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Abstract
High concentrations of fermentable sugars are a demand for economical bioethanol pro-
duction. A single process strategy cannot comprehensively solve the limiting factors 
in high-solid enzymatic hydrolysis. The multiple intensification strategies in this study 
achieved the goal of preparing high-concentration fermentable sugars of corn stalk with 
high solid loading and low enzyme loading. First, steam explosion pretreatment enhanced 
the hydrophilicity of substrates and enzymatic accessibility. Second, periodic peristalsis 
was used to improve the mass transfer efficiency and short the liquefaction time. Addition-
ally, fed-batch feeding and enzyme reduced the enzyme loading. Ultimately, the intensifi-
cation strategies above showed that the highest fermentable sugar content was 313.8 g/L 
with a solids loading as much as 50% (w/w) and enzyme loading as low as 12.5 FPU/g 
DM. Thus, these multiple intensification strategies were promising in the high-solid enzy-
matic hydrolysis of steam-exploded lignocellulose.

Keywords Steam explosion · Periodic peristalsis · Fed-batch feeding · Fed-batch enzyme · 
High solids enzymatic hydrolysis · Lignocellulose

Introduction

Bioethanol from lignocellulose was an environmentally friendly energy source with abun-
dant resources and renewable characteristics [1–3]. Reducing the costs of production was 
the purpose of the current research on bioethanol worldwide. The measures included 
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increasing feed-stock pretreatment efficiency, shortening conversion time, reducing the 
enzyme loading, and improving enzymatic hydrolysis efficiency [4–6]. The concentration 
of fermentable sugars more than 8% and the initial solid loading above 20% had economic 
advantages of bioethanol production [7–9]. High sugar content was a prerequisite for 
improving the economics of bioethanol because it reduces material loss, energy consump-
tion and the burden of equipment [10]. High solids enzymatic hydrolysis has the advan-
tages of higher sugar concentrations, lower operating costs and less equipment input [11]. 
However, these systems had difficulty in heat and mass transfer, high energy consump-
tion, and low conversion efficiency. Therefore, different intensification strategies had been 
developed to overcome high solids enzymatic hydrolysis disadvantages, promote efficiency 
and prepare high concentrations of fermentable sugars [7].

At present, the steam explosion had been considered a common pretreatment technol-
ogy. The key step of steam explosion was to loosen the tight structure of biomass through 
physical tearing and chemical hydrolyzing effects [12]. On the macrostructure, steam 
explosion promoted the formation of porous structures and increased the reactive specific 
surface area, thereby increasing the mass transfer rate and accessibility of enzymes [8]. 
On the microstructure, steam explosion pretreatment could cause the hydrogen bond frac-
ture, hemicellulose degradation, and cellulase reaction site exposure, thereby promoting 
enzymatic digestibility [13]. The steam explosion pretreatment removed hemicellulose and 
increased the surface area of cellulose hydrolysis [14].

Previous studies had shown that periodic peristalsis was an effective intensification 
strategy that was designed based on the principle of bionics and simulates the digestion 
system in the rumen [15]. Taking the periodic peristalsis normal force as the source, the 
raw materials in the reaction tank were extruded by steel balls, so as to achieve the purpose 
of strengthening in enzymatic hydrolysis. The function of periodic peristalsis was to reduce 
the restriction of water and improve the performance of high solids enzymatic hydrolysis. 
Periodic peristalsis was applicable to high solids enzymatic hydrolysis systems and could 
overcome difficulties such as porous heterogeneity and poor liquidity of substrates [16]. 
Periodic peristalsis reduced the inhibition of mass and heat transfer, promoted the acces-
sibility of enzymes, and increased the rate of substrate degradation [17]. Steam explosion 
coupling with periodic peristalsis could remarkably enhance all-inclusive polysaccharide 
enzymatic digestibility. Glucan and xylan digestibility reached approximately 97% and 
87%, respectively [18]. In addition, periodic peristalsis increased the acetone-butanol-eth-
anol productivity by 44.8% in the high solids simultaneous saccharification and fermenta-
tion process when the period of batch fermentation was shortened by 22% [19]. Although 
periodic peristalsis significantly improved the enzymatic hydrolysis efficiency, the viscos-
ity, shear stress and water constraint sharply increased with solid loading, which led to a 
decrease in the mass transfer efficiency and sugar conversion. In addition, when the solid 
loading was higher than 24% (w/w), the liquefaction process lasted over 24 h due to mass 
transfer limitations [7, 15].

The increase in sugar concentration was affected by multiple factors, such as solid 
loading, viscosity and enzyme loading. As the solid loading increased during high solids 
enzymatic hydrolysis, product inhibition became more obvious with increasing ferment-
able sugar concentration. Compared with the one-step batch process, the fed-batch process 
could improve the efficiency of high solids enzymatic hydrolysis by reducing the initial vis-
cosity at high solids loading [20]. Additionally, the fed-batch process could take advantage 
of excessive enzyme loading and reduce the inhibition effect. On the other hand, the exces-
sive enzyme loading and massive residues of raw material could not be ignored in high 
solids enzymatic hydrolysis, which could be eliminated by fed-batch enzymes. Therefore, 
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fed-batch feeding and enzymes should be evaluated at the same time to balance efficiency 
and cost. In short, eliminating the effects of feedback inhibition, reducing the enzyme load, 
increasing substrate utilization, and increasing the efficiency of enzymatic hydrolysis were 
effective ways to improve the economy of enzyme hydrolysis [11]. In conclusion, accord-
ing to Table  1, the advantages of single process strategy had been thoroughly studied, 
which promoting the fermentable sugars preparation of lignocellulose in high solids enzy-
matic hydrolysis. However, there was lack of the evaluation about the coupling effect.

Since a single process strategy could not well increase the concentration of fermentable 
sugars in high solids enzymatic hydrolysis, multiple enhancement strategies were needed 
to enhance high solids enzymatic hydrolysis efficiency. Currently, the combined intensifi-
cation strategies of high solids enzymatic hydrolysis had partly increased the mass transfer 
efficiency, reduced the energy consumption of mixing, and improved the concentration of 
fermented sugars [21–24]. However, the efficiency of high solids enzymatic hydrolysis had 
not reached a new breakthrough, thereby limiting the further increase in the concentration 
of fermented sugars. This study intended to multiply the intensification strategies, which 
included steam explosion pretreatment, periodic peristalsis process, fed-batch feeding and 
enzyme, aiming to prepare high concentrations of fermentable sugars by enhancing the 
efficiency of high solids enzymatic hydrolysis.

Materials and Methods

Raw Materials and Steam Explosion Pretreatment

Corn stalk was provided by Chinese Academy of Agricultural Sciences in Beijing and 
stored dry at room temperature. The corn stalk was cut to a length of 2–3 cm after drying 
and then stored at room temperature for later research. Enzyme preparation Cellic CTec2 
was kindly provided by Novozymes (China) Investment Co., Ltd. (Beijing, China), in 
which cellulase activity was 100 FPU/mL, and the β-glucosidase activity was 1290 IU/mL.

The steam explosion tank was designed by our research group [25]. Before pretreat-
ment, the corn stalk was adjusted to 15% moisture content with distilled water. The corn 
stalk was placed in a steam explosion tank, and the steam explosion pretreatment condition 
was 1.0 MPa for 10 min. The steam was saturated and the temperature was 180℃. After 
the steam explosion, the corn stalk was fully washed by using 1:10 (w/w) distilled water 
and dried at room temperature. The steam exploded corn stalk was pulverized and passed 
through 20 mesh sieve (pore size of 850 μm).

Based on the laboratory analysis protocol of the National Renewable Energy Labora-
tory, Colorado, USA [26], the cellulose, hemicellulose, lignin and ash contents of corn 
stalk before and after pretreatment were determined. The determination of principal com-
ponent content and the correction of cellulose and hemicellulose contents were performed 
according to Laboratory Analytical Procedure.

Enzymatic Hydrolysis Experiments

Three grams of steam exploded corn stalk powder was weighed. Cellulase and citric 
acid buffer at pH 4.8 were added to adjust the solid loading. Fed-batch feeding was 
according to the change of viscosity in enzymatic hydrolysis. The viscosity of the sys-
tem was measured regularly with a viscometer. When the viscosity dropped to the lowest 
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point, fed-batch feeding was carried out at this stage. According to the previous research 
of our group, we determined the time of enzyme supplement. The initial solid loading 
and enzyme loading was 20% (w/w) and 25 FPU/g DM, respectively. The amount of 
fed-batch feeding was 3 g each time in enzymatic hydrolysis time of 6 h/24 h/60 h. The 
fed-batch enzyme was 12.5 FPU/g DM each time at an enzymatic hydrolysis time of 
24 h/60 h.

The total solid loading was 12 g, and the total enzyme loading was 150 FPU. The 
final enzyme loading was the ratio of enzyme to solid loading, which was calculated as 
12.5 FPU/g DM.

The substrate and enzyme were packaged with transparent silicone bags, which 
included sealing devices. The container was incubated vertically in a 50 °C water bath 
under the condition of a periodic peristalsis enzymatic hydrolysis reaction system 
developed by our laboratory. The periodic peristaltic enzyme hydrolysis reactor was an 
enzyme hydrolysis tank attached with four peristaltic arms connected to the ball, which 
were driven by motor [15]. The operating parameters of periodic peristalsis were set 
at 80 rpm. Under the same conditions, the control group used standing state or shaken 
(200 rpm) as an intensified strategy. Samples were taken at the specified time for sugar 
concentration determination and viscosity determination.

The fermentable sugars were determined by a high-performance liquid chromatogra-
phy system (HPLC, Agilent Technologies, USA) equipped with a refractive index detec-
tor and a Bio–Rad Aminex HPX-87  H column (Bio–Rad, Hercules, CA, USA) [27]. 
The column temperature was maintained at 40  °C using 5 mM  H2SO4 as the mobile 
phase with a flow rate of 0.6 mL/min. Since the main sugar products after the enzymatic 
hydrolysis of steam-exploded corn stalk were glucose and xylose, and the content of 
arabinose had little influence on the enzymatic hydrolysis yield, so the arabinose con-
tent was omitted in the calculation. The enzymatic hydrolysis yield was calculated by 
the following formula:

The final concentration of fermentable sugars was calculated by the following equation:

Where W was the weight of raw material, g; C was the content of cellulose and hemi-
cellulose, %; E was the enzymatic hydrolysis yields, %; V was the volume of enzymatic 
hydrolysate collected, mL.

Time Domain Nuclear Magnetic Resonance (TD‑NMR) Measurement

TD-NMR analyses were conducted by using a NIUMAN NMI20-Analyst with a 0.05 T 
Tesla permanent magnet (2  MHz proton resonance frequency). Samples were added to 
NMR quartz tubes and placed in the sample cell for TD-NMR. Spin-spin relaxation time 
(T2) was used to study the water within samples, depending on the environment of hydro-
gen nuclei in the samples. The determination of T2 was conducted by the Carr-Purcell-
Meiboom-Gill (CPMG) sequence. For the assignment of water pool distributions in enzy-
matic hydrolysis, the mixture was mixed well and then analyzed by TD-NMR [16].

(1)Enzymatic hydrolysis yields =
Glucose × 0.9 + Xylose × 0.88

Cellulose + Hemicellulose
× 100%

(2)Fermentable sugars content(g∕L) =
W × C × E

V
× 1000
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Rheological Analysis

The apparent viscosity of the enzymatic hydrolysis system was measured by a DV2TLVTJ0 
(Brookfield, USA) viscometer at a specific time during hydrolysis. The rotor speed was 
200 rpm, and each sample was tested 3 times to ensure repeatability.

Statistical Analysis

The experimental data was analyzed in triplicate and expressed as average values ± stand-
ard deviation. Statistical analysis of the results was performed to determine the significant 
difference in selected data using Origin 8.0 (OriginLab, USA). For all analyses, statistical 
significance was defined as p < 0.05.

Results and Discussion

Comparison of Strategies for Preparing High Concentrations of Fermentable Sugars

The development of individual process step was not enough to achieve an economical and 
environmental utilization of lignocellulose. Thus, breakthroughs needed to be made in 
the process integration [1]. High solids enzymatic hydrolysis had the advantages of high 
product concentration, water savings, low energy and cost reduction from lignocellulosic 
biomass. However, the increase in solid loading would worsen the rheological properties, 
resulting in heat/mass transfer limitations and higher mixing energy [28]. Therefore, pro-
cess integration was the inevitable development trend of high solids enzymatic hydrolysis 
to prepare high concentration fermentable sugars. As shown in Fig. 1, there were coupling 
and coordination effects among multiple intensification strategies. The synergy between 

Fig. 1  Coupling relationship 
between multiple enhancement 
strategies in high solids enzy-
matic hydrolysis of lignocel-
lulose
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steam explosion and periodic peristalsis reduced energy consumption. The main effect 
of coupling fed-batch feeding on periodic peristalsis was shortening the cycle time and 
improving the efficiency. The purpose of fed-batch feeding and enzyme were to improve 
substrate utilization. The raw materials used for enzymatic hydrolysis pretreated by steam 
explosion were beneficial to improve enzymatic utilization. In short, the effects of multi-
ple intensification strategies were mutually promoting and coupled. Multiple intensification 
strategies had formed a cycle of promoting high solids enzymatic hydrolysis to produce 
fermentable sugars.

In Table 2, different strategies for the preparation of fermentable sugars were compared. 
The parameters of comparison included raw materials, particle size, component, pretreat-
ment methods, solids loading, enzymatic hydrolysis conditions and fermentable sugar 
concentration. In the process of preparing fermentable sugar from lignocellulose, solid 
loading, enzyme loading and sugar concentration were general key indicators. In contrast, 
313.8 g/L fermentable sugar was currently a higher yield in this study compared with other 
intensification strategies. At the same time, the solid loading was as high as 50% (w/w), 
and the enzyme loading was as low as 12.5 FPU/g DM. The multiple intensification strate-
gies of high-concentration fermentable sugars established in this study had certain advan-
tages in high solids enzymatic hydrolysis.

Steam Explosion Pretreatment Enhanced Enzymatic Hydrolysis Accessibility

Biomass biorefinery technologies were still facing technical and economic challenges. The 
natural recalcitrance of biomass toward destruction and bioconversion was due to the tough 
physical structure and defensive system built by lignin against damage [32]. To enhance 
the accessibility of enzymes to solid substrates, steam explosion pretreatment has been 
applied to destroy the compact structure of lignocellulose.

The components of corn stalk were compared in the untreated group and the steam 
explosion pretreatment group. The results (in Table 3) showed that after steam explosion 
pretreatment, the relative content of cellulose increased by 19%, while that of hemicellu-
lose and lignin decreased by 39% and 8%, respectively. Pretreatment had a positive effect 
on the enrichment of cellulose. Cellulose enrichment referred to the percentage increase 
with other components being removed in the cell wall. Therefore, the removal amount of 
components was proportional to the surface area and exposure of cellulose in enzymatic 
hydrolysis [33]. The removal of hemicellulose not only reduced the polysaccharide con-
tent of the substrate but also destroyed the lignin-carbohydrate complex structure com-
bined with lignin [34]. The smaller degradation of lignin after steam explosion pretreat-
ment avoided the inhibition of enzyme activity by degradation products (phenolic acids 
containing phenyl rings) [8]. Therefore, the steam explosion pretreatment removed part of 
the hemicellulose and increased the relative content of cellulose, which was beneficial to 
the enzymatic hydrolysis process and the production of high-concentration sugars.

  Figure 2 shows the water holding capacity of corn stalk in the control group and the 
steam explosion pretreatment group under different solid loadings. More than 1/4 of the 
material was in the floating state in the control group and had obvious layering, while the 
material in the steam explosion group was completely mixed with water. Compared to 
the control group, the increase in absorbed water molecules in the steam explosion group 
was due to the destruction of the corn stalk structure, which exposed more hydrophilic 
groups (such as hydroxyl groups) on the surface [35, 36]. The enhanced hydrogen bonding 
between steam-exploded corn stalk and water led to enhanced hydrophilicity.
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Corn stalk was a typical porous structure biomass. Since the porous structure was 
composed of countless micropores, the water holding capacity of corn stalk before and 
after the steam explosion could be investigated from the water distribution in the pores. 

Table 3  Composition of corn stalk before and after steam explosion pretreatment

a Others included water, crude protein and undetected sugars etc.

Parameters Cellulose
(%)

Hemicellulose
(%)

Lignin
(%)

Ash
(%)

Others
(%) a

Raw material 36.2 ± 6.8 28.6 ± 6.3 18.8 ± 3.9 2.3 ± 1.7 14.1 ± 2.5
Steam explosion 

pretreatment
43.2 ± 8.3 17.5 ± 5.4 17.4 ± 6.6 2.4 ± 1.3 20.4 ± 4.9

Fig. 2  Water holding capacity and water pool transition of corn stalk before (A) and after (B) steam explo-
sion pretreatment. Steam explosion pretreatment condition was at 1.0 MPa for 10 min with 15%, 20%, 25% 
and 30% (w/w) solid loading (CG: Control group, SL: Solid loading, SE: Steam explosion group)
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Studies had confirmed multiple T2 relaxation times of solid samples by TD-NMR, indi-
cating that multiple proportions of water pools were determined by the corresponding 
water [16]. The index area ratio corresponding to different transverse relaxation times was 
defined as the content ratio of different moisture states [15]. The bound water (relaxation 
time was 0–10 ms) was the part of water that tightly and stably combined with the macro-
molecular substance. The relaxation time of the NMR-T2 curve gradually moved forward 
as the solid loading increased, indicating the degree of decrease in moisture freedom. In 
Fig.  2, the peak area of bound water increased obviously in the steam explosion group 
compared to the control group. More air and water would remain in hygroscopic porous 
materials, which indicated that pores with various apertures of steam-exploded corn stalk 
had increased [37]. Because the difference in water distribution was not significant, partial 
overlaps of some lines were shown at a certain scale. Figure 2A shows that the water hold-
ing capacity of the raw materials did not change with increasing solid loading at 25% and 
33% and reached fiber saturation equilibrium. After the steam explosion, the overlapping 
part of the curve was 20% and 25% solid loading (Fig. 2B). This result indicated a signifi-
cant effect on the porosity and water holding capacity of the raw materials. Pretreatment 
increased the fiber saturation of raw materials. At the same time, the difference in capillary 
water distribution between high and low solid contents of steam exploded straw was larger 
than that of raw materials. Corresponded with the photos in Fig. 2, which explained the 
phenomenon that a higher water holding capacity of steam exploded corn stalk compared 
to the control group.

In addition, the structure and surface morphology of substrates would be fluffy and 
coarse after steam explosion pretreatment. These structural changes would increase the 
available surface area of the substrate, exposing more sites to act with cellulase; therefore, 
cellulose conversion yields would improve [32, 36]. Therefore, steam explosion pretreat-
ment was recognized as a relatively clean, efficient, low-cost and mature technology. How-
ever, steam explosion pretreatment could not solve the problem of mass transfer in high 
solids enzymatic hydrolysis individually. The energy consumption of over and repetitive 
steam explosion pretreatment would increase production costs. Therefore, the application 
of exogenous forces in high solids loading to promote enzymatic hydrolysis efficiency was 
necessary after the steam explosion pretreatment.

Periodic Peristalsis Improved the Mass Transfer Efficiency

Water presents with different states and locations in enzymatic hydrolysis systems [38]. 
When the solids loading reached 20%, there was almost no free water existed in the sub-
strate. The water pool interaction with lignocellulose limited the T2 relaxation time and 
mass transfer efficiency, especially under high solids loading conditions. In high solids 
enzymatic hydrolysis, it was essential to improve the conversion of saccharification based 
on steam exploded materials. Periodic peristalsis was applicable for high solids enzymatic 
hydrolysis systems due to overcoming the mass transfer difficulties [16].

As Fig.  3 indicates that periodic peristalsis was an effective intensification strategy, 
which obviously improved the enzymatic hydrolysis efficiency and sugar concentration. 
Compared with the static state and incubator shaker, the concentration of fermentable sug-
ars by periodic peristalsis increased by 57.5% and 37.5%, respectively. It was indicated 
that the principle of periodic peristalsis simulating the digestion system in the rumen was 
appropriate for high solids enzymatic hydrolysis [16]. Compared with simultaneous attri-
tion of cellulose in an attritor containing stainlesssteel beads [39], low frequency periodic 
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peristalsis not only increased the accessibility of the reaction, but also reduced the loss of 
enzyme activity. In addition, although in an attrition bioreactor combined with an aqueous 
two-phase system could improve the stability of cellulase [40], and the cost of consumables 
and devices for periodic peristalsis had more advantages while improving the efficiency of 
enzymatic hydrolysis.

In addition, the effect of periodic peristalsis on high solids enzymatic hydrolysis with 
different solid loadings was investigated. Table 4 shows that the enzymatic hydrolysis yield 
decreased and the viscosity of the enzymatic hydrolysis system increased as the solid load-
ing increased. However, the fermentable sugar concentration was not affected by solid load-
ing. At enzymatic hydrolysis for 48 h, the viscosity of 33% (w/w) solid loading increased 
by 3.6 times and 6.7 times compared with 25% (w/w) and 20% (w/w) solid loading. Con-
versely, the enzymatic hydrolysis yield of 33% (w/w) solids loading decreased by 59% and 
30% compared with 25% (w/w) and 20% (w/w) solids loading. In addition, the difference 
in fermentable sugar concentrations between 25% and 33% solid loadings was within 5 g/L 
during enzymatic hydrolysis. With increasing solid loading, the concentration of ferment-
able sugar was lower at different detection points. Compared with low solid loading (20%), 
the fermentable sugar concentration of high solids loading (25% and 33%) decreased by 
~ 20%. The variation in fermentable sugar concentration indicated that periodic peristalsis 
had an obvious strengthening effect on low solids loading. With the increase in solid load-
ing, the effect of periodic peristalsis was limited. Although high solids loading (> 20%) 
could provide more reactive substrates, the increase in viscosity and shear stress affected 
the efficiency and cost of enzymatic hydrolysis [41]. The results were similar to those of 
previous studies, in which a solid loading higher than 24% resulted in poor enzyme-sub-
strate interactions due to mass transfer limitations [7].

Fed‑Batch Feeding Increased the Substrate Utilization

The preparation of high concentration fermentable sugar was necessary to obtain high 
bioethanol yield. It could shorten the fermentation time, save energy consumption and 
reduce the cost of separation [4]. To improve the fermentable sugars concentration in high 

Fig. 3  Comparison of ferment-
able sugar preparation of steam 
exploded corn stalk with static 
state, incubator shaker and 
periodic peristalsis(Enzymatic 
hydrolysis conditions were 50 
℃ with 20% (w/w) solid loading 
and enzyme loading of 30 FPU/g 
DM)
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solids enzymatic hydrolysis, fed-batch feeding was combined with periodic peristalsis. The 
time of fed-batch feeding was based on the change in enzymatic hydrolysis yield and vis-
cosity. Figure  4  shows that the concentration of fermentable sugars was 237.5  g/L, and 
the viscosity approached zero at 96 h of enzymatic hydrolysis. A 20% solid loading and 
an enzyme loading of 50 FPU/g DM were added once to the initial substrate to maintain 
the high activity of the enzymatic hydrolysis. With increasing enzymatic hydrolysis time, 
the hydrolysis rate increased linearly within 6 h. The viscosity of the enzymatic hydroly-
sis showed a rapid decreasing trend within 6 h. The decrease in viscosity indicated that 
the proportion of free water in the system increased and the proportion of bound water 
decreased gradually. In addition, more free water and capillary water were driven by peri-
odic peristalsis. However, the decrease in viscosity also implied that the content of the 
substrate would be reduced, thus limiting the increase in the sugar concentration. To main-
tain the system’s solid loading, 20% (w/w) DM was added at 4 and 12 h during enzymatic 
hydrolysis. Considering the effect of viscosity and water holding capacity on the enzymatic 
hydrolysis rate, periodic peristalsis was applied to continuously enhance fed-batch enzy-
matic hydrolysis.

Fed-batch feeding reduced the solid loading and viscosity of the reaction system, 
which was beneficial to the reduction of mass transfer energy consumption [16, 20]. From 
Fig. 4, the viscosity of the enzymatic hydrolysis changed as the enzymatic hydrolysis time 
increased. The viscosity of the enzymatic hydrolysis was reduced by 5.4 times and 3.9 
times after two fed-batch feeds. The fermentable sugar concentrations were increased by 
50.1% and 13.6%, respectively. With the degradation of cellulose and hemicellulose, the 
viscosity and water holding capacity of the substrate gradually decreased. The decomposed 
sugars dissolved in water, resulting in a gradual decrease in the viscosity of the enzymatic 

Fig. 4  The high solids enzymatic hydrolysis of steam exploded corn stalk with fed-batch feeding and peri-
odic peristalsis (Enzymatic hydrolysis conditions: 20% (w/w) solid loading, enzyme loading of 50 FPU/g 
DM, peristaltic frequency of 80 rpm. The fed-batch feeding was initial mass each time)
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hydrolysis and a gradual increase in fluidity [42]. At the same time, the assistance of peri-
odic peristalsis could promote liquefaction and shorten the reaction time of the system, 
thus achieving high solids enzymatic hydrolysis efficiency [17].

Fed-batch feeding could solve the problems in high solids enzymatic hydrolysis, such 
as initial rapid liquefaction and solid particle size reduction [20, 43]. In addition, fed-batch 
feeding would increase the solid loading and maintain the viscosity of the system until 24 h 
[13]. The decrease in viscosity or yield stress improved the hydrolysis efficiency, especially 
in high solids enzymatic hydrolyses [44]. Therefore, the multiple intensification strategies 
of fed-batch feeding and periodic peristalsis were more effective for steam-exploded corn 
stalk.

Fed‑Batch Enzyme Reduced the Enzyme Loading

The economy of the bioethanol process depended on the fermentable sugar concentration 
and ideally required a solid loading of 50% (w/w) [8]. Fed-batch feeding could increase 
the total solids loading of the high solids enzymatic hydrolysis, but it was still difficult 
to achieve 50% (w/w) solids loading [23, 31]. Periodic peristalsis mainly released bound 
water, increased the mass transfer efficiency and improved enzyme accessibility, especially 
during 24 h of high solids enzymatic hydrolysis. However, in the late stage of enzymatic 
hydrolysis, almost no more free monosaccharides appeared. Therefore, fed-batch enzyme 
could improve excessive enzyme loading and massive residues of raw material. In Fig. 5, 

Fig. 5  The high solids enzymatic hydrolysis of steam exploded corn stalk with multiple intensification strat-
egies, which included periodic peristalsis, fed-batch feeding and enzyme (Enzymatic hydrolysis conditions: 
20% (w/w) solid loading, initial mass was 3  g, initial enzyme loading of 25 FPU/g DM, peristaltic fre-
quency of 80 rpm. The fed-batch feeding was initial mass each time. The fed-batch enzyme was 12.5 FPU/g 
DM each time)
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the time points of fed-batch feeding and enzyme were determined based on the change of 
viscosity.

Viscosity was the main indexes of rheological properties, which play a key role during 
high solids enzymatic hydrolysis. Viscosity could be used to characterize the enzymatic 
hydrolysis process [28]. And the particle size and rheological properties of the slurry vis-
cosity were basically unchanged after reaching the pumpable state[45]. At this point, solid 
loading is no longer the limiting factor for enzymatic hydrolysis. Therefore, in order to 
improve the utilization rate of enzyme and raw material, fed-batch feeding was carried out 
in this stage. In addition, cellulase activity of periodic high-frequency vibration decreased 
significantly at 6–72 h[30]. According to the downward trend of enzyme activity, the sta-
bility of enzymatic hydrolysis efficiency was maintained by fed-batch enzyme. The same 
amount (20% w/w) of steam-exploded corn stalk was added at 6 h/24 h/60 h. Half of the 
initial enzyme was added at 24 h/60 h. The initial state of the raw material was a larger 
particle solid; then the particle size rapidly decreased during enzymatic hydrolysis, while 
the viscosity coefficient decreased accordingly. When the first fed-batch feeding was fin-
ished, the viscosity coefficient increased rapidly, but the solid particles at this time were 
not as large as the initial particle size [46]. The viscosity at this time was 47.5% lower 
than that at the initial stage. After 24  h of enzymatic hydrolysis, when the solid matrix 
was turned into a slurry, there was secondary fed-batch feeding and enzyme. Within 12 h, 
a solid–liquid mixture appeared in the enzymatic hydrolysis, and the viscosity rapidly 
decreased by 65.2%. After 60 h of enzymatic hydrolysis, the final fed-batch feeding and 
enzyme proceeded. During enzymatic hydrolysis, a certain amount of enzymes existed 
in the supernatant, and fed-batch feeding could take full advantage of these enzymes. 
Through comparison, the addition of enzyme one time had advantages in a short period of 
time, but as enzymatic hydrolysis progressed, the fed-batch enzyme had certain advantages 
[7]. Through Fed-batch enzymatic hydrolysis process, the added amount of the enzyme 
decreased by halve, which could maintain the stability of enzyme activity. In addition, the 
viscosity coefficient remained stable after 84 h until the end of enzymatic hydrolysis, while 
the concentration of fermentable sugars increased steadily. Finally, the conversion rate of 
fermentable sugars was 47%. Fermentable sugar concentrations of 313.8 g/L were obtained 
from the high solids enzymatic hydrolysis system with 50% (w/w) solid loading and an 
enzyme loading of 12.5 FPU/g DM.

Conclusions

In this work, multiple intensification strategies improved the high solids enzymatic 
hydrolysis efficiency of steam-exploded corn stalk. The multiple intensification strategies 
included steam explosion, periodic peristalsis, fed-batch feeding and enzyme, being based 
on the change of solids loading and viscosity. The enhancing effect of steam explosion was 
enzymatic hydrolysis reaction accessibility, while the liquefaction time was shortened by 
periodic peristalsis. Moreover, increasing solid loading and reducing enzyme loading were 
achieved through fed-batch feeding and enzyme. Finally, the fermentable sugars concen-
tration from this study was currently a higher value (313.8 g/L) in high solids enzymatic 
hydrolysis with high solids loading (50%) and low enzyme loading (12.5 FPU/g DM). In 
summary, these multiple intensification strategies achieved the goal of preparing high-con-
centration fermentable sugars in high solids loading system with saving enzyme loading. 
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Thus, multiple intensification strategies had advantages in preparing high concentrations of 
fermentable sugars with high solids enzymatic hydrolysis.
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