal
standard and Aa and AIS are the respective peak areas of the analyte and the internal
standard based on the total-ion chromatogram. The values for the response factors are 1,
1.21 and 1.23 for H-, G- and S-derived monomers, respectively [43].

Appendix A.5. Content of Ester-Bound Phenolic Acids

In detail, 0.4 g of biomass was mixed with 20 mL sodium hydroxide and incubated in
the dark for 24 h at 30 ◦C with constant shaking (100 min−1). Air-tight tubes were used and
flushed with argon gas before closing in order to protect the released phenolic acids from
oxidative degradation. Afterwards, 32 wt% hydrochloric acid was added to adjust the pH
to about 1. The mixture was then kept in the fridge overnight to precipitate dissolved lignin
and hemicellulose and subsequently centrifuged (4776× g for 15 min). The supernatant
was analyzed for 4-hydroxybenzoic acid, vanillic acid, vanillin, ferulic acid and p-coumaric
acid by the central lab of TU Hamburg. Here, an Agilent 1100 HPLC system equipped with
a Phenomenex Luna C18 column (150 mm length, 4.6 mm diameter, 3 µm particle size)
and UV-detector was used. Acetonitrile and water, both containing 0.05 vol% H3PO4, were
used as mobile phases with a constant flow rate of 0.8 mL/min. The injection volume was
10 µL and one method run lasted 35 min, starting with 15 vol% acetonitrile and 85 vol%
water phase and ending with 90 vol% acetonitrile and 10 vol% water phase. The oven
temperature was held constant at 30 ◦C and a wavelength of 260 nm was used for the
detection of 4-hydroxybenzoic acid and vanillic acid, whereas a wavelength of 320 nm was
used for the detection of vanillin, ferulic acid and p-coumaric acid.

Appendix A.6. Considerations and Calculations on the Linkages in Lignin

Methods that selectively cleave specific linkages in lignin allow conclusions to be drawn
about the occurrence of this type of linkage in lignin. In 1971, Nimz et al. [84] attempted
to infer the ether bond content in lignin after the application of an ether-selective cleavage
method. Since then, several authors have adopted and adapted these considerations [45–49].

Here, two selective methods were used for lignin cleavage: thioacidolysis for selective
cleavage of ether bonds and saponification for selective cleavage of ester bonds. In order to
be able to draw conclusions about the lignin structure based on the results of these methods,
some assumptions are made about the lignin structure.

It is assumed that the lignin in the digestate is a linear polymer of H (coumaryl
alcohol), G (coniferyl alcohol) and S (sinapyl alcohol) building blocks linked by ether
bonds and C-C bonds. Except for the terminal monomers, each monomer would thus be
connected to the remaining monomer via two bonds. Furthermore, phenolic acids such
as p-coumaric acid (pCA) or ferulic acid (FA) are linked to this polymer via ester bonds.
During thioacidolysis of an untreated digestate, monomers with an H:G:S ratio of 0.03:0.86:1
were released. Assuming that this monomer ratio is valid for the entire lignin polymer,
that this ratio does not change during treatment, that no mass loss occurred due to the
binding of the monomers and neglecting that there are also other lignin building blocks
such as tricin and phenolic acids, an average molecular weight of 5125 µmole/g per lignin
monomer results. Based on these assumptions, Equation (1) was derived to determine the
molar fraction xmon of the total lignin monomers released by a specific method from the
absolute amount of monomers nmon,released.

Appendix A.6.1. Estimation of the Content of Ether Linkages from the
Results of Thioacidolysis

A method that selectively cleaves ether linkages would release monomers only where
monomers are linked exclusively via ether bonds. Thus, in the used lignin model, both
linkages must be ether linkages for monomers to be released, otherwise oligomers would
be released. Consequently, when xether is the content of ether linkages in the lignin model,
statistically a proportion of

xmon = xether
2 (A8)



Energies 2022, 15, 6111 19 of 27

of the lignin is released as monomers. Combining this Equation (A8) with Equation (1)
in Section 2.3.3, the content of ether linkages in the lignin after a certain hydrothermal
treatment time is estimated based on the amount of monomers nmon,released released by
thioacidolysis of the respectively treated digestate samples.

Appendix A.6.2. Estimation of the Content in Ester Linkages with P-Coumaric Acid from
the Results of Saponification

Straw lignin is naturally acylated by various acids such as p-coumaric acid (pCA),
ferulic acid and acetic acid [75,85,86]. In order to get an impression about the influence of
hydrothermal treatment on ester bonds, the content of ester-bound pCA in the digestate
samples treated for different times was estimated. pCA was selected as an indicator for
the behavior of the ester bonds in lignin, since the assumptions that pCA binds exclusively
to lignin and only via ester linkages seemed justified on the basis of the literature data.
For example, NMR studies of corn straw and wheat straw showed that p-coumaric acid
is exclusively esterified at the y-position of lignin [86,87]. Additionally, pCA appears to
bind almost exclusively to lignin, so it can be used as an indicator for lignin deposition
in grasses [88,89]. This is different to ferulic acid, which was shown to typically connect
polysaccharides and lignin via an ester–ether bridge [90].

pCA that is linked to lignin by only one ester linkage can be simply released by
room-temperature saponification with NaOH [91]. Under the assumptions made, the pCA-
content xpCA in lignin corresponds to the content xester−pCA of ester linkages between lignin
and pCA (Equation (A9)). It can be calculated from the amount npCA,released pCA-monomers
released by saponification by Equation (A9).

xester−pCA = xpCA =
npCA,released

5125 µmol
g ·mlignin

(A9)

Appendix B. Kinetic Modeling of Linkage Degradation

The cleavage of ether bonds leads to the depolymerization of the lignin, so that
the number of ether bonds and the total number of bonds in the lignin are decreasing.
Under harsh conditions, however, repolymerization reactions subsequently occur, with
the number of bonds in the lignin increasing again, typically without an increase in the
ether bonds [79]. Overall, both these effects, the cleavage of ether bonds on the one hand
and the increase in C-C bonds on the other hand, lead to a decrease in the ether bond
content in lignin after harsh treatments [92]. The observed decrease from both these effects
added, is named as a total apparent decrease in the ether bond content in the following
(see Figure A1).
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For kinetic modeling, it is assumed that both depolymerization and repolymerization
reactions follow first-order reaction kinetics:

Depolymerization:
dne(t)

dt
= −kd·ne(t) (A10)

ne(t) = ne,0·e−kd ·t (A11)
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Repolymerization:

dnc−c,r(t)
dt

= kr·
[
ne,0·

(
1 − e−kd ·t

)
− nc−c,r(t)

]
(A12)

nc−c,r(t) = − kr·ne,0

kr − kd
·e−kd ·t +

kd·ne,0

kr − kd
·e−kr ·t + ne,0 (A13)

In these Equations (A10)–(A13), t is the hydrothermal treatment time, ne(t) is the
amount of ether linkages in the lignin polymer under consideration, ne,0 is the initial
amount of ether bonds at t = 0 and kd is the depolymerization reaction rate constant.
nc−c,r(t) is the amount of C-C-linkages that have newly formed from cleaved ether linkages
and kr is the repolymerization reaction rate constant.

Knowing the initial amount of C-C-linkages nC−C,0 at t = 0 and neglecting the es-
ter linkages, the ether content xether can be modeled as a function of time according to
Equation (A14).

xether,mod(t) =
ne(t)

nC−C,0 + ne(t) + nc−c,r(t)
(A14)

With the aid of a least squares regression, values for kd and kr can be obtained from
the experimentally determined ether contents. However, as only the final ether contents
after a certain treatment time were determined, the experimental data are not sufficient for
a reliable modeling of the intermediate depolymerization and repolymerization kinetics.
At least, as the depolymerization is the limiting step, a range for the depolymerization rate
can be reasonably determined from the model by fitting it to the data obtained from treating
the washed digestate. Regardless of whether the repolymerization occurs extremely fast
or extremely slow, the modeled depolymerization reaction rate constant lies in a narrow
range between 1.1 × 10−4 and 1.5 × 10−4 s−1 (see Table A1).

Table A1. Reaction rate constants kd and kr for depolymerization and repolymerization, determined
by least squares regression of the data obtained from treating washed digestate. To estimate the
influence of kr, fixed values (highlighted in gray), once for an extremely fast rate and once for an
extremely slow rate, were specified for kr in order to find the limits for kd.

kd kr Sum of Squared Errors

[s−1] [s−1] [mole%2]

kd and kr both as free variables 1.1 × 10−4 1.0 × 10−4 14.9
kd free, kr fixed- > very low 1.5 × 10−4 1.7 × 10−7 20.4
kd free, kr fixed- > very high 1.1 × 10−4 1.7 × 10−3 14.9

The model fits best to the experimental data for a fast repolymerization. However, as
the impact of repolymerization is low, the experimental data are not sufficient for a clear
statement about the kinetics of repolymerization. However, it supports the assumption that
repolymerization occurs quite extensively and rapidly, as is indicated in other studies [21]
already and also by several observations in this study (see Appendix C.1).

Instead of modeling individual depolymerization and repolymerization kinetics, the
kinetics of the total apparent decrease in the ether bond content were determined from
the experimental data, using Equation (2) (Section 2.3.3). The modeling with first-order
reaction kinetics is intended here primarily for a rough idea and for comparability. The
kinetics are expected to be more complicated, for example, because ether bonds between
different monomers have different bond energies, as calculated by Heikkinen et al. [71],
which would consequently result in different depolymerization rates.

Ester linkages were neglected in the previous considerations, because at least the
detected ester linkages to pCA represent only a small fraction (<5%). To get a rough
impression of the kinetics of the ester bond degradation, kdegr was also estimated for the
ester bond content by a regression of Equation (2) on the experimental data. However, pCA
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was recovered to a certain extent in the hydrolysate (see Appendix C.1) and thus a lower
degree of repolymerization is assumed, also because pCA is only linked to the lignin via
one bond.

Appendix C. Additional Experimental Results

Appendix C.1. Indications for Occurring Repolymerization Reactions in Lignin during
Hydrothermal Treatment

In the literature, lignin repolymerization during hydrothermal treatment was shown
by an increasing molecular weight of the lignin fractions [21]. Additionally, after steam
and enzymatic treatments, a polymeric lignin is obtained, which is only partly soluble
in ethanol and acetone. It seems that most of the lignin is retained as a polymer during
the hydrothermal steam treatment and consequently not depolymerized to oligomers and
monomers, as the lignin to cellulose ratio is not decreasing, but even slightly increases,
during hydrothermal treatment (Figure A2). Cellulose is also mostly retained as a solid
polymer during the hydrothermal treatment, as only small quantities of glucose were
detected in the hydrolysate after the steam treatment.
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Furthermore, typical monomeric lignin degradation products during the hydrothermal
treatment such as p-hydroxybenzoic acid and vanillin detected in other studies [19] were
only found in traces after the hydrothermal steam treatment in this study (Table A2).
pCA, which was released by ester cleavage, showed the highest concentration among the
aromatic monomers detected. However, when comparing the difference in pCA content
before and after treatment with the amount of pCA recovered in the hydrolysate, only
around 6% of the released ester-bound pCA could be recovered after a treatment of 70 min;
this also indicates that further degradation reactions are occurring.
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Table A2. Quantification of certain phenolic monomers in the hydrolysate after 70 min hydrother-
mal steam treatment of washed digestate. It is compared how much of the pCA and FA released
from the digestate can be recovered in the hydrolysate. The measurement was conducted as a
single determination.

p-Hydroxy-
Benzoic

Acid

Vanillic
Acid Vanillin pCA FA

Concentration in
hydrolysate [mg/L] 6.5 6.6 19.4 53.0 15.0

Released amount in
hydrolysate per 100 g

digestate
[mg/100 g] 2.8 2.8 8.3 22.8 6.4

Released amount in
hydrolysate per 100 g
digestate expected a

[mg/100 g] 383.0 55.6

Recovery [%] 5.9 11.6
a The amount of pCA and FA expected in the hydrolysate corresponds to the difference of esterified pCA and FA
content in untreated washed digestate and washed digestate, that was hydrothermally treated for 70 min, after
correction for mass losses. It was corrected for mass losses by referring the pCA/FA contents to the cellulose
content, assuming cellulose to be fully retained in the solid phase.

Appendix C.2. Composition of Solid Residues after Enzymatic Hydrolysis

The solid residues remaining after the hydrothermal and enzymatic treatments are
enriched in lignin. With longer hydrothermal treatment times, the lignin share increases
(Figure A3). However, there seems to be a limit at around 75 wt% acid insoluble lignin
content, since other components, especially ash and proteins, also remain in the solid
residue, as shown in Table A3 for selected samples. It is assumed that the high protein
content is due to the adsorption of the enzymes added for the enzymatic hydrolysis to
the lignin, because cellulose enzymes adsorb onto lignin [93,94]. Roughly approximated,
about 75% of the proteins in the Cellic Ctec2 mixture would have to remain with the solids
in order to lead to the observed protein levels.
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Table A3. Acid-insoluble lignin (AIL) content, protein content and ash content in solid residues
remaining after hydrothermal and enzymatic treatment (determined as described in Section 2.3.1).

Initial Substrate Hydrothermal
Treatment Time

AIL
Content

Protein
Content Ash Content

Washed digestate 20 44.4 7.5 4.1
Washed digestate 70 69.7 10.0 10.0
Washed digestate 120 73.6 10.3 8.5

Raw digestate 120 73.9 10.9 7.7

Appendix C.3. Results from Lignin Analysis

All results from thioacidolysis and saponification and the ether and ester bonds
calculated therefrom are presented in Table A4.

Table A4. Amount of monomers released (a) from washed digestate and (b) from raw digestate
during thioacidolysis and saponification as well as the respective ester and ether bond contents
calculated from these results. In (a) experiments were conducted as duplicates, in (b) they were
conducted as single determinations.

(a) Washed Digestate

Analysis of Ether Bonds Analysis of Ester Bonds

Treatment Time
Released

Monomers by
Thioacidolysis

Resulting Ether
Bond Content

Released
Monomers by
Saponification

Resulting Ester
Bond Content

[min] [µmole/gLignin] [mole%] [mg/gLignin] [mole%]

0 620 ± 52 34.8 ± 1.5 31.5 ± 1.7 3.7 ± 0.2
20 409 ± 82 28.2 ± 2.8 25.2 ± 1.4 3.0 ± 0.2
50 296 ± 6 24.0 ± 0.3 18.5 ± 1.8 2.2 ± 0.2
70 207 ± 5 20.0 ± 0.3 14.9 ± 0.9 1.8 ± 0.1
90 190 ± 19 19.2 ± 1.0 14.4 ± 0.7 1.7 ± 0.1
120 167 ± 2 18.0 ± 0.1 12.1 ± 1.0 1.4 ± 0.1

(b) Raw Digestate

Analysis of Ether Bonds Analysis of Ester Bonds

Treatment Time
Released

Monomers by
Thioacidolysis

Resulting Ether
Bond Content

Released
Monomers by
Saponification

Resulting Ester
Bond Content

[min] [µmole/gLignin] [mole%] [mg/gLignin] [mole%]

0 639 35.5 36.2 4.3
20 307 24.5 20.3 2.4
50 183 18.9 11.0 1.3
70 168 18.1 8.8 1.1
90 175 18.4 8.9 1.1

120 159 17.6 7.0 0.8
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