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1 |  INTRODUCTION

Earlier approaches using renewable resources to gain energy 
or to produce basic chemicals utilized first‐generation feed-
stocks as sugars from corn, potatoes, or sugar cane. Since 
these resources compete with food production and so, they 
are restricted by the amount of fertile soil and require high 
energy input to grow the crops, the main focus of the research 
was on the utilization of second‐generation feedstocks (Keim, 
2010; Lange, 2007). Common raw materials are agricultural 

residues, municipal waste, or herbaceous crops. Based on 
this grading, miscanthus and poplar can also be classified 
as second‐generation feedstocks. Miscanthus is a plant that 
has high growth rates as well as high yields. Low nutrient 
and water demand makes it an ideal plant for growing on 
poor soils (Babovic, Drazic, & Dordevic, 2012). As an al-
ternative and rapid‐growing wood biomass source, poplar is 
grown on short‐rotation plantations for acquiring energy and/
or carbohydrates. As miscanthus, poplar can be cultivated 
with low agricultural impact and provides high yields and 
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Abstract
Miscanthus and poplar are very promising second‐generation feedstocks due to the 
high growth rates and low nutrient demand. The aim of the study was to develop a 
systematic approach for choosing suitable pretreatment methods evaluated with the 
modified severity factor (log R′′

0
). Optimal pretreatment results in a high delignifica-

tion grade, low cellulose solubilization and increased accessibility for enzymatic hy-
drolysis while revealing minimal log R′′

0
 values. In order to do so, several reaction 

approaches were compared. Acid‐catalyzed organosolv processing carried out for 
miscanthus and poplar revealed the highest delignification grade leading to a rela-
tively high glucose yield after enzymatic saccharification. In both cases, a design of 
experiments approach was used to study the influence of relevant parameters. 
Modeling the data resulted in the identification of optimum pretreatment conditions 
for miscanthus with concentrations of 0.16% H2SO4 and 50% EtOH at 185°C for a 
retention time of 60 min. Experimental validation of these conditions revealed an 
even higher delignification degree (88%) and glucose yield (85%) than predicted. 
0.19% H2SO4 and 50% EtOH were determined as optimum concentrations, 182°C 
and 48 min identified as optimum pretreatment conditions for poplar; the delignifica-
tion degree was 84% and the resulting glucose yield 70%.
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high coal equivalents (Stolarski, Krzyianiak, Szczukowski, 
Tworkowski, & Bieniek, 2014).

In contrast to first‐generation feedstocks, pretreatment has 
to be performed prior to enzymatic hydrolysis of carbohy-
drates based on the imperishable and robust lignocellulosic 
structure (Galbe & Zacchi, 2007; Sousa, Chundawat, Balan, 
& Dale, 2009). Pretreatment again can be carried out with 
biological, chemical, and physical–chemical processes—or 
optionally in combination or after mechanical pretreatment 
methods (Chen et al., 2017). Since lignin acts as natural 
barrier to prevent cellulose and hemicellulose degradation, 
pretreatment should result in a higher accessibility of the 
carbohydrates and a higher degree of delignification for ef-
ficient enzymatic hydrolysis. This was approved by Adams, 
Winters, Hodgson, and Gallagher (2018) demonstrating that 
high carbohydrate:lignin ratios of different miscanthus spe-
cies increase the glucose release by the means of enzymes. 
The same applies to poplar wood: Researchers verified that 
the surface lignin concentration greatly affects the digestibil-
ity of the cellulose (Liu, Chen, Hou, Wang, & Liu, 2018). 
Furthermore, it is approved that the amount and composition 
of the lignin in the miscanthus has a significant influence on 
the pretreatment effectiveness (Kärcher, Iqbal, Lewandowski, 
& Senn, 2016). Several investigations were already carried 
out concerning the pretreatment of miscanthus (Kärcher, 
Iqbal, Lewandowski, & Senn, 2015; Pappas, Koukoura, 
Tananaki, & Goulas, 2014; Yoo, Yang, & Kim, 2016) and 
poplar (Liu, Liu, Hou, Chen, & Xu, 2015; Yan et al., 2014). 
However, there is no comprehensive study that investigates 
the efficiency of several pretreatment methods and whether 
there is a correlation between the degree of delignification 
and glucose yield after saccharification.

The introduction of the modified severity factor log R
′′

0
 

offered the opportunity to implement pH, temperature, and 
residence time in one reaction ordinate (Overend & Chornet, 
1987; Pedersen & Meyer, 2010). This enables the compar-
ison of different chemical and physical–chemical methods 
with strongly deviating reaction parameters. However, the 
reaction parameters combined are the main influencing 
factors for pretreatment success. The tool of choice to gain 
knowledge about where there is a correlation between the pa-
rameters and degree of delignification or glucose yield after 

saccharification is response surface methodology (RSM) 
based on design of experiment. According to our knowledge, 
only two studies were conducted with poplar in order to iden-
tify the optimum steam explosion conditions via the design of 
experiments for the subsequent cellulose hydrolysis (Schütt, 
Puls, & Sake, 2011; Schütt et al., 2013). One study concerns 
the identification of optimum conditions for the organosolv 
pretreatment of miscanthus (Goh, Tan, Lee, & Brosse, 2011). 
Therefore, our approach is to first select the best pretreat-
ment method for miscanthus and poplar wood, followed by 
the optimization via design of experiments and succeeding 
evaluation.

Within the presented work, a comparison of different 
methods for the pretreatment of miscanthus and poplar is 
shown. The authors demonstrate that exceeding a certain 
delignification degree is crucial for effective hydrolysis of 
the resulting carbohydrates. The modified severity factor 
was then used to identify the most promising pretreatment 
method and make a point concerning the prospective adap-
tion of relevant parameters. A subsequent DoE approach was 
used to further identify the quantitative relations between 
the influencing parameters and glucose yield as well as the 
degree of delignification for the pretreatment of the two 
feedstocks.

2 |  MATERIALS AND METHODS

2.1 | Resources
Miscanthus (miscanthus × giganteus) and poplar wood 
(Populus × canescens) were applied. All resources were 
chopped with the cutting mill SM 100 (Retsch, Germany) 
and equipped with a sieve limiting the size of the chopped 
biomass to a pore size of 2 mm.

2.2 | Pretreatment procedures
Investigations to identify an optimum pretreatment method 
were performed with the (Versoclave, Büchi AG, Uster, 
Switzerland) 1 L autoclave. All pretreatment trials regard-
ing miscanthus and poplar wood are performed according to 
Table 1.

Designation Solvent pH log R′′

0

Alkaline NaOH 2% NaOH 11 8.13

Organosolv EtOH‐OS 50% Ethanol 5 6.13

Organosolv (acidic) H+ EtOH‐OS 0.2% H2SO4, 50% EtOH 4 7.13

Organosolv (alkaline) OH‐ EtOH‐OS 0.5% NaOH, 50% EtOH 9 6.13

Aquasolv H2O H2O 5.6 5.53

Note. The log R0 amounts to 4.13 for all pretreatment conditions. The values are stated in percent by dry weight.

T A B L E  1  Overview about the parameters applied for the pretreatment of miscanthus and poplar and the resulting log R′′

0
 values



   | 173SEIBERT‐LUDWIG ET aL.

For each implementation of the trials in the 1 L reactor, 
25 gDW biomass was weighed and suspended in the respec-
tive solvent. The total mass applied in all trials was 312.5 g. 
Prior to pretreatment, the reactor temperature was adjusted 
to 30°C, rendered inert for 1 min with N2. Subsequently, 
a pressure of 6 bar was applied. The pretreatment was 
carried out at 180°C for a retention time of 60 min. After 
pretreatment was completed, a rough solid–liquid separa-
tion was performed with a glass filter crucible. Washing 
two times with approx. 300 ml of pure solvent applied for 
pretreatment was followed by washing steps with 500 ml 
deionized water. The fiber was dried under the fume cup-
board. To assess the efficacy of the pretreatment, delignifi-
cation and glucose yield after enzymatic hydrolysis were 
compared.

2.3 | Hydrolysis of the resulting fibers
To determine the hydrolysibility degree of the pretreated 
biomass in function of the delignification degree, an en-
zymatic hydrolysis was carried out. Therefore, 0.25 gDW 
fiber was treated with Celluclast® 1.5 L (10 FPU/gDW) and 
Novozym 188 (10 U/gDW) with a total volume of 10 ml 
50 mM pH 5 sodium citrate buffer in 15 ml tubes. The dried 
fibers were chopped again to a size of <1 mm before hy-
drolysis. The suspension was incubated for 24 hr and 50°C 
in a shaking incubator (160 rpm, Amplitude 1.9 cm). After 
24 hr incubation, a sample volume of 1 ml was taken and 
then heated at 95°C for 10 min to inactivate the enzymes. 
After the heating process, the suspension was centrifuged 
for 10 min at 10,000 g. The supernatant was subjected to 
another 1.5 ml tube with a lid and stored at 4°C until analy-
sis process started.

2.4 | Analytics
Analyte concentration was determined with an HPLC 
equipped with the detector RI 8120 (Bischoff, Leonberg, 
Germany). The column RPM‐Monosaccharide Pb2+ was se-
lected for separation of the mixture and heated to 85°C dur-
ing analysis process. A sample volume of 20 μl was injected 
into the mobile phase (5 mM sulfuric acid) with a volumetric 
flow of 0.6 ml/min. Samples were filtrated with a cellulose 
acetate syringe filter of 0.2 μm pore size before analysis pro-
cess. The analyte concentrations were determined based on 
calibration curves collected with pure compounds. The glu-
cose yield (%) can be calculated according to Lu, Li, Zhao, 
and Qu (2012) as follows:

With mGlucose (g) as the mass of glucose resulting from 
enzymatic hydrolysis, mCellulose (g) as the total amount of 
cellulose in the fiber, and MGlucose (g/mol) as molecular 
weight of glucose (180.2). MGlucose - H2O(g∕mol) is the ap-
proximate molecular weight of the monosaccharide in a 
cellulose molecule, taking into account the loss of water 
by the formation (162.2). To simplify the illustration of the 
results, the values measured for each pretreatment method 
were normalized with the glucose yields obtained by the 
best performing pretreatment method—the maximum glu-
cose yield (%).

Based on the glucose yields, the degrees of delignification 
measured for each pretreatment procedure are normalized by 
correlating these values with the maximum delignification 
obtained by a pretreatment method.

The determination of the biomass composition was per-
formed according to NREL/TP 510–42618 (Sluiter et al., 
2008). Total lignin in order to measure the degree of delig-
nification was determined as the sum of the acid‐soluble and 
the acid‐insoluble lignin. Xylose and glucose concentrations 
were summarized to give the holocellulose content. The re-
sulting total composition (in % DM) of both biomass is as 
follows: Poplar has a lignin content of 30.5% and a holocel-
lulose content of 69.5%; miscanthus lignin content was at 
24.5% and holocellulose content at 69.9% with a residue of 
5.6%.

2.5 | Modified severity factor
To assess the different pretreatment procedures regarding the 
experimental data, the temperature T (°C) and the residence 
time (min) were summarized to a new reaction ordinate—the 
severity factor log R0 (Overend & Chornet, 1987). The factor 
was adapted to the Arrhenius approach introducing relative 
reaction rates resulting in the general form (Chum, Black, 
Johnson, Sarkanen, & Robert, 1999):

The term ω can be determined by means of experiments 
and corresponds to a reduced level of activation energy 
applying a first‐order reaction. For a first‐order reaction, 

(1)
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ω can be fixed to approximately 14.5. TR is the reference 
temperature (100°C).

Log R0 is not suitable for acidic and alkaline pretreatments 
since the impact of pH was not considered for efficiency. 
Due to this, the log R0 was adapted to both, the application of 
acids and alkali (Pedersen & Meyer, 2010) to give the modi-
fied severity factor log R′′

0
:

2.6 | Optimization of the selected 
pretreatment methods
The studies of the influence factors within selected pre-
treatment method were performed with the help of soft-
ware (Software Design Expert V 8.0; Stat‐Ease) with an 
orthogonal, quadratic experimental design to achieve a re-
sponse surface with variable‐target size dependence. The 
main process parameters temperature (160–200°C), time 
(30–90 min), and H2SO4 concentration (0.05%–0.2%) were 
applied to achieve optimum factor values within a DoE ap-
proach. By correlation of the influencing factors and the 
target sizes, optimum conditions for delignification and 
glucose yield after enzymatic hydrolysis were identified. 
The correlation can be described by a quadratic model pre-
dicting the target size ȳ generic provided for two influenc-
ing factors (x1, x2) including regression coefficients (b0, …, 
b22):

The sum of the quadratic deviations QResidual between the 
model values ȳ and the experimentally determined values yi 
is shown by the next equation:

For determination of the regression coefficients, the least 
squares method was applied resulting in a minimization of 
QResidual.

3 |  RESULTS

The development and characterization of suitable pretreat-
ment methods for miscanthus and poplar wood is pre-
sented in the following sections. Hence, first a systematic 
comparison of different pretreatment techniques was per-
formed. After selecting the preferred pretreatment method, 
optimum reaction conditions were identified with DoE and 
RSM.

Pretreatment procedures should be optimized regarding 
the solubilization of lignin and the concomitant conservation 
of a cellulose‐rich fiber. Log R′′

0
 was selected as a basic input 

factor for the comparison of the different pretreatment meth-
ods. A suitable pretreatment method can therefore be defined 
resulting in a high delignification grade, low cellulose solu-
bilization, and increased availability for enzymatic hydrolysis 
while calculating minimal log R′′

0
 values.

3.1 | Investigation of different pretreatment 
processes applied to miscanthus and 
poplar wood
To select a suitable pretreatment method for miscanthus, 
different methods were compared on the basis of log R

′′

0
. 

Figure 1 shows the delignification and the glucose yield in 
function of the modified severity factor.

The highest delignification was achieved using acid‐cata-
lyzed organosolv process followed by alkaline (NDelig = 0.96) 
and base‐catalyzed organosolv pretreatment (NDelig = 0.91). 
The noncatalyzed organosolv process and the hot water treat-
ment show delignification grades with values ≤15% com-
pared to the catalyzed processes. Consequently, the related 
glucose yield after enzymatic hydrolysis of the pretreated 
fiber was lower in comparison with the acid‐catalyzed orga-
nosolv and alkaline treatment. In our study, the alkaline pro-
cess and the acidic organosolv pretreatment (NGlucose = 0.99) 
resulted in the highest glucose yields, whereas the acid‐cat-
alyzed organosolv pretreatment has a reasonable low log R′′

0
 

value of 7.13. Together with the possibility to recycle the sol-
vent, the acid‐catalyzed organosolv process was chosen as a 
suitable method for the pretreatment of miscanthus.

(5)log R
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0
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F I G U R E  1  (a) Delignification of miscanthus in function of 
different pretreatment conditions expressed as modified severity factor; 
(b) glucose yield from an enzymatic hydrolysis of the solid resulting 
from different pretreatment conditions expressed as modified severity 
factor
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Promising results for the delignification of poplar wood 
lignocellulose were achieved with an alkaline (NaOH) treat-
ment and an acidic organosolv process (Figure 2).

The acidic organosolv process provides advantages due 
to the low severity factor representing softer reaction con-
ditions. Even the uncatalyzed organosolv process for poplar 
wood resulted in high delignification degree (NDelig = 0.92) 
at likewise low severity (6.13) compared with the pretreat-
ment processes for miscanthus. The results of delignification 
are also reflected in the glucose yield obtained after enzy-
matic hydrolysis of the fiber. The hot water treatment also 
leads to a saccharification efficiency (NGlucose = 0.79) which 
is significantly higher compared to the hot water treatment 
of miscanthus (NGlucose = 0.34). However, the acid‐catalyzed 
organosolv process, presented in this study, was the most 
suitable method for the pretreatment of poplar wood. Thus, 
this method was further investigated and optimized by statis-
tical methods (DoE).

F I G U R E  2  (a) Delignification of poplar in function of different 
pretreatment conditions expressed as modified severity factor; (b) 
glucose yield from an enzymatic hydrolysis of the solid resulting 
from different pretreatment conditions expressed as modified severity 
factor

Source SD R2 Adjusted R2 Predicted R2 PRESS

Linear 10.46 0.7520 0.6947 0.4901 2,923

2FI 7.47 0.9028 0.8444 0.3044 3,988 Suggested

Quadratic 7.81 0.9255 0.8296 0.0966 5,179

Cubic 4.15 0.9910 0.9518 −1.2851 13,101 Aliased

T A B L E  2  Pretreatment of miscanthus. 
Model summary statistics for response 
factor degree of delignification

Source SD R2 Adjusted R2 Predicted R2 PRESS

Linear 14.22 0.7529 0.6959 0.6231 4,011

2FI 15.38 0.7778 0.6444 0.2168 8,336

Quadratic 10.33 0.9299 0.8397 0.4091 6,290 Suggested

Cubic 7.81 0.9828 0.9084 −5.9396 73,865 Aliased

T A B L E  3  Pretreatment of miscanthus. 
Model summary statistics for response 
factor glucose yield

Source SD R2 Adjusted R2 Predicted R2 PRESS

Linear 10.13 0.6535 0.5736 0.3607 2,460

2FI 9.19 0.7806 0.6490 0.1104 3,422

Quadratic 7.18 0.9062 0.7856 0.2280 2,970 Suggested

Cubic 3.04 0.9928 0.9616 0.5509 1,728 Aliased

T A B L E  4  Pretreatment of poplar 
wood. Model summary statistics for 
response factor degree of delignification

Source SD R2 Adjusted R2 Predicted R2 PRESS

Linear 9.99 0.5195 0.4086 0.1373 2,331

2FI 9.55 0.6622 0.4596 −0.5801 4,269

Quadratic 6.85 0.8784 0.7220 0.3742 1,690 Suggested

Cubic 3.45 0.9868 0.9295 0.7491 678 Aliased

T A B L E  5  Pretreatment of poplar 
wood. Model summary statistics for 
response factor glucose yield
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3.2 | Investigation of the optimal conditions 
for pretreatment of miscanthus and 
poplar wood
For the investigation of the optimum of the pretreatment 
method H2SO4 concentration, temperature T and residence 
time t were varied. A summary of the statistical analysis was 
carried out with the software Design Expert V 8.0 and is 
listed in Tables 2‒5.

The different model equations were evaluated regarding 
R2, adjusted R2, predicted R2, and PRESS (predicted residual 
sum of squares). The most suitable model for the delignifica-
tion of miscanthus was a two‐factorial model (2FI), whereas 
a quadratic model for glucose yield was chosen. Regarding 
poplar wood, the most suitable model for delignification and 
glucose yield was a quadratic model. The graphs of the corre-
sponding response surface plots are shown in Figure 3.

In order to find the optimum conditions for the pretreat-
ment method in terms of H2SO4 concentration, temperature 
T and residence time t were varied. The delignification (left) 
and glucose yield (right) in function of H2SO4 concentra-
tion and temperature are shown in Figure 3a for miscanthus 

at a residence time of 60 min, since residence time did not 
represent a significant factor at the given parameter ranges. 
Delignification of the miscanthus fiber slopes shows a trend 
that was linear and upward with increasing temperature and 
sulfuric acid concentration. The main influencing factors that 
have an impact on the glucose yield were temperature and 
H2SO4 concentration which was identified by statistical anal-
ysis. By increasing the sulfuric acid concentration to 0.2%, a 
glucose yield of 80% was achieved at a temperature of 180°C 
and residence time of 60 min. The process was therefore op-
timized by using a software simultaneously taking into ac-
count the delignification and glucose yield after enzymatic 
hydrolysis. The aim was to carry out the process with mini-
mal temperature, minimal residence time, and minimal sulfu-
ric acid concentration while increasing the target sizes at the 
same time. Optimum operating conditions were identified by 
the model at 0.16% H2SO4, 185°C, 60 min residence time, 
and 50% EtOH. At that point, measured delignification was 
88 ± 3% and glucose yield at 85 ± 4%.

Results on poplar are shown in Figure 3b at a residence 
time of 48 min. The glucose yield showed a linear depen-
dence on temperature. The H2SO4 concentration had a 

F I G U R E  3  (a) Delignification of (left) and glucose yield (right) from miscanthus in function of temperature and acid concentration; (b) 
delignification of (left) and glucose yield (right) from poplar in function of temperature and acid concentration
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quadratic effect on the glucose yield with a maximum value 
of 70% at 0.16%–0.2% H2SO4. The residence time showed 
no significance regarding the range investigated. According 
to miscanthus, software‐assisted optimization was performed 
concerning the delignification and glucose yield. The sub-
sequent optimum operating parameters were identified with 
a H2SO4 concentration of 0.19% solubilized in a 50% EtOH 
at 182°C for 48 min to achieve 70 ± 3% glucose yield after 
24 hr of hydrolysis and a delignification of 84 ± 1%.

4 |  DISCUSSION

4.1 | Identification of a suitable miscanthus 
pretreatment and optimization thereof
The assessment of the data from our experiments shows that 
a high degree of delignification (NDelig) could only be real-
ized by acid‐ and base‐catalyzed organosolv processes and 
alkaline treatment. The reason for this is the high proportion 
of stable intramolecular β‐O‐4 ether linkages (46%–93%; El 
Hage et al., 2009; Villaverde, Li, Ek, Ligero, & Vega, 2009) 
that commonly require homogenous catalysis, for example, 
at alkaline or acid conditions for cleavage. This was already 
reported by Serrano et al. who ascertained that the applica-
tion of EtOH resulted in a delignification of 30%–40% in 
contrary to 70%–75% in the presence of catalysts (Serrano, 
Egues, Gonzalez Alriols, Llano‐Ponte, & Labidi, 2010). 
There are indications from model substance studies that the 
uncatalyzed cleavage of β‐aryl‐ether linkages is delayed with 
regard to the breakage of α‐aryl‐ether bonds (Kishimoto & 
Sano, 2003). This is due to the higher activation energy of the 
β‐aryl‐ether linkages (150 vs. 80–118 kJ/mol). However, a 
decrease in the activation energy was already approved for α‐
aryl‐ether bonds in the presence of acidic catalysts (Li, Sun, 
Xu, & Sun, 2012) and can be also proposed for β‐aryl‐ether 
linkages. The acid‐catalyzed breakage of β‐aryl‐ether link-
ages is elucidated for model compounds and is also likely to 
occur via a heterolytic, unzipping mechanism in lignin depo-
lymerization (Sturgeon, Kim, & Lawrence, 2014). The alka-
line cleavage of aryl ether has been extensively studied in the 
past with regard to lignin model compounds. The breakage 
of α‐aryl‐ether bonds occurs readily at ambient conditions 
via an elimination mechanism. The cleavage of the β‐aryl‐
ether bond follows a displacement mechanism requiring the 
deprotonation of an hydroxyl group at a neighboring C atom 
(Meister, 1995). In our study, the alkaline treatment also re-
sulted in very high glucose yields. However, alkaline treat-
ment had the highest log R′′

0
 value with 8.13 revealing more 

harsh conditions than the acidic organosolv pretreatment 
with the help of ethanol resulting in the highest delignifica-
tion degree (78%). Furthermore, this method also showed a 
very high glucose yield with relatively low log R′′

0
 values of 

7.13 at the same time. Additionally, it can be expected that 

the degree of lignin purity is higher than one that was ob-
tained via base catalysis (Schutyser et al., 2017). Together 
with the possibility to recycle the solvent, the acid‐catalyzed 
organosolv process was chosen as a suitable method for the 
pretreatment of miscanthus and selected for optimization: 
The main influencing factors and the significant variable‐tar-
get size interactions were identified with the aid of a soft-
ware: temperature and H2SO4 concentration. Accordingly, 
pretreatment conditions had the highest glucose yield after 
hydrolysis valued at 0.16% H2SO4 and 50% EtOH at 185°C 
for 60 min. However, at this temperature, xylose and glu-
cose degradation were also observed. These findings are in 
the same operational range that was recently summarized by 
Zhao, Li, Wu, and Liu (2017) for an alcohol‐based organo-
solv process.

To confirm the parameter sizes, two additional exper-
iments were performed with these operating points. The 
model‐predicted value for the glucose yield was 74% and the 
value 85 ± 4% which was found within the scope of an ex-
periment. With 60%–88%, this value was in the confidence 
interval of the model. Furthermore, the model predicted a de-
lignification of 72% under these parameter settings whereby 
data from the experiments revealed a higher delignification 
degree of 88 ± 3%. Unfortunately, this value is outside the 
confidence interval. Hence, in future, further data points have 
to be included into the model to increase its significance. 
However, the test with higher delignification resulted in a 
higher glucose yield of 85 ± 4%. Cha et al. (2016) achieved 
a delignification of only 64% with an alkaline twin screw 
process using 2.4% NaOH at ~100°C. In this case, they ob-
served a glucose yield of about 56% after 24 hr. A dilute acid 
pretreatment of miscanthus was also extensively optimized 
by DoE (Yoo et al., 2016). However, the achieved glucose 
yields were only <50% after 24 hr approving the demand for 
the concomitant application of acid and an organic solvent 
for the efficient pretreatment of miscanthus. The so‐called 
OrganoCat process utilizes a biphasic system of oxalic acid 
in water and 2‐methyltetrahydrofuran (Damm et al., 2017) in 
addition to ethanol as a solvent for an organosolv process. 
This method was carried out using miscanthus as feed-
stock, as well. However, a delignification level of <70% was 
achieved which led to low glucose yields (<50%) after 24 hr 
confirming the efficacy of the given process.

4.2 | Identification of a suitable poplar 
pretreatment and optimization thereof
Best performing methods for the delignification of poplar 
lignocellulose were achieved for both, the acidic organo-
solv process and alkaline treatment. In addition to that, 
the other pretreatment processes with lower modified 
severity factors had moderate to good results (NDelig and 
NGlucose > 0.5), too. This is based on the higher proportion 
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of α‐aryl ether linkages in poplar, which can simply be 
cleaved in contrast to the β‐aryl‐ether bonds (Kishimoto 
& Sano, 2003). Furthermore, investigations confirmed that 
the β‐aryl‐ether bonds present in hardwood revealed in-
creased hydrolysis rates. Another reason is that the poplar 
also contains syringyl units, which provide higher reactiv-
ity (Sannigrahi, Ragauskas, & Tuskan, 2010). At the same 
time, the condensation of lignin fragments, which usually 
takes place in acid‐catalyzed organosolv counteracting 
the lignin cleavage (Schutyser et al., 2017), is minimized. 
Hence, by the supplementation of mineral acid catalysts, 
the cleavage can be further increased in an organosolv pro-
cess, since acid‐soluble lignin is extracted from the fiber 
(Chum, Johnson, & Black, 1990, 1988). Because of the 
miscanthus, the acid‐catalyzed organosolv process was 
thus identified as most suitable method for the pretreatment 
of poplar wood.

The main influencing factors (temperature and the H2SO4 
concentration) and significant variable‐target size interac-
tions were identified with the assistance of a software. Higher 
temperatures and H2SO4 concentrations enhance the delig-
nification and lead to the augmented cleavage of ether and 
ester bonds, as mentioned above. A maximal delignification 
of 80% and a concentration of 0.13% H2SO4 were measured 
for temperatures above 180°C. Also, xylose and glucose deg-
radation were observed at this temperature. Analogous to the 
delignification, temperature and H2SO4 concentration are 
the significant parameters affecting glucose yield from the 
enzymatic hydrolysis. The glucose yield showed a quadratic 
dependence from the H2SO4 concentration with a maximum 
value of 70% at 200°C and 0.16%–0.2% H2SO4. The residence 
time is not a significant parameter in the range considered 
(data not shown). However, an optimal dwell time can still 
be determined and the optimum operating parameters were 
as follows: 0.19% H2SO4, 182°C, 48 min, and 50% EtOH. 
At optimum conditions, we achieved 70 ± 3% glucose yield 
after 24 hr hydrolysis and a delignification of 84 ± 1%.

A combination of hot pressurized water treatment followed 
by a treatment with peracetic acid was applied to increase acces-
sibility of poplar wood (Lee et al., 2017). In this case, 70% of the 
lignin was removed and the glucose yield exceeded the value ob-
tained within our investigations of more than 15% but after 72 hr 
(no data for 24 hr). Pan et al. (2006) reported values of 92% 
glucose yield when applying acidic organosolv pretreatment 
with a higher acid concentration of 1.25% H2SO4. However, the 
amount of endo‐cellulase activity applied was twice as high and 
the β‐glucosidase activity was four times higher. By optimizing 
our enzymatic hydrolysis conditions, the glucose yield exceeded 
90% at ≤5% fiber content (data not shown).

As a conclusion, it can be said that the pretreatment 
methods with higher modified severity factors are more ef-
fective than those with lower ones. The acidic organosolv 
process is suitable for both, the pretreatment of miscanthus 

and poplar wood. The delignification degree after optimi-
zation exceeded 85% in both processes, whereby the glu-
cose yield is higher than 70%. The data show that a gain of 
fermentable sugars is possible from both resources in the 
form of high yields. However, the authors are convinced 
that a further increase in the glucose yield is feasible by 
implementing a prospective optimization of the hydrolysis 
process itself. Furthermore, the lignin isolation and the as-
sessment of its quality are to be carried out in the context 
of investigations in the future.

ACKNOWLEDGEMENTS

We want to express our gratitude to Novozymes for pro-
viding the enzymes. Furthermore, we would like to thank 
BMEL for their support and FNR for sponsorship in the 
“Lignocellulose‐Bioraffinerie” project(FKZ 22019309).

ORCID

Thomas Hahn  http://orcid.org/0000-0001-8428-0342 
Susanne Zibek  http://orcid.org/0000-0001-5344-6549  

REFERENCES

Adams, J. M. M., Winters, A. L., Hodgson, E. M., & Gallagher, J. 
A. (2018). What cell wall components are the best indicators for 
Miscanthus digestibility and conversion to ethanol following vari-
able pretreatments? Biotechnology for Biofuels, 11, 14. https://doi.
org/10.1186/s13068-018-1066-3

Babovic, N. V., Drazic, G. D., & Dordevic, A. M. (2012). Potential 
uses of biomass from fast‐growing crop Miscanthus X giganteus. 
Hemijska Industrija, 66, 223–233.

Cha, Y.‐L., Yang, J., Seo, S.‐I., An, G. H., Moon, Y.‐H., You, G.‐D., … 
Lee, K.‐B. (2016). Alkaline twin‐screw extrusion pretreatment of 
Miscanthus with recycled black liquor at the pilot scale. Fuel, 164, 
322–328. https://doi.org/10.1016/j.fuel.2015.10.006

Chen, H., Liu, J., Chang, X., Chen, D., Xue, Y., Liu, P., … Han, S. 
(2017). A review on the pretreatment of lignocellulose for high‐
value chemicals. Fuel Processing Technology, 160, 196–206. https://
doi.org/10.1016/j.fuproc.2016.12.007

Chum, H. L., Black, S. K., Johnson, D. K., Sarkanen, K. V., & Robert, 
D. (1999). Organosolv pretreatment for enzymatic hydrolysis of 
poplars: Isolation and quantitative structural studies of lignins. 
Clean Products and Processes, 1, 187–198.

Chum, H. L., Johnson, D. K., & Black, S. K. (1990). Organosolv pre-
treatment for enzymatic‐hydrolysis of poplars. 2. Catalyst effects 
and the combined severity parameter. Industrial & Engineering 
Chemistry Research, 29, 156–162.

Chum, H. L., Johnson, D. K., Black, S., Baker, J., Grohmann, K., … 
Schroeder, H. A. (1988). Organosolv pretreatment for enzymatic 
hydrolysis of poplars. 1. Enzyme hydrolysis of cellulosic residues. 
Biotechnology and Bioengineering, 31, 643–649.

Damm, T., Grande, P. M., Jablonowski, N. D., Thiele, B., Disko, U., 
Mann, U., … Klose, H. (2017). OrganoCat pretreatment of peren-
nial plants: Synergies between a biogenic fractionation and valuable 

http://orcid.org/0000-0001-8428-0342
http://orcid.org/0000-0001-8428-0342
http://orcid.org/0000-0001-5344-6549
http://orcid.org/0000-0001-5344-6549
https://doi.org/10.1186/s13068-018-1066-3
https://doi.org/10.1186/s13068-018-1066-3
https://doi.org/10.1016/j.fuel.2015.10.006
https://doi.org/10.1016/j.fuproc.2016.12.007
https://doi.org/10.1016/j.fuproc.2016.12.007


   | 179SEIBERT‐LUDWIG ET aL.

feedstocks. Bioresource Technology, 244, 889–896. https://doi.
org/10.1016/j.biortech.2017.08.027

El Hage, R., Brosse, N., Chrusciel, L., Sanchez, C., Sannigrahi, P., & 
Ragauskas, A. (2009). Characterization of milled wood lignin and 
ethanol organosolv lignin from miscanthus. Polymer Degradation 
and Stability, 94, 1632–1638. https://doi.org/10.1016/j.
polymdegradstab.2009.07.007

Galbe, M., & Zacchi, G. (2007). Pretreatment of lignocellulosic materi-
als for efficient bioethanol production. In L. Olsson (Ed.), Biofuels 
(pp. 41–66). Berlin: Springer-Verlag.

Goh, C. S., Tan, H. T., Lee, K. T., & Brosse, N. (2011). Evaluation and 
optimization of organosolv pretreatment using combined severity 
factors and response surface methodology. Biomass & Bioenergy, 
35, 4025–4033. https://doi.org/10.1016/j.biombioe.2011.06.034

Kärcher, M. A., Iqbal, Y., Lewandowski, I., & Senn, T. (2015). 
Comparing the performance of Miscanthus x giganteus and 
wheat straw biomass in sulfuric acid based pretreatment. 
Bioresource Technology, 180, 360–364. https://doi.org/10.1016/j.
biortech.2014.12.107

Kärcher, M. A., Iqbal, Y., Lewandowski, I., & Senn, T. (2016). Efficiency 
of single stage‐ and two stage pretreatment in biomass with different 
lignin content. Bioresource Technology, 211, 787–791. https://doi.
org/10.1016/j.biortech.2016.04.017

Keim, W. (2010). Petrochemicals: Raw material change from fos-
sil to biomass? Petroleum Chemistry, 50, 298–304. https://doi.
org/10.1134/S0965544110040079

Kishimoto, T., & Sano, Y. (2003). Delignification mechanism during 
high‐boiling solvent pulping. V. Reaction of nonphenolic beta‐O‐4 
model compounds in the presence and absence of glucose. Journal 
of Wood Chemistry and Technology, 23, 279–292.

Lange, J. P. (2007). Lignocellulose conversion: An introduction to chem-
istry, process and economics. Biofuels Bioproducts & Biorefining‐
Biofpr, 1, 39–48. https://doi.org/10.1002/bbb.7

Lee, H. R., Lee, H. W., Lee, Y.‐W., Kazlauskas, R. J., & Park, T. H. 
(2017). Improved pretreatment of yellow poplar biomass using 
hot compressed water and enzymatically‐generated peracetic acid. 
Biomass and Bioenergy, 105, 190–196. https://doi.org/10.1016/j.
biombioe.2017.07.004

Li, M.‐F., Sun, S.‐N., Xu, F., & Sun, R.‐C. (2012). Organosolv fraction-
ation of lignocelluloses for fuels, chemicals and materials: A biore-
finery processing perspective. In C. Baskar, S. Baskar, R. Dhillon 
(Eds..), Biomass conversion (pp. 341–379). Berlin, Heidelberg, 
Germany: Springer.

Liu, W., Chen, W., Hou, Q. X., Wang, S., & Liu, F. (2018). Effects 
of combined pretreatment of dilute acid pre‐extraction and chem-
ical‐assisted mechanical refining on enzymatic hydrolysis of lig-
nocellulosic biomass. RSC Advances, 8, 10207–10214. https://doi.
org/10.1039/C7RA12732D

Liu, L., Liu, W., Hou, Q., Chen, J., & Xu, N. (2015). Understanding of 
pH value and its effect on autohydrolysis pretreatment prior to pop-
lar chemi‐thermomechanical pulping. Bioresource Technology, 196, 
662–667. https://doi.org/10.1016/j.biortech.2015.08.034

Lu, J., Li, X., Zhao, J., & Qu, Y. (2012). Enzymatic saccharification 
and ethanol fermentation of reed pretreated with liquid hot water. 
Journal of Biomedicine and Biotechnology, 2012, 1–9. https://doi.
org/10.1155/2012/276278

Meister, J. J. (1995). Chemical modification of lignin. In D.‐ S.‐N. Hon 
(Ed.), Chemical modification of lignocellulosic materials (pp. 129–
158). Boca Raton, FL: CRC Press.

Overend, R. P., & Chornet, E. (1987). Fractionation of lignocellulosics 
by steam‐aqueous pretreatments. Philosophical Transactions of the 
Royal Society A: Mathematical Physical and Engineering Sciences, 
321, 523–536.

Pan, X., Gilkes, N., Kadla, J., Pye, K., Saka, S., Gregg, D., … Saddler, 
J. (2006). Bioconversion of hybrid poplar to ethanol and co‐products 
using an organosolv fractionation process: Optimization of process 
yields. Biotechnology and Bioengineering, 94, 851–861. https://doi.
org/10.1002/bit.20905

Pappas, I. A., Koukoura, Z., Tananaki, C., & Goulas, C. (2014). Effect 
of dilute acid pretreatment severity on the bioconversion effi-
ciency of Phalaris aquatica L. lignocellulosic biomass into fer-
mentable sugars. Bioresource Technology, 166, 395–402. https://
doi.org/10.1016/j.biortech.2014.05.072

Pedersen, M., & Meyer, A. S. (2010). Lignocellulose pretreatment se-
verity – Relating pH to biomatrix opening. New Biotechnology, 27, 
739–750. https://doi.org/10.1016/j.nbt.2010.05.003

Sannigrahi, P., Ragauskas, A. J., & Tuskan, G. A. (2010). Poplar as a 
feedstock for biofuels: A review of compositional characteristics. 
Biofuels, Bioproducts and Biorefining, 4, 209–226. https://doi.
org/10.1002/bbb.206

Schütt, F., Haas Nils, P., Dehne, L., Koch, G., Janzon, R., & Saake, 
B. (2013). Steam pretreatment for enzymatic hydrolysis of poplar 
wood: Comparison of optimal conditions with and without SO2 
impregnation. Holzforschung, 67, 9–17. https://doi.org/10.1515/
hf-2012-0076

Schütt, F., Puls, J., & Saake, B. (2011). Optimization of steam pre-
treatment conditions for enzymatic hydrolysis of poplar wood. 
Holzforschung, 65, 453–459. https://doi.org/10.1515/hf.2011.066

Schutyser, W., Renders, T., Van DenBossche, G., Van DenBosch, S., 
Koelewijn, S., Ennaert, T., & Sels, B. F. (2017). Catalysis in ligno-
cellulosic biorefineries: The case of lignin conversion. In M. Van 
DeVoorde, & B. Sels (Eds.), Nanotechnology in catalysis (pp. 537–
584). Weinheim: Wiley-VCH.

Serrano, L., Egues, I., Gonzalez Alriols, M., Llano‐Ponte, R., & 
Labidi, J. (2010). Miscanthus sinensis fractionation by different 
reagents. Chemical Engineering Journal, 156, 49–55. https://doi.
org/10.1016/j.cej.2009.09.032

Sluiter, A., Hames, B., Ruiz, R., Scarlata, C., Sluiter, J., Templeton, D., 
& Crocker, D. (2008). Determination of structural carbohydrates 
and lignin in biomass. In Laboratory analytical procedure (pp. 1–
15). Golden: Laboratory NRE.

Sousa, L. D. C., Chundawat, S. P. S., Balan, V., & Dale, B. E. (2009). 
'Cradle‐to‐grave' assessment of existing lignocellulose pretreatment 
technologies. Current Opinion in Biotechnology, 20, 339–347.

Stolarski, M. J., Krzyianiak, M., Szczukowski, S., Tworkowski, J., & 
Bieniek, A. (2014). Short rotation woody crops grown on marginal 
soil for biomass energy. Polish Journal of Environmental Studies, 
23, 1727–1739.

Sturgeon, M. R., Kim, S., Lawrence, K., Paton, R. S., Chmely, S. C., 
Nimlos, M., … Beckham, G. T. (2014). A mechanistic investigation 
of acid‐catalyzed cleavage of aryl‐ether linkages: Implications for 
lignin depolymerization in acidic environments. ACS Sustainable 
Chemistry & Engineering, 2, 472–485. https://doi.org/10.1021/
sc400384w

Villaverde, J. J., Li, J., Ek, M., Ligero, P., & De Vega, A. (2009). Native 
lignin structure of Miscanthus x giganteus and its changes during 
acetic and formic acid fractionation. Journal of Agricultural and 
Food Chemistry, 57, 6262–6270.

https://doi.org/10.1016/j.biortech.2017.08.027
https://doi.org/10.1016/j.biortech.2017.08.027
https://doi.org/10.1016/j.polymdegradstab.2009.07.007
https://doi.org/10.1016/j.polymdegradstab.2009.07.007
https://doi.org/10.1016/j.biombioe.2011.06.034
https://doi.org/10.1016/j.biortech.2014.12.107
https://doi.org/10.1016/j.biortech.2014.12.107
https://doi.org/10.1016/j.biortech.2016.04.017
https://doi.org/10.1016/j.biortech.2016.04.017
https://doi.org/10.1134/S0965544110040079
https://doi.org/10.1134/S0965544110040079
https://doi.org/10.1002/bbb.7
https://doi.org/10.1016/j.biombioe.2017.07.004
https://doi.org/10.1016/j.biombioe.2017.07.004
https://doi.org/10.1039/C7RA12732D
https://doi.org/10.1039/C7RA12732D
https://doi.org/10.1016/j.biortech.2015.08.034
https://doi.org/10.1155/2012/276278
https://doi.org/10.1155/2012/276278
https://doi.org/10.1002/bit.20905
https://doi.org/10.1002/bit.20905
https://doi.org/10.1016/j.biortech.2014.05.072
https://doi.org/10.1016/j.biortech.2014.05.072
https://doi.org/10.1016/j.nbt.2010.05.003
https://doi.org/10.1002/bbb.206
https://doi.org/10.1002/bbb.206
https://doi.org/10.1515/hf-2012-0076
https://doi.org/10.1515/hf-2012-0076
https://doi.org/10.1515/hf.2011.066
https://doi.org/10.1016/j.cej.2009.09.032
https://doi.org/10.1016/j.cej.2009.09.032
https://doi.org/10.1021/sc400384w
https://doi.org/10.1021/sc400384w


180 |   SEIBERT‐LUDWIG ET aL.

Yan, L., Zhang, L., & Yang, B. (2014). Enhancement of total sugar and 
lignin yields through dissolution of poplar wood by hot water and 
dilute acid flowthrough pretreatment. Biotechnology for Biofuels, 7, 
76. https://doi.org/10.1186/1754-6834-7-76

Yoo, H. Y., Yang, X., Kim, D. S., Lee, S. K., Lotrakul, P., Prasongsuk, 
S., … Kim, S. W. (2016). Evaluation of the overall process on 
bioethanol production from Miscanthus hydrolysates obtained by di-
lute acid pretreatment. Biotechnology and Bioprocess Engineering, 
21, 733–742. https://doi.org/10.1007/s12257-016-0485-x

Zhao, X. B., Li, S. M., Wu, R. C., & Liu, D. H. (2017). Organosolv frac-
tionating pretreatment of lignocellulosic biomass for efficient enzy-
matic saccharification: Chemistry, kinetics, and substrate structures. 

Biofuels Bioproducts & Biorefining‐Biofpr, 11, 567–590. https://
doi.org/10.1002/bbb.1768

How to cite this article: Seibert‐Ludwig D, Hahn T, 
Hirth T, Zibek S. Selection and optimization of a 
suitable pretreatment method for miscanthus and 
poplar raw material. GCB Bioenergy. 2019;11:171–
180. https://doi.org/10.1111/gcbb.12575

https://doi.org/10.1186/1754-6834-7-76
https://doi.org/10.1007/s12257-016-0485-x
https://doi.org/10.1002/bbb.1768
https://doi.org/10.1002/bbb.1768
https://doi.org/10.1111/gcbb.12575

