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Abstract
Economically feasible bioethanol production from lignocellulosic biomass requires solid loadings ≥ 15% dry matter (DM, 
w/w). However, increased solid loadings can lead to process difficulties, which are characterized by high apparent slurry 
viscosity, insufficient substrate mixing and limited water availability, resulting in reduced final glucose yields. To over-
come these limitations, this study focused on enzymatic hydrolysis of 10–35% DM solid loadings with steam-exploded 
wheat straw in two different particle sizes. At solid loadings of 20 and 25% DM small particle size of ≤ 2.5 mm yielded 
16.9 ± 1.1% and 10.2 ± 1.4% increased final glucose concentrations compared to large particle size of 30 ± 20 mm. Small 
particle size also positively influenced slurry viscosity and, therefore, miscibility. As a key finding of this investigation, high 
gravity enzymatic hydrolysis with solid loadings of 30–35% DM was indeed successfully employed when wheat straw 
was applied in small particle size. Here, the highest final glucose yield was achieved with 127.9 ± 4.9 g  L−1 at 35% DM 
solid loading. An increase in the solid loading from 10 to 35% DM in small particle size experiments resulted in a 460% 
increase in the final glucose concentration.

Article Highlights

• Fiber size reduction benefits enzymatic high gravity hydrolysis of steam-exploded wheat straw.
• Small fiber size of ≤ 2.5 mm enables saccharification at 35% w/w solid loadings.
• Water-retention capacity of cellulosic fibers influence slurry viscosity and yielded glucose concentration.

Keywords Lignocellulosic bioethanol · High gravity · Enzymatic hydrolysis · Steam explosion · Particle size · Slurry 
viscosity

1 Introduction

Lignocellulose is the most abundant source of renewable 
biomass and an attractive material for bioethanol produc-
tion [1]. Over the last decades, a number of demonstration 

plants were introduced for the production of lignocel-
lulosic bioethanol [2]. Some countries now produce 
bioethanol from cellulosic feedstock at different devel-
opment stages [3]. Important factors for processing eco-
nomics and energy balance are pretreatment efficiency, 
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saccharification of the lignocellulosic biomass and fermen-
tation of the slurry phase [4, 5].

Over the last years, enzymatic hydrolysis has been the 
preferred method to recover fermentable monosaccha-
rides from lignocellulosic biomass [5]. One approach to 
improve monosaccharide yields and, in-terms, economic 
feasibility is to apply high gravity enzymatic hydrolysis 
[6–8]. High gravity enzymatic hydrolysis is defined as a 
saccharification step at solid loadings ≥ 15% dry matter 
(DM, w/w). It offers advantages over hydrolysis at low 
solid loadings [3]. For instance, it decreases operational 
costs due to lower energy demand for cooling and heat-
ing steps [7, 9] and reduces required equipment volumes, 
water consumption, wastewater generation and costs for 
additional separation steps [10, 11]. A major advantage of 
high gravity enzymatic hydrolysis is that it can result in a 
slurry with a bioethanol concentration of ≥ 4% w/w, which 
is required for an economically feasible and efficient distil-
lation step [10, 12].

However, high gravity enzymatic hydrolysis poses 
technical difficulties. With an increase in solid loading the 
apparent viscosity of the slurry increases, resulting in poor 
mixing properties of liquid and solid fractions such as lim-
ited heat and mass transfer rates. Mixing is required for 
sufficient contact between enzymes and substrate solids. 
Poor mixing results in areas with high concentrations of 
hydrolysis products (e.g., cellobiose, glucose and xylose), 
which hinders enzyme catalysis reactions due to limited 
substrate diffusion into the active site, or product diffu-
sion out [13].

It was shown that an increase in solid loading can result 
in a decrease in the final glucose yield [14]. This effect is 
known as the high-solids effect and has mostly been attrib-
uted to the non-productive binding of enzymes to lignin 
[15, 16] or the inhibition of enzymes resulting from high 
concentrations of hydrolysis products [14, 17]. Several 
studies have linked the ability of lignocellulosic polymers 
to constrain water with the inhibition of cellulase [18, 19]. 
Water acts as medium through which enzymes diffuse to 
and degradation products away from the enzymatic bind-
ing sites and operates as a reactant in the cleavage of the 
glycosidic bonds within the cellulose polymers [20]. They 
suggested that there is a strong correlation between the 
degree to which the polymers constrain the surrounding 
water and the inhibition of cellulase. However, it is still 
not fully understood if this correlation is dominated by 
the non-productive binding of enzymes to lignin or poor 
mixing quality of the slurry.

Plant fibers consist of a hydrophilic polymer matrix 
with micro-pores in the cell wall and macro-pores within 
the plant tissue, which are known to absorb the sur-
rounding fluid. The literature implies that the extent 
of fluid absorption depends mainly on chemical and 

physical characteristics such as substrate porosity and 
particle size [21]. With an increase in solid loading, more 
water gets constrained within the cellulosic fibers, mak-
ing it unavailable as a reactant and dispersant agent [17]. 
If the slurry reaches a certain solid loading, the aver-
age particle separation distance is less than the parti-
cle radius and the slurry is considered “dense” [22]. The 
ability of biological particles to absorb water increases 
this effect substantially. A further increase in the solid 
loading of a “dense” slurry causes all available water to 
be absorbed or entrained within the plant fibers [23]. 
A lack of freely available water decreases the lubricat-
ing fluid layer between particles and causes the slurry 
to become unsaturated. In an unsaturated slurry, the 
fluid layer gets replaced by air, which causes the fibrous 
particles to become further entangled and agglomer-
ate to larger flocs or fiber networks [24]. The agglomer-
ated fibers behave as a wet granular material with a high 
apparent viscosity that causes shearing difficulties and 
poor mixing.

Altering the physical characteristics, such as the parti-
cle size, of the biomass could help to further understand 
the mechanism behind the cellulase inhibition. It is known 
that the particle size in correlation with several substrate 
properties such as water-retention capacity, chemical 
composition of fibers and inter-fiber interactions influ-
ence the rheological behavior of slurries and the amount 
of fermentable monosaccharides released during enzy-
matic hydrolysis (sugar yield) [14, 25–27]. Thus, this study 
investigated the reduction in particle size as a way to alter 
the water-polymer interaction and reduce cellulase inhi-
bition at a high solid loading. This included the investiga-
tion of preferential steam-explosion conditions, glucose 
yields, substrate conversion and rheological behavior of 
the slurry.

2  Experimental

2.1  Biomass feedstock

Wheat straw (Triticum aestivum L.) was grown, harvested, 
dried and coarsely chopped by Ihinger Hof (University 
of Hohenheim, Germany) in 2017. The straw consisted 
of 44.0% cellulose, 19.8% hemicellulose, 32.3% lignin 
and 4.5% ash, determined according to Sluiter et al. [28]. 
Wheat straw was initially cut to a length of 30 ± 20 mm to 
investigate large fiber size (LFS). A milling pretreatment 
(type SR2. Retsch GmbH, Germany) with a 2.5 mm sieve 
was applied to investigate small fiber size (SFS). The mill-
ing pretreatment did not impose any significant changes 
in substrate composition.
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2.2  Experimental setup

The experimental setup investigated (1) preferential 
steam explosion conditions and subsequently (2) enzy-
matic hydrolysis with different particle sizes and solid 
loadings. Steam explosion is known to partly solubilize 
the biomass, resulting in the release of sugar and the 
formation of sugar derived degradation products (inhibi-
tors) that can negatively impact the enzymatic hydrolysis 
[29, 30].

To be able to differentiate between the inhibiting 
effects caused by the high-solids effect during enzy-
matic hydrolysis and accumulated inhibitors, formed 
during steam explosion, it is necessary to remove the 
latter prior to enzymatic hydrolysis. Additionally, the 
goal was to find pretreatment conditions that would 
increase the accessibility of the cellulosic fibers to hydro-
lytic enzymes, without significantly altering the physi-
ochemical characteristics of the substrate. Therefore, 
steam explosion experiments with subsequent wash-
ing steps were conducted to investigate the influence 
of the pretreatment severity on formation of inhibitors 
and changes of material composition.

2.3  Preferential steam explosion conditions

The pretreatment experiments were performed with 
water-soaked substrate in a double-walled 20 L steam 
explosion reactor (H & K GmbH Behälter und Edelstahl-
technik, Kehl, Germany), heated by indirect steam injec-
tion. The severity parameter  (S0) was used to adjust the 
degradation, and depolymerization of the material and 
was calculated using the following equation [31]:

where T is the temperature (°C) and t the time (min). A 
reactor temperature of 170 °C and pressure of 600–700 kPa 
were kept for 45 and 120 min to apply a low (S0 = 3.75) and 
high (S0 = 4,18) severity pretreatment, accordingly. At the 
end of the reaction time, a reactor valve was opened to 
abruptly reduce the reactor pressure to ambient pressure. 
Steam explosion conditions were adapted according to 
the optimization studies by Fleischer [32].

The pretreated material was water-washed in a ratio 
of 1:5 g  g−1 in a stirred beaker (10 min), centrifuged at 
10,000 × g and the liquid phase removed. The washing 
step (WS) was repeated three times and the materials 
subsequently dried at 65 °C for 96 h. Liquids from the 
pretreatment and washing steps were analyzed for solu-
ble contents. The amount of soluble content removed 

(1)S0 = exp

[

T − 100

14, 5

]

⋅ t

with each washing step was calculated by accounting 
for their content in the solid and liquid phase following 
pretreatment and washing.

2.4  Enzymatic hydrolysis

Enzymatic hydrolysis was carried out in 0.5 L stainless steel 
vessels equipped with a crossbar stirrer and closeable plas-
tic lids at 50 °C for 96 h at a volume of 0.2 L. All experiments 
were set up in triplicates with the pretreated substrates, 
50 mM citrate buffer at pH 4.8 and a cellulolytic enzyme 
(Cellic® CTec2. Novozymes, Denmark) at enzyme loading of 
15 FPU  g−1 DM. In a first experimental setup, both particle 
sizes were investigated in solid loadings of 10, 15, 20 and 
25% DM. Additionally, a second experiment investigated 
very high solid loadings of 30 and 35% DM. Enzymatic 
hydrolysis was also performed with SFS, when the sub-
strate was milled after steam explosion, to investigate the 
effect of particle size on the severity of the pretreatment.

2.5  Rheological measurement

The slurry viscosity was measured using a modular com-
pact rheometer (MCR 92. Anton Paar GmbH, Germany). 
The rheometer was operated in rotational mode at 20 °C 
with logarithmically increasing shear rates between 0.1 
and 10  s−1 and equipped with a plate/plate geometry with 
a 1.5 mm gap. Each measurement was repeated five times 
with fresh samples. Results are given in mean values and 
standard deviation.

2.6  Conversion analysis

The enzymatic hydrolysis efficiency was evaluated by glu-
can conversion analysis. Vessel liquids were sampled every 
24 h and analyzed for cellobiose, glucose, xylose and arab-
inose concentrations with high-performance liquid chro-
matograph (HPLC) refractive index detector (RID, Shodex 
RI-101, Thermo Fisher, USA). All samples were centrifuged 
at 4000 × g for 10 min and the supernatant water-diluted in 
a ratio of 1:3. The supernatant was subsequently 0.45 µm 
filtered and analyzed via HPLC equipped with a Phenom-
enex Rezex RHM column at 80 °C with 1 mM  H2SO4 as elu-
ent at a flow rate of 0.6 mL  min−1. The calculation of the 
converted glucose was adapted from Zhu et al. [33]. The 
formula was developed to investigate the true lignocel-
lulosic conversion to glucose during enzymatic hydrolysis 
performed at high solid loadings and considers varying 
liquid densities and volumes resulting from the constant 
solubilization of solid matter (Eq. 2).
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Yg is the conversion of biomass to glucose (glucan conver-
sion), cg and  cg0 the glucose concentration, Vh and Vh0 the 
volume of the hydrolysate, Xis0 the initial mass fraction of 
insoluble solids in total solids, φG the molecular weight 
ratio of glucose to glucan monomer (φG = 1.11), ρh0 the ini-
tial density of the hydrolysate, xg0 the initial mass fraction 
of glucan in insoluble solids and ƒtS0 the initial mass frac-
tion of total solids in the slurry. All terms with subscript 0 
correspond to initial values at the start of the experiment. 
Results are given in mean values and standard deviation.

2.7  Degradation product determination

Liquid samples from the pretreatment and washing steps 
were analyzed for potentially inhibiting compounds. Fur-
fural, 5-Hydroxymethylfurfural (5-HMF), formic and acetic 
acid were quantified using the previously described HPLC 
method. The total phenolic content was determined by 
means of Folin–Ciocalteu reagent according to Singleton 
et al. [34]. Units of all degradation products, including sug-
ars are presented in mg  g−1 based on initial biomass load-
ing at the start of the experiment.

(2)Yg =
cg

(

Vh

Vh0

)

− cg0

�G

(

�h0

1−fts0Xis0

)

fts0Xis0xg0

3  Results and discussion

3.1  Preferential steam explosion conditions

To define preferential steam explosion conditions, the 
soluble contents were analyzed after steam explosion 
at low and high severity (Table  1). The initial amount 
of solubilized sugars changed with the severity of 
the pretreatment. The content of glucan monomers 
decreased from 34.8 ± 0.4  mg   g−1 to 26.0 ± 0.4  mg   g−1 
and xylan monomers increased from 90.4 ± 1.0 mg  g−1 to 
113.3 ± 6.8 mg  g−1 when altering from low to high sever-
ity conditions. Additionally, the concentration of inhibitors 
increased significantly. The concentration of organic acids 
showed the highest increase from 6.9 ± 0.2 mg  g−1 formic 
acid and 16.3 ± 0.0 mg  g−1 acetic acid at low severity to 
21.6 ± 0.2 mg  g−1 formic acid and 28.6 ± 0.3 mg  g−1 ace-
tic acid at high severity, respectively. The concentration 
of total phenolic contents remained below 0.2 mg  g−1 for 

Table 1  Soluble contents in the liquid phase after steam explosion at low (S0 = 3.75) and high (S0 = 4.18) severity and after three washing 
step (WS)

Content Severity Liquid phase (mg  g−1) WS1 (mg  g−1) WS2 (mg  g−1) WS3 (mg  g−1) Content 
reduction 
(%)

Cellobiose Low 8.0 ± 1.5 6.3 ± 0.2 2.4 ± 0.2 0.6 ± 0.0 93
High 4.9 ± 0.2 2.8 ± 0.1 0.6 ± 0.0 0.6 ± 0.0 88

Glucan Low 34.8 ± 0.4 28.7 ± 0.4 8.2 ± 1.0 1.6 ± 0.0 95
High 26.0 ± 0.4 19.1 ± 0.3 4.3 ± 0.0 4.1 ± 0.2 84

Xylan Low 90.4 ± 1.0 54.7 ± 0.8 15.0 ± 0.8 2.7 ± 0.0 97
High 113.3 ± 6.8 80.5 ± 0.1 17.3 ± 0.2 0.0 ± 0.0 100

Formic acid Low 6.9 ± 0.2 4.3 ± 0.1 0.9 ± 0.2 0.6 ± 0.1 91
High 21.6 ± 0.2 16.6 ± 0.8 3.2 ± 0.0 0.8 ± 0.0 97

Acetic acid Low 16.3 ± 0.0 8.3 ± 0.2 2.8 ± 0.2 2.3 ± 0.0 86
High 28.6 ± 0.3 12.2 ± 0.1 7.1 ± 0.0 6.3 ± 0.0 78

5-HMF Low 0.5 ± 0.0 0.2 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 100
High 1.4 ± 0.3 0.6 ± 0.0 0.1 ± 0.0 0.0 ± 0.0 100

Furfural Low 1.3 ± 0.0 1.1 ± 0.0 0.1 ± 0.0 0.0 ± 0.0 100
High 3.1 ± 0.1 3.1 ± 0.0 0.4 ± 0.0 0.0 ± 0.0 100

Total phenolics Low 0.1 ± 0.0 0.1 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 100
High 0.1 ± 0.0 0.1 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 100

Table 2  Glucan and xylan content of insoluble solids and extent of 
glucan and xylan conversion of untreated and pretreated substrate

Pretreatment Glucan 
content 
(mg  g−1)

Xylan 
content 
(mg  g−1)

Glucan 
conversion 
(%)

Xylan 
conver-
sion (%)

Untreated 44.0 19.8 0 0
S0 = 3.75 47.0 16.7 7.4 50.5
S0 = 4.18 49.1 11.3 5.9 57.3
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both severity factors. Approximately 50% of the soluble 
contents were removed in the first washing step. Further 
washing steps removed most of the remaining contents 
(≥ 78%). The content reduction was calculated based on 
the relation of washing step three (WS3) and the initial 
content of the liquid phase after steam explosion.

The solubilization of biomass also caused a change 
in the composition of the remaining insoluble solids 
(Table 2). By accounting for glucan and xylan content in 
the liquid and solid phases, their conversion ratios can 
be calculated. While the glucan content is relatively unaf-
fected by steam explosion and remains in the solid state, 
a large amount of xylan becomes solubilized. Based on 
low and high severity steam explosion, at least 7.4% and 
5.9% of glucan as well as 50.5% and 57.3% of xylan were 
solubilized. It is likely that they were removed during the 
subsequent washing steps. Material composition analysis 
showed that there were no significant differences in mate-
rial composition between steam-exploded SFS and LFS.

Pretreating the material at a higher severity, in the-
ory, increases the accessibility of the cellulosic fibers to 
hydrolytic enzymes and therefore increases the glucan 
conversion [35, 36]. However, the literature implies that 
high severity steam explosion most likely resulted in sig-
nificant changes of the material composition. For instance, 
Kellock et al. [37] showed that a high severity pretreatment 
causes structural changes in lignin that are associated with 
increased binding and inactivation of cellulase. In addition, 
Ehrhardt et al. [38] reported that an increase in severity can 
affect the rheological behavior of the slurry and can cause 
particle size reduction. This suggests that pretreatments 
at high severity could negatively alter the physiochemical 
characteristics of the substrate and could interfere with 
the effects of the particle size reduction. Therefore, subse-
quent enzymatic hydrolysis experiments were performed 
on triple-washed material, pretreated at S0 = 3.75.

3.2  Glucan conversion in LFS and SFS experiments

The enzymatically hydrolyzed glucose concentrations of 
small fiber size (SFS) and large fiber size (LFS) wheat straw 
in experimental setups with solid loadings of 10–25% DM 
are shown in Fig. 1. After 96 h, the highest glucose concen-
trations were 74.1 ± 2.7 g  L−1 for LFS and 82.5 ± 0.8 g  L−1 for 
SFS at a solid loading of 25% DM. The glucan conversion 
was determined with values of 58.3 ± 0.8%, 60.2 ± 2.9%, 
52.6 ± 1.4% and 52.3 ± 1.5% for LFS and 57.1 ± 0.0%, 
59.0 ± 1.6%, 64.9 ± 0.9% and 59.7 ± 0.5% for SFS in reactors 
with solid loadings of 10, 15, 20 and 25% DM, respectively. 
Furthermore, similar glucose concentrations were deter-
mined, when the milling process for SFS was applied after 
steam explosion. This indicated that the milling process 

had no impact on the severity of the steam explosion (Fig-
ure A1 = attachment).

The results of the determined glucose yields showed 
that the glucan conversion was lower when enzymatic 
hydrolysis was performed with LFS at solid loadings ≥ 20% 
DM. This reduction in glucose yield with increasing solid 
loading is in accordance with the results from other 
researchers performing high gravity enzymatic hydroly-
sis [2, 14, 39, 40]. Significantly higher final glucose yields 
and glucan conversions were present in SFS experiments 
at 20 and 25% DM solid loadings. In SFS experiments, the 
glucan conversion was always ≥ 57%, even at a solid load-
ing of 25% DM.

In direct comparison, the amount of released glucose 
was increased by 16.9 ± 1.1% and 10.2 ± 1.4% in experi-
ments with SFS compared to LFS, when performed at 
solid loadings of 20 and 25% DM (Table 3). The results 
indicated that a reduced fiber size is possibly more resil-
ient to high-solids effects and leads to improved slurry 

0

20

40

60

80

100

0 20 40 60 80 100

10% DM 15% DM
20% DM 25% DM

G
lu

co
se

 i
n
 g

⸳L
-1

Hydrolysis time in h

A

0

20

40

60

80

100

0 20 40 60 80 100

10% DM 15% DM
20% DM 25% DM

G
lu

co
se

 i
n
 g

⸳L
-1

Hydrolysis time in h

B

Fig. 1  Glucose concentrations during enzymatic hydrolysis of LFS 
(a) and SFS (b) wheat straw at solid loadings of 10–25% DM
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mixing properties and beneficial enzyme accessibility to 
the fibers.

3.3  Slurry viscosity

Enzymatic hydrolysis with LFS showed increased inhibition 
at ≥ 20% DM solid loading compared to SFS experiments 
(Table 3). At 20% DM solid loading, it is suspected that 
convective mixing and freely available water are negligi-
ble, likely indicating the point as mass transfer limitations, 
known as high-solids effect. Therefore, the slurry viscosity 
was investigated at 20% DM solid loading for SFS and LFS 
(Fig. 2).

Both slurries exhibit shear-thinning behavior in the 
range of 0.1–10  s−1 shear rates. However, LFS showed an 
increased viscosity by factor 7–14 from high to low shear 
rates. A possible explanation could be that the milling pro-
cess caused a breakdown of plant tissue resulting in par-
ticles that contained fewer or smaller macro-pores, such 
that less liquid is entrained within these particles. Further, 
interactions among the fibers due to friction or entan-
glement are possibly less likely to impact the rheologi-
cal behavior with SFS. These effects allow the mixture to 
remain a saturated slurry with a comparably low viscosity, 

even at solid loadings ≥ 20% DM, while LFS showed the 
typical rheological behavior of wet granular (Fig. 3).

The lower viscosity of SFS indicated that the slurry does 
possibly contain enough free water to keep a fluid layer 
between the fibers, causing the contact between them to 
remain lubricated and not frictional. The combination of 
improved glucose yield and significantly lower viscosity 
shows that a reduction in particle size potentially provides 
an efficient method to reduce the ability of polymers to 
constrain water. The effect of different particle size dimen-
sions on enzymatic hydrolysis has often been studied. 
Many studies impose that particle size reduction increases 
the accessibility between enzymes and cellulose, which 
results in improved glucan conversion [41]. For example, 
a recent modeling and simulation study from Gaikwad 
[42] investigated the effect of particle size dimensions of 
0.78–25.52 µm on enzymatic hydrolysis of cotton cellulose. 
He stated that particle size reduction also increases the 
available reactive surface area for mass transfer actions, 
which favors enzyme adsorption and also reduces the 
probability of inhibition by lignin or hydrolysis products.

However, the fact that the improved glucose yield in our 
experiments is only present at solid loadings ≥ 20% w/w 
supports the hypothesis that the inhibitory potential of 
lignocellulosic polymers is mainly caused by the degree to 
which they absorb the surrounding liquid. If the increased 
glucose yield was caused by improved accessibility 

Table 3  Relative increase in 
yielded glucose concentrations 
during enzymatic hydrolysis 
of SFS wheat straw at different 
solid loadings compared to LFS

Solid loading Hydrolysis time (h) 24 48 96

10% 10.1 ± 1.7% 0.0 ± 1.3% 1.8 ± 0.4% 0.0 ± 1.4%
15% 10.4 ± 2.8% 6.3 ± 2.8% 8.6 ± 4.1% 0.0 ± 2.3%
20% 11.0 ± 1.4% 17.2 ± 1.8% 18.7 ± 1.1% 16.9 ± 1.1%
25% 13.2 ± 2.6% 17.4 ± 0.7% 16.1 ± 1.6% 10.2 ± 1.4%
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Fig. 2  Apparent viscosity as a function of shear rate for SFS and LFS 
wheat straw at 20% DM solid loading

Fig. 3  Wheat straw slurry for SFS (left) and LFS (right) after 12  h 
hydrolysis time at 20% DM solid loading
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between enzymes and cellulose, an improvement would 
also be present at solid loadings ≤ 20% w/w. Gatt et al. [43] 
studied the effects of a bioextrusion pretreatment on high 
gravity enzymatic hydrolysis with solid loadings of up to 
40% w/w and came to a similar conclusion. Their pretreat-
ment enhanced the subsequent enzymatic hydrolysis 
of raw corn crop residues by reducing particle size and 
improving mixing conditions. However, surface cellulose 
accessibility analysis showed that the negative impact of 
a high solid loading was not associated with the lack of 
exposed cellulose. This suggests that a particle size reduc-
tion most likely had no impact on the hydrolysis efficiency 
itself, but helped reduce the high solids effect caused by 
poor mixing of the slurry. DeMartini et al. [44] investigated 
a milling pretreatment on steam-exploded aspen wood 
chips. Similar to our results, their experiments indicated 
that an increased surface area did not improve glucan 
conversion. To address these results, they performed a 
Simons’ stain test based on competitive adsorption of two 
different-sized molecular dyes. The test results suggested 
that the milling pretreatment did not improve the ratio of 
adsorbed dye and therefore most likely did not improve 
enzyme accessibility. They concluded that steam explosion 
treatment sufficiently expanded pore size in the material 
and an additional milling pretreatment was not necessary.

3.4  Very high gravity enzymatic hydrolysis

The second experimental setup investigated the enzymati-
cally hydrolyzed glucose yields at very high solid loadings 
of 30 and 35% DM (Fig. 4).

While solid loadings of 30 and 35% DM could be 
applied to SFS, it was not possible to conduct the 

experiment with LFS, due to apparent high viscosity and 
technical mixing problems.

The final glucose concentrations after 96 h enzymatic 
hydrolysis were 116.1 ± 0.9 g  L−1 and 127.9 ± 4.9 g  L−1 for 
30 and 35% DM, respectively. The glucan conversions 
were determined with 66.4 ± 0.4% and 58.6 ± 1.9%.

In previous experiments at lower solid loadings, most 
of the glucose was released within 24–48 h. During enzy-
matic hydrolysis performed at solid loadings of 30 and 
35% DM, at least 72 h were required to reach compara-
ble glucose concentrations. While the process seemed 
to release glucose slower at an early stage, it is likely 
that with enhancing hydrolysis time, the liquefaction of 
the slurry increased, leading to beneficial rheological 
properties.

While the beneficial effects of a particle size reduction 
have often been studied, scientific studies which consider 
both aspects of particle size reduction and solid loadings 
at ≥ 30% w/w simultaneously are scarce. Weiss et al. [19] 
showed that a milling pretreatment increased the cellulose 
conversion yield of steam pretreated wheat straw at solid 
loadings of 5–30%. However, they observed a decrease in 
glucan yields with increased solid loadings, but missed to 
provide more specifics on particle size dimensions. In con-
trast to their results, the key finding of our manuscript was 
that an efficient enzymatic hydrolysis with no reduction in 
glucan conversion was indeed possible at solid loadings 
of 30 and 35% w/w with SFS. It is likely that a reduction 
in particle size to ≤ 2.5 mm is necessary to achieve these 
results.

A study from Chundawat et al. [45] investigated the 
impact of a particle size reduction in corn stover on 
ammonia fiber expansion (AFEX) treatment and enzymatic 
hydrolysis. Their results showed that a particle size reduc-
tion from 0.85–0.5 to < 0.15 mm enhanced glucan con-
version by 15–20% at 1% w/w glucan loading. While our 
experiments focused specifically on a particle size reduc-
tion from large (30 ± 20 mm) to small (≤ 2.5 mm) particles, 
the results from Chundawat et al. indicated that a further 
reduction in particle size could potentially lead to an even 
higher glucan conversion. On the contrary, Liu et al. [46] 
reported a decrease in glucan conversion with decreas-
ing particle size (25–5 mm) during enzymatic hydrolysis 
of steam-exploded corn stover. They showed that the 
specific surface area increased and the crystallinity index 
decreased for larger particles. Our study showed that a 
reduction in particle size is clearly beneficial for improved 
slurry mixing at high solid loadings. However, differences 
in feedstock type and applied pretreatment method seem 
to play a very important role in enzyme-cellulose interac-
tion. The beneficial effects of particle size reduction could 
possibly be improved by application of optimized pre-
treatment methods.
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SFS offers great potentials for very high gravity hydroly-
sis ≥ 35% w/w. It has the potential to achieve highly con-
centrated hydrolysate streams, which could be a crucial 
factor for significant economic benefits due to operational 
and capital cost savings. However, the energy consumption 
required for the milling pretreatment should also be con-
sidered. Adapa et al. [47] investigated the energy consump-
tion for milling wheat straw to smaller particle sizes using a 
ball mill. Their results showed that milling wheat straw to fit 
through a 1.6 mm screen required 42.57 ± 2.04 kWh  t−1, while 
using a 6.4 mm screen only required 12.26 ± 0.70 kWh  t−1. 
Additionally, they found that performing substrate milling 
after steam explosion reduced the energy consumption 
by approximately 60%. This shows that it is necessary to 
include energy consumption studies in order to investigate 
economically sound high gravity hydrolysis with reduced 
particle sizes.

4  Conclusion

The experiments showed the importance of particle size on 
the yield of high gravity enzymatic hydrolysis. Reducing the 
particle size of wheat straw prior to enzymatic hydrolysis was 
found to be an effective method to increase the final glu-
cose yield. A reduced particle size has the potential to enable 
enzymatic hydrolysis at a solid loading of up to 35% DM. 
It is likely that these improvements are mainly caused by 
destruction of the porous structure of the large fibers and 
thus decreased water-retention capacities.

Sugar concentrations up to 127.9 ± 4.9 g  L−1 glucose can 
be achieved with enzymatic hydrolysis of SFS wheat straw. 
Implementing enzymatic hydrolysis with a solid loading 
of 35% DM has the potential to increase final glucose con-
centration by up to 460%, compared to 10% solid loading. 
The investigation of small particle sizes provides important 
information on process optimization potentials for lignocel-
lulosic bioethanol production. For a successful implementa-
tion of high gravity enzymatic hydrolysis on a larger scale, 
we recommend specific investigations on optimized milling 
pretreatments. Combining SFS with novel reactor designs 
for high gravity hydrolysis could potentially enable a feasible 
enzymatic hydrolysis process at solid loadings ≥ 35% DM.
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