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Preface

High water consumption, high energy consumption, and high cost of product
purification are main problems in traditional low concentration of bioprocess sys-
tem, which has great hindered development of bio-industry. Therefore, new sus-
tainable strategies must be developed so as to promote green bio-industry both in
academic and industrial fields. Based on the author’s work, high-solid and
multi-phase bioprocess is proposed. High-solid and multi-phase bioprocess is fea-
tured by high-solid loading, less water, and full utilization of biomass resources. In
this system, economic raw materials (such as lignocellulose) are used as the sub-
strate in a high loading which contributes to higher product concentration and less
waste discharge. This book systematically elaborates principle and application of
high-solid and multi-phase process and the process intensification method.

Starting with proposed conception of high-solid and multi-phase bioprocess,
features and problems of high-solid and multi-phase system are elaborated first,
followed by corresponding solutions for the problems. Particularly, novel intensi-
fication strategies (including periodical peristalsis and gas double dynamic) in
high-solid and multi-phase system take a big part in this book. Additionally, several
models of high-solid and multi-phase process chains are summarized and analyzed
in this book. Consequently, this book provides academic and industrial introduction
of high-solid and multi-phase bioprocess and could be the reference for readers in
related fields.

This book is a monograph that systematically discusses the theory of high-solid
and multi-phase bioprocess engineering and its application. First, Chap. 1 gives
brief introduction and problems in high-solid and multi-phase bioprocess engi-
neering. Chapters 2 and 3 describe the features of high-solid multi-phase bioprocess
based on characteristics of solid substrates. Chapter 4 emphasizes the construction
of microorganism and enzyme catalysis which is suitable for high-solid and
multi-phase system. Chapters 5–7 elaborate the function of periodical stimuli and
new methods, process engineering, and parameters monitoring in high-solid and
multi-phase bioprocess, respectively. Finally, Chap. 8 reviews the industrial
application of high-solid multi-phase bioprocess.
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Chapter 1
Introduction

Abstract High-solid and multi-phase bioprocess system refers to the system with
more than 15% solid loading. Usually, the system is composed of solid, liquid, and
gas phases. It has become the hot topic in bioprocess due to the merits of envi-
ronmental friendly, water saving, and energy saving. However, “solid effect”
caused by high-solid loading results in a series of problems such as high viscosity,
high stirring energy consumption, and low conversion. In this chapter, overview of
high-solid and multi-phase bioprocess, as well as some characteristics, is elabo-
rated. Additionally, novel enhancement measures and integration concept for
high-solid and multi-phase system are briefly introduced from the aspect of process
engineering scientific theory.

Keywords High-solid and multi-phase bioprocess � Solid effect
Bioprocess intensification

1.1 Propose of High-solid and Multi-phase Bioprocess

China, the second-largest economy in the world, has played important role in global
biological industry for many years. Although it is the largest producer of fermented
products in the world, energy consumption in industrial process is also huge. For
example, a 50 million m3 industrial reactor will consume 1.3 billion m3 and dis-
charge 1 billion m3 of wastewater every year. The resource and environmental
pressure are the bottleneck to realize the sustainable development of Chinese
bio-industry. Biological reaction is the core of chemical production by fermenta-
tion, waste biodegradation, and resource-oriented utilization, which is also the
important choice of producing biofuels and biological chemicals, in case of the
shortage of oil resources and the deterioration of the atmospheric environment
caused by the usage of petroleum-based products especially gasoline and diesel. In
conclusion, biological reaction is essential to industrial upgrade and sustainable
development of economy and society.

© Springer Nature Singapore Pte Ltd. 2018
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In general, solid material content of traditional biological reaction system is 5%,
compared to the chemical and oil processing process, the biological fermentation,
and enzyme catalysis reaction which are low substrate concentration, causing the
problem of resources and environment. Moreover, the drawback of the low sub-
strate concentration reaction system is low apparent efficiency and high energy
consumption and water waste.

High-solid and multi-phase bioprocess system refers to the system with more
than 15% solid loading. Usually, the system consists of solid, liquid, and gas phase.
It could become a breakthrough and dominant strategy for solving problems in
traditional fermentation industry. Taking ethanol production with starch materials,
for example, in high-solid system, wastewater decreased from 9 to 7 tons for every
ton of ethanol, emission is reduced by over 20%, and steam consumption is reduced
by one-third. Up to now, most researches in domestic and aboard are exploring
reaction process conditions from perspective of mechanical agitation. However, a
series of technological difficulties were resulted from the normal mechanical agi-
tation in the high-solid multi-phase system, e.g., energy consumption exponentially
increased with the solid loading; mixed scale could only achieve cm level which
could not be favorable to heat and mass transfer intra-particle. Therefore, the low
efficiency of heat and mass transfer in the system composed of solid, liquid, gas and
microorganism, and the inapplicability of the mixing methods of traditional
mechanical agitation (energy consumption increased exponentially with high-solid
content) are the main difficulties in the development of high-solid biological
reaction.

Considering the above obstacles of technology and cost, we developed new
methods to enhance the high-solid and multi-phase bioprocess based on solid
substrate effect and innovated new systems of theory and technology for opti-
mization and amplification of biological process based on periodic force, so as to
solve the current problems of efficiency during the high-solid biological reaction
process. The results present basic problem in engineering: the mechanism of bio-
logical reaction in high-solid system.

Aiming at the break, the restriction of heat and mass transfer in high-solid
reaction, the author enhanced the accessibility of the solid substrate biological
reaction of fermenting materials by steam explosion and established a material
refining platform with the core technology of steam explosion; proposed novel
methods to enhance the high-solid and multi-phase system with periodic force
which breaks through the key technology, such as periodic agitation and pressure
pulsation; and also put forward a new way to simulate numerical amplification of
the high-solid multi-phase bioprocess, which finally realizes the comprehensive
research of integrated industrialization technology foundation of high-solid
multi-phase biological reaction process and lays the scientific and technological
foundation for high-solid multi-phase bioprocess.
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1.2 Specificity of High-solid and Multi-phase Bioprocess

1.2.1 The Porous Characteristics and “Solid Effect” of Solid
Substrate

Traditional enzymatic hydrolysis and fermentation of biomass are usually carried
out under the low-solid loading (less than 15% (w/w)). Low-solid loading con-
version process has caused several problems. First of all, low substrate concen-
tration results in low product concentration, increasing separation cost. Second, it
can cause much water consumption, large amount of wastewater emissions, envi-
ronmental pollution, and high cost for wastewater treatment. In addition, the large
equipment with low utilization results in low production efficiency. For example, in
the process of lignocellulosic ethanol production, the separation process is eco-
nomic when ethanol concentration is greater than 4% (w/w), implying that fer-
mentable sugar concentration must be higher than 8%, for the majority of
lignocellulose biomass, and the initial solid load should be above 20%. When solid
load is higher than 15%, the system is no longer a liquid or slurry state, but keeps in
solid state, called high-solid reaction. High-solid bioprocess has many advantages,
such as high production efficiency, small equipment with high efficiency, less
wastewater, and low cost. High-solid reaction process is the inevitable trend of
lignocellulosic ethanol with a cost advantage and has become the hot topics in the
study of lignocellulose biomass refining [1].

Despite the many advantages of high-solid system, it also causes some problems.
Porous heterogeneity and poor liquidity of biomass cause “solid effect” due to the
increased complexity of liquid–solid multi-phase system, which hinder the mass
transfer and reduce reaction efficiency. The bound water of high-solid reaction
system is not beneficial for mass transfer, while high viscosity affects stirring. Low
conversion is caused by product inhibition. More importantly, enzymes and
microorganisms with biological activity are sensitive to the environment and
dependencies; the presence of enzymes and microorganisms in high-solid reaction
system make system more complex. The traditional mixing methods using shear
force as the power source and mixing energy consumption rapidly increased with
increase of solid load; it cannot strengthen the transfer in lignocellulose porous
channel to lignocellulose biomass porous channel or even stirred under the
high-solid loading condition. Besides mechanical shear force of mechanical stirring,
shear mixing damages the enzyme activity and microbial activity, reducing the
reaction efficiency. Therefore, scientific cognition and analysis of high-solid reac-
tion system are needed urgently, and efficient new way strengthening measures and
the reactors are also needed to improve the efficiency of high-solid reaction [1].
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1.2.2 Water-Binding Effect in High-solid and Multi-phase
System

Water played a key role in the enzymatic hydrolysis process, which is the medium
for the enzyme and product spread diffusing or leaving to the site or diffusion from
leaving the reaction sites and also the substrates of enzymatic hydrolysis of gly-
cosidic bond hydrolysis reaction, and thus decided the enzymatic hydrolysis
reaction efficiency. In lignocellulosic biomass enzymatic hydrolysis system, water
present in five different states, including primary combined water, limited sec-
ondary combined water, capillary water, gravity water, and free water. Water which
connected cellulose or other chitosan via hydrogen bond is known as the primary
combined water. Water adsorbed by the cell wall or chitosan surface is known as
the secondary combined water or water film. Water existed in microporous capillary
pores or space between cells fettered by capillary force is called capillary water.
Water in macroporous channel is known as restricted gravity water. Water free from
the solid effect or other solutes is called free water. Water and other substances can
lead to its liquidity reduced; the phenomenon is called water-binding effect, and the
water is referred to as bound water. With the increase of solid loading, water is
bound to the matrix, and free water becomes less or disappeared, such that phe-
nomenon is called water-binding effect, which affect in reducing the efficiency of
enzymatic hydrolysis.

There are some researches on water binding in lignocellulose hydrolysis process.
Selig et al. [2] studied the influence of lignocellulose polymer to water bound and
its relation with the efficiency of the enzymatic hydrolysis. Results showed that
when adding polymer under 10% solid content, the low-field NMR determination
of T2 relaxation time curve determined by the low-field NMR soon become close to
zero, implying that the water-binding effect is increased with polymer’s increased
water-binding effect. Water is closely related to the binding effect and cellulose
enzyme inhibition causes the decrease of enzymatic hydrolysis conversion rate.
Roberts et al. [3] studied the relationship among the variation of water distribution,
mass transfer efficiency, and enzymatic hydrolysis efficiency. It was found that
water bondage increased with the increase of solid load. In addition, bond water
was found closely related to the enzyme system and the spread of monosaccharide.
With solid load increased from 5 to 20%, the effective diffusion coefficient of
bovine serum protein was reduced by 61.5% and the calculation of intrinsic dif-
fusion coefficient was decreased by 51.2%. It showed that water distribution and
status in high-solid reaction system is closely related to the enzymatic hydrolysis
efficiency of enzymatic hydrolysis. However, the mechanisms are still not clear and
the conclusions about that are far from being standardized [4]. There is much
confusion about water bondage in high-solid reaction system that needs to be
further studied, for example, what are the key factors of bound water, the key role
of these factors in the digestion hydrolysis process? Whether water with different
positions and status in the hydrolysis process has its unique function?
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What measures need to be taken to reduce water bondage to improve the efficiency
of enzymatic hydrolysis?

1.2.3 The Rheological Property of High-solid
and Multi-phase System

Rheology is one branch of mechanics, which studies the change rules of the sub-
strate form and flow under conditions such as stress, strain, temperature, and
humidity. In high-solid system, the in-depth analysis of rheological properties is
helpful for process design, process optimization, and reactor development. The
rheological properties of high-solid reaction system depend on the physical prop-
erties of raw materials, pretreatment methods and conditions, solid particle size and
distribution and fiber softness, etc. Solid loading can significantly affect the rheo-
logical properties. When solid loading is higher than 15%, free water content
decreased to zero, and solid lubrication among the solid particles disappears, the
mixture no longer in liquid or slurry state but in solid state. Rheological models of
high-solid enzymatic hydrolysis such as the Bingham model, the Herschel–Bulkley
model, the Wildemuth–Williams, and the Casson model [5, 6] can be used to
describe the rheological properties of high-solid reaction system of lignocellulose.
Roche et al. [7] investigated the relation between the changes of yield stress and the
solid particle concentration during the enzymatic hydrolysis of corn stover with the
20% (w/w) solid loading after dilute-acid pretreatment, and found that when the
enzymatic conversion rate was near 40%, the enzymatic hydrolysis system of corn
stover could reach the yield stress (s y < 10 Pa) after saccharification for about
2 days. The Wildemuth–Williams model, a semi-empirical rheological model,
describes the relationship between yield stress (s y) and volume fraction (/) as
follows [8]:

s� y /ð Þ ¼ A
m
�

/
/m0�1

� �

1� /
/m1

� � ð1:1Þ

where Um0 is the maximum volume fraction with no shear; Um∞ is the maximum
packing fraction with ultimate shear; and A and m are related to the microstructural
changes of the system under the ultimate shear action. The yield stress decreased
with the decrease of the volume fraction in the high-solid enzymatic hydrolysis
process. By establishing the material balance and the semi-empirical model,
high-solid enzymatic hydrolysis processes can be connected with particle concen-
tration and yield stress, providing guidance for the process design and optimization.
Viamajala studied the relationship between the rheological properties and initial
solid concentration, the relation between pretreatment extent and the particle size by
enzymatic hydrolysis of corn stover pretreatment by the dilute acid, and the results
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showed that there was shear thinning of the enzymatic hydrolysis of corn stover,
described as by Casson model [8]:

s0:5 ¼ s0:5Cy þKCc
0:5 ð1:2Þ

where s is the shear stress (Pa), sCy is the apparent Casson yield stress (Pa), c is
the shear rate (s−1), and KC is a Casson constant (Pa2 s2). Apparent viscosity and
yield stress increased with the increase of solid loading. Under the same solid
loading, dilute-acid pretreatment and smaller particle size can make apparent vis-
cosity and yield stress smaller. With the increase of solid loading, the particle
interaction can cause the increase of the apparent viscosity and yield stress. In
addition, the rheological properties are also closely related to the composition and
physical properties (such as porosity) of solid substrate. Um et al. investigated the
relations among viscosity, shear stress, and shear rate with 10–20% solid loading;
the viscosities in the 10%, 15%, and 20% enzymatic hydrolysis systems are
0.0418–0.0144, 0.233–0.0348, and 0.292–0.0447 Pa∙s, respectively. The enzy-
matic hydrolysis system showed pseudoplastic behaviors, and the rheological
analysis suggested that apparent viscosity was closely related to solid loading [6].
Above studies indicated that the rheological properties of high-solid bioprocess
system are closely related to solids loading and can affect the enzymatic hydrolysis
efficiency. The increased solid loading can significantly affect the rheological
properties of the enzymatic hydrolysis system and bring new challenges for process
design and operations. Therefore, the rheological studies on high-solid enzymatic
hydrolysis reaction system should be carried out to look for new and effective
strategies to promote the rheological properties, so as to improve the enzymatic
hydrolysis efficiency.

1.2.4 Transformation Efficiency of High-solid
and Multi-phase System

The sugar conversion rate and sugar yields are two important evaluation criteria of
enzymatic hydrolysis process, and significantly influence the cost of unit operation
of enzymatic hydrolysis. During the enzymatic hydrolysis process, with the
increase of the solid-to-liquid ratio, the influences of washing pretreated material,
the addition of matrix, and the synergetic effects on sugar conversion rate and sugar
yield will be more significant and influence the final sugar concentration of enzy-
matic hydrolysis. In enzymatic hydrolysis process, the washing of the pretreated
materials and the detoxification of the hydrolysate after the enzymatic hydrolysis
are usually needed to reduce inhibitors, while the costs of washing and detoxifi-
cation processes account for over 22% of the total cost of ethanol production [5].
Hodge et al. [9] compared the glucose yield of the enzymatic hydrolysis of pre-
treated biomass with and without washing, to investigate the influences of inhibitors
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on the enzymatic hydrolysis. The results showed that though the inhibition of
glucose concentration could cause the “leveling-off” of enzymatic hydrolysis rate,
the enzymatic hydrolysis rate decreased more obviously during enzymatic
hydrolysis of pretreated biomass without washing. In addition, it was found that
soluble composition had more contribution to the mass transfer and hydrolysis
limitations. Lu et al. [10] proved that the sugar conversion rate of the enzymatic
hydrolysis of pretreated biomass without washing was significantly lower than that
of with washing. However, Pristavka et al. [11] believed that the non-washing
process had two advantages: first, it could save water with low costs and more
environmental friendly; second, it could remove some soluble sugars. Recently,
domestic and international scholars have studied the influences of different feeding
ways on the conversion rate in high-solid enzymatic hydrolysis process. Compared
with one-time feeding strategy, the batch strategy has many advantages in
improving the conversion rate, such as low initial viscosity to avoid mixing and
mass transfer limitations; batch feeding can provide sufficient time for the lique-
faction between the batches, so as to maintain a certain degree of free water to
improve the mass diffusion efficiency [9, 12]. Wang et al. [13] found that with the
feeding of materials with 50% final solid-to-liquid ratio in the beginning, and the
feeding of materials with 25% final solid-to-liquid ratio at 24 and 48 h, the final
sugar concentration could reach 115 g/L with conversion rate only 5% lower than
the materials with 15 and 20% final solid-to-liquid ratio. Zhang et al. [14] studied
the enzymatic hydrolysis of corn stover pretreated by NaOH, batch feed materials
with 9, 8, 7, and 6% during the first 24 h to 30% solid loading, and results showed
that the enzymatic hydrolysis rate of the initial feeding reached 60% of the maxi-
mum, while the rate dropped with the batch feeding and significantly decreased to
39% at 72 h after the final feeding. It is worth noticed that in the enzymatic
hydrolysis with batch feeding, the time of the feeding of raw materials and cellulose
must be taken into account to ensure the increase of conversion rates, of which there
has not been a consensus of the previous studies. Problems still exist besides
advantages of enzymatic hydrolysis with feeding. Because of the decreased enzy-
matic synergies with high solid-to-liquid ratio, large amount of oligosaccharides
produced in the enzymatic hydrolysis affects the conversion rate, indicating the
essential importance of the synergy of cellulase in the enzymatic hydrolysis.
Previous studies showed that the synergy of b-glucosidase and cellulase can reduce
inhibition of products on cellulose enzyme and then increase conversion efficiency.
Garcia-Aparicio et al. [15] studied the influences of cellulase, b-glucosidase, and
xylan glycosidase on the enzymatic hydrolysis of steam-exploded barley straw. It
was found that the addition of xylan glycosidase improved the efficiency of
enzymatic hydrolysis and increased the conversion rate of cellulase. Di Risio et al.
[16] compared the sugar yield of enzymatic hydrolysis under high solid-to-liquid
ratio with the additions of both cellulase and xylan glycosidase, all of cellulase
b-glucosidase and xylan glycosidase and only xylan glycosidase, and the results
showed that the xylose yield of the xylan glycosidase group was lower than the
other two groups, while the glucose yield showed the same trend. Studies have
shown that the synergetic conversion with different enzymes can avoid the high
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enzyme load while achieving a higher conversion rate of enzymatic hydrolysis.
However, the absorption/desorption efficiency, mass transfer, and diffusion effi-
ciency of enzymes are very low, and the synergetic effects of the enzymes reduced
in high solid-to-liquid ratio. Cellulase plays an important role in the biomass
conversion process. The process integration and intensification depend on the use of
cellulase, while the efficiency of enzymes is the balance of the amount and the
costs.

1.2.5 Intensification of High-solid and Multi-phase
Bioprocess and New Bioreactors

During the high-solid reaction process (such as high-solid enzymatic hydrolysis),
the effects of various limiting factors are interactive, and the change of rheological
properties mainly represented by the increase of apparent viscosity can decrease the
mass transfer efficiency and increase the power consumption of the mixing and
blending. Physical properties of lignocellulose biomass can influence the water
distributions and the status, while tight bond water can reduce the diffusion of
products and enzymes in the high-solid reaction system, decrease the synergetic
effects and increase the feedback inhibition, and influence the rheological properties
of the system. These limiting factors can lead to obviously low efficiency of
high-solid reaction.

In the process of high-solid reactions, the power of mixing is not only influenced
by the high viscosity of the reaction system but also need to overcome the interface
resistance (the surface tension which increases with the increase of solid loading).
In addition, shear forces were usually used in traditional mixing methods, which
cannot effectively act on the intra-particles, resulting in low transfer efficiency and
nonuniform mixing. Meanwhile, the shear forces can deactivate the enzymes easily,
decrease the adsorption/desorption efficiency of the enzymes with the substrates,
and hence lower the product efficiency of high-solid reaction processes.

High-solid and multi-phase bioprocess demand higher requirements for the
mixing methods, reactor design, reactor amplification, and process design. Scholars
have carried out related studies at home and abroad. Mixing power is influenced by
viscosity and resistance of the high-solid enzymatic hydrolysis. During the mixing
process, because of the incompatibility of solids and liquids, the interface resistance
which also known as the surface tension should be overcome and the resistance
increased with the increase of solid contents. According to calculations, the solid
loading of traditional enzymatic hydrolysis is 5–15% and the mechanical mixing
power increases sharply by 300%, while the solid loading is over 20%, e.g., when
solid loading is 25% and 30%, compared with 5%, the mechanical mixing power
increases by 415% and 545%, respectively, indicating that with higher solid
loading, the power for the mixing increases exponentially. Therefore, new
requirements for mixing, reactor design, and process design of high-solid reaction
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system are put forward. Development of new intensification measures is important
way to improve the efficiency of high-solid reaction and to achieve large-scale
production.

Efficient mixture depends on the geometric shape of the impeller, which can lead
to the differences in mixing speed, shear forces, and mixing energy consumption.
Zhang et al. [17] investigated the influences of the spiral blade impeller on the
high-solid (30%) enzymatic hydrolysis efficiency in vertical reactor and found that
the mixing power was decreased by 4/5 than traditional Rushton impeller, and
spiral blade impeller was more suitable for high-viscosity non-Newtonian fluids. It
also found that the geometric shape of blades was essential to efficient mixing.
Wang et al. [13] investigated the influences of the plate and frame blade impellers
and double-curved blade impellers on the high-solid enzymatic hydrolysis of sweet
sorghum pretreated by hydrothermal method, and found that the glucose yield of
which used the plate and frame blade impellers was 10% higher than the other,
indicating that the geometric shape of blades could significantly affect the mixing
efficiency. Compared with the double-curved blade impeller, the plate and frame
blade impellers could produce bigger homogeneous mixing areas and hence
improved the mass transfer in the reactor at different depths. Zhang et al. [18]
investigated the rule of influences of nail-shaped mixer on the high-solid enzymatic
hydrolysis of hardwood biomass and found that higher glycan conversion rate
achieved at the endpoint of enzymatic hydrolysis with nail-shaped. Compared with
flask shaking, it could significantly shorten the liquefaction time of unbleached
hardwood with 20% solid loading and increase the mass transfer efficiency of the
high-solid reaction system. In addition, parameters including the rotation speed and
the size of impeller and its diameter ratio with the reactor could also influence the
mass transfer efficiency of high-solid enzymatic hydrolysis. The above results
indicated that developing new mixing method is an effective strategy to improve the
efficiency of high-solid enzymatic hydrolysis.

There have been some studies on the new high-solid enzymatic reactors. In the
study of Jørgensen et al. [19], the influence of rotor drum reactor which mixed
material by free falling on the high-solid enzymatic hydrolysis efficiency was
investigated. Results showed that there were no obvious influences on glycan
conversion rate with rotation speed of 3.3–11.5 rpm for 24 h; while 7 FPU/g dry
matter with 40% solid loading, enzymatic hydrolysis for 96 h, the glucose con-
centration reached 86 g/kg. Roche et al. [20] found the horizontal reactor which
mixed by gravity or free falling had many advantages over conventional vertical
reactors, such as minimized particle sedimentation, local product accumulation, and
the distribution of enzymes are more uniform. With 20% solid loading, glycan
conversion rate reached 80–85% in the flask rotation reaction system with
free-falling mixing. Dasari et al. [21] found that compared with vertical reactors,
with 25% solid loading, the enzymatic hydrolysis glucose conversion rates of
horizontal reactors could increase by 10%, and power reduced significantly.
Although the above reactors are proved to have a certain effect in the intensification
of the high-solid enzymatic hydrolysis, they cannot be scaled up. Further research
of new mixing methods and reactors are needed to meet the requirements of

1.2 Specificity of High-solid and Multi-phase Bioprocess 9



high-solid enzymatic hydrolysis and process economy. In recent years, the
pilot-trial-level or demonstration-level operational platform of high-solid enzymatic
hydrolysis has been established in some countries. In Denmark, the demonstration
plant with the annual output of 5.3 million liters of ethanol was established. It can
deal with 1 L fermentation liquid by distillation per hour, when the solid-to-liquid
ratio is at 25–30%, and the consumption of enzyme is 3–6 FPU/g dry matter. The
National Renewable Energy Laboratory of USA (NREL) built a 4000 L reactor,
with the solid-to-liquid ratio over 20% and daily capacity of 0.5–1.0 t dry matter
[8]. However, the research on high-solid enzymatic hydrolysis is still relatively
backward in China.

1.3 Fundamental Engineering Theories of High-solid
and Multi-phase Bioprocess

Traditional enzymatic hydrolysis and fermentation industry could not meet the
demand of sustainable development because of the disadvantage of large amount of
wastewater, serious environmental pollution, and high energy cost. Taking ethanol
production, for example, the ethanol concentration of industrial separation process
must be over 4% (w/w) for the advantages of process cost, requiring more than 20%
solid loading in system. High-solid and multi-phase bioprocess could be a potential
solution to those problems. However, traditional technology is unsuitable for
high-solid and multi-phase bioprocess because of large shear forces, low the
enzyme adsorption/desorption efficiency, intermittent operation, and low produc-
tion efficiency.

High-solid and multi-phase system has advantages of high substrates and pro-
duct concentration, low product separation cost, and high productivity. However,
the high loads of porous biomass can cause “solid effect’’ (such as composition and
matrix effect, product inhibition effect, bound water effect, and enzyme absorption/
desorption effect). Viscosity caused by high-solid loading (“solid effect’’) in
high-solid enzymatic hydrolysis system can affect transfer characteristics, increase
mixing power consumption, and reduce enzymatic hydrolysis efficiency. It also
increases the difficulties in process design and amplification as well as the
large-scale production.

There have been preliminary progress on high-solid enzymatic hydrolysis both
at home and abroad, however, before the large-scale industrialization, the intensi-
fication methods, and mechanism of the enzymatic hydrolysis should be investi-
gated based on the porosity of lignocellulose, and the new reactor and process
integration strategies should be developed, so as to solve the problems in high-solid
and multi-phase bioprocess system and provide theoretical basis and technological
experiences for the industrialization refining and conversion of lignocellulose.
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According to the principles of process engineering and sciences, scientific
cognition of the porous structure of lignocellulose and high-solid enzymatic
hydrolysis behaviors can be obtained by the researches on the porosity of ligno-
cellulose, the mass transfer, and high-solid enzymatic hydrolysis efficiency.
Meanwhile, the new mixing methods (periodic peristalsis) for the intensification of
enzymatic hydrolysis should be developed, with the analysis and descriptions of the
porosity of lignocellulose and the intensification mechanism. With studies and
mechanism description of the process, the new technologies and methods can be
acquired to solve the bottleneck of the limitations in the enzymatic hydrolysis and
conversion. The periodic peristalsis reactor of high-solid enzymatic hydrolysis
should be studied and developed, meanwhile, exploring the principles of system
integration and process amplification of high-solid enzymatic hydrolysis.

1.4 Development Bottleneck and Tendency of High-solid
and Multi-phase Bioprocess

Development bottleneck of high-solid and multi-phase bioprocess is mainly caused
by the characteristics of the system which is described in Sect. 1.2. From the
perspective of reducing consumption, energy conservation, and reducing emission,
the researches should be conducted on process intensification, system integration,
and process amplification of high-solid enzymatic hydrolysis and fermentation of
biomass.

Apart from solving the problem of “competition for food against people, com-
petition for land against food” in bio-based products conversion, solving the
problems (including wastewater discharge, high consumption, and low efficiency of
the current materials) is also the urgency. High-solid and multi-phase bioprocess
system can increase the proportion of sustainable resources in energy resources,
accelerating the industrialization of cellulosic ethanol and bio-based products in
China, as well as make significant contribution to improve the competitiveness of
biotechnology industry in the world.
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Chapter 2
Physical–Chemical Properties of Solid
Substrates

Abstract Physical–chemical properties of solid substrates are important parame-
ters of high-solid and multi-phase bioprocess. The chemical properties refer to the
biomass recalcitrance and heterogeneity which caused by its chemical composition.
The physical properties include porous properties, rheology properties, and water
state. In this chapter, the composition and recalcitrance of the solid substrates are
analyzed, and the change laws of physical–chemical properties such as porous
properties, rheology properties, and water states are revealed, which is significant
for bioconversion of biomass in high-solid and multi-phase bioprocess. In addition,
solid effects caused by physical–chemical properties of solid substrates were also
systematically discussed and investigated with the expectation of guiding biocon-
version process of biomass.

Keywords High solid � Chemical composition � Physical property
Recalcitrance � Solid effects

High-solid and multi-phase bioprocess has merits of high concentration of substrate
and production. In high-solid and multi-phase bioprocess, “solid effect” is caused
by the increase of solid substrates, which is critical to the bioconversion efficiency
of high-solid and multi-phase bioprocess. Researches indicated that the “solid
effect” includes solid substrates composition effects, adsorption and desorption
effects of cellulolytic enzymes, water-binding effects, and inhibitor effects [1, 2].
These can be the challenge of the large-scale utilization of renewable solid
resources, changing transfer and reaction characteristics of the system, increasing
process energy consumption, and reducing efficiency of the reaction.

Traditional researches on renewable resources aimed to improve the process
efficiency with little cognition of the solid substrates’ properties. Therefore, it could
not solve the bottleneck problems in bioconversion of lignocellulose, resulting in the
economic infeasibility of the large-scale utilization of renewable resources.
The factors, influencing the efficiency of renewable solid resources conversion,
include porous structure (e.g., pore size and volume, curvature, grain size, and
specific surface area), chemical component (e.g., lignin, hemicellulose, acetyl, and
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pectin), and chemical structure (crystallinity and the degree of polymerization of
cellulose) [3]. It is closely related to the multicomponent and porous characteristics
of renewable solid resources. The complex multicomponent characteristics of the
renewable solid resources determine that using single technology and component is
not benefit to the efficiency of the conversion process. Biomass is the typical porous
medium material in which mass and heat transfer are different from the traditional
liquid system; this phenomenon is more obvious in the situation of high-solid
content. “Solid effect” is related to the intrinsic characteristics of renewable solid
resources. Therefore, analyzing the relationship between the intrinsic characteristics
of renewable solid resources and “solid effect” is essential to break down the “solid
effect” and realize the efficient conversion of renewable resources.

2.1 Composition and Preparation of Solid Substrates

2.1.1 Solid Substrates Composition and Recalcitrance

Lignocellulose is a typical biomass with complex chemical and physical properties.
Chemical components mainly include cellulose (30–50% of the total), hemicellu-
lose (10–40% of the total), lignin (10–30% of the total), and other components such
as wax, pectin, protein, pigment, and ash. The multicomponents of lignocellulose
are macromolecules with specific functions, which are consisted of different
monomers. There are differences among these multicomponents of different types
of lignocellulosic biomass, while hardly differences exist in their basic elements
(including carbon, hydrogen, oxygen, and nitrogen) [4–6].

Lignocellulosic materials include softwoods, hardwoods, and herbal plant bio-
mass. Softwood contains 43% cellulose, 29% hemicellulose, and 28% lignin aver-
agely. Hardwood contains about 45% cellulose, 34% hemicellulose, and 21% lignin,
and cellulose content is similar to the softwoods. Hardwood has higher content of
hemicellulose than softwood. In hardwood hemicellulose, there are 20–25%
poly4-O-Methylglucuronic acid and 1–3% polydextrose mannose, while hemicel-
lulose of softwoods has 15–20% poly-galactosidase-glucose mannose–acetate, 10%
poly4-O-methyl-glucuronide arab xylose, and 1–3% arabinogalactan [5]. Therefore,
there is more polyxylose in the softwoods but a higher content of polymannose,
polygalactose, and araban in the hardwoods. Lignin content of softwoods is higher
than that of hardwoods. The main components of lignin in softwoods are guaiacol
propane and some phydroxyphenyl propane. The main components of lignin in
hardwood are guaiacol propane, lilac propane, and small phydroxyphenyl propane
[5]. The components of herbal plants are similar to that in hardwood. Cellulose
content of most herbal plants is close to wood, except for straw (corn stalks and
sorghum stalks) [5]. The chemical compositions of different types of biomass fiber
raw materials are summarized in Table 2.1.
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Cellulose is the main component of the cell wall, which binds to hemicellulose,
lignin, and pectin. The binding mode determines the property of lignocellulosic
biomass. Cellulose is linear polymer which composed of D-glucose by 1,
4-b-glycosidic bond, and its chemical formula is (C6H10O5)n, where n is the degree
of polymerization. Cellulose is composed of 44.4% carbon, 6.2% hydrogen, and
49.4% oxygen. Structure of cellulose is shown in Fig. 2.1 [5, 6].

Cellulose and lignin are linked together closely by hemicellulose. Hemicellulose
almost exists in all plant cell wall. It is one of the main components of cell wall, and
the content is lower than cellulose. Content, component, and structure of hemi-
cellulose in various materials are different. The structure units of hemicellulose
mainly contain D-xylose, D-mannose, D-glucose, D-galactose, L-arabinose,
L-rhamnose, and L-fucose.

Taking herb plant cell wall as an example (Fig. 2.2), xylan is the main com-
ponent of hemicellulose. The degree of polymerization of hemicellulose is only
150–200, much smaller than that of cellulose.

Lignin is a natural polymer with three-dimensional structure which is consisted
of phenylpropane structure unit linked by ether bond and carbon–carbon bond.
Phenylpropane structure unit forms the basic skeleton of nature hemicellulose, but
there is a little difference in aromatic part. Based on the number of –OCH3, structure
units are divided into three kinds including guaiacyl propane (G), syringyl (S), and
phydroxyphenyl propane (H) (Fig. 2.3). As a natural adhesive, lignin exists in
microfiber and intercellular layer of plant cell walls, sticking adjacent cells together.

Fig. 2.1 Chemical structure of cellulose
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Lignin plays a supporting role in maintaining the mechanical properties of the plant
cell wall and reduces the transverse water permeability of cell wall. Besides, lignin
can help to prevent microbial attack to glycan. The distribution of lignin in plant
cell wall is inhomogeneous. The content and component of lignin of plant differ
from each other, which depend on the plant species, growth time, and grown zone.
Above all, lignin is the third largest nature polymer, whose content is only lower
than cellulose and chitin in nature [4–6, 8].

According to the aromatic nuclear structure, lignin can be divided into guaiacyl
propane, syringyl, and phydroxyphenyl propane type. And lignin has various
functional groups (including aromatic ring and side chain), such as methoxy group
(–OCH3), phenolic hydroxyl group (–OH), and carbonyl group (–C=O), which is

Fig. 2.2 Schematic structure of hemicellulose in maize fiber. Reprinted from Ref. [7]. Copyright
2003, with permission from Springer

Fig. 2.3 Typical lignin aromatic polymer: syringyl (S), guaiacyl (G), and hydroxyphenyl (H)
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shown in Fig. 2.4. Lignin is the biggest obstacle to the utilization of chitosan. To
achieve efficient utilization of chitosan, it must change the structure of lignin or
remove lignin.

Complex physical structure and chemical features of lignocellulose show different
protection mechanisms against microbial attack and polysaccharide degradation,
which is called biomass recalcitrance [9]. Recalcitrance determines the efficiency of
refining and economical efficiency of conversion process. Himmel et al. have put
forward various key factors which can measure lignocellulosic biomass recalcitrance
to chemical reagents, microorganism, and enzyme [9], including (1) epidermal tissue
of plant, especially cuticle and cuticular wax; (2) the arrangement and location of
vascular bundle; (3) the relative content of parenchymatous tissue; (4) degree of
lignification; (5) structural heterogeneity and complexity of cell wall components;
(6) challenge of enzyme action in insoluble substrate; (7) inhibitory effect of the
fermentation process from the inhibitor which exits naturally in cell wall or being
generated in transformation process; and (8) crystalline cellulose of cytoderm

Fig. 2.4 Structure characterizations of lignin fraction in plant cell wall
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microfiber hinders the chemical and biological degradation in molecular level. In
conclusion, biomass recalcitrance, in the macroscopic and microscopic level, hinders
the transmission of chemical reagent and enzyme, which reduces the transformation
efficiency. Thus, in order to realize the efficient utilization of lignocellulosic biomass,
it is necessary to develop the most efficient technology to overcome recalcitrance of
lignocellulose.

Chemical composition and physical structure of lignocellulosic biomass are
different in various organs, tissues, and cells, and even the same organ tissue cells.
Additionally, linkage mode between monomers changes with monomer and
chemical components of functional macromolecule. These qualitative differences
are defined as heterogeneity of lignocellulosic biomass which influences the
refining efficiency of lignocellulose biomass.

Complex structure of organs, tissues, cells, and cell wall of the plant was formed in
the process of evolution. Take herb plants as example; the straw consists of several
joints with a relative poor intensity. Internode and node are joined with growth band,
which consists of parenchyma cells. Second, the midsection of internode will shrink
in most herb plants. Vascular bundle in stick distributes scattered without epidermis
and stele boundary, which mainly contains epidermis, parenchyma, and vascular
bundle. Epidermis is the outer layer of the herb plants stick, which is arranged
alternately by one long cell and two short cells. Vascular bundle is a vascular tissue
system consisted of xylem and phloem, where intra-xylem tightly packages the
outside phloem. Herb plants cell can be divided into several kinds: (1) fibrocyte,
which is taper off both sides; (2) parenchymal cell, with varieties of shapes rhabdi-
tiform, rectangle, square, and spheroidal; (3) duct, channel organization in plant with
ringlike structure, heliciform, trapezoid, and reticulate, whose diameter is larger than
that of fibrocyte; (4) epidermal cells; (5) sieve tube and companion cell; and
(6) sclereid, it is sclerenchyma cell contrary to fibriform with spheroidal, oval shape,
and quite much lignification, phellemmication, or cornification. The size is quite
small.

Plant cell walls mainly contain middle lamella, primary wall, secondary outer
layer, central layer, and inlayer. (1) The adhesion layer between cells is middle
lamella where lignin and pectin are the main chemical components, and the corner of
cell is called corner aero of middle lamella. (2) Primary wall is a sac-like matter
formed at the primary growth of cell with amount of hemicellulose and lignin, which
links with middle lamella closely. (3) Secondary wall is the wall layer formed in
primary wall. It is the metabolic sedimentation of protoplast which is the major
structure of cell wall. Secondary wall can be divided into three layers. The outer layer
consists of cellulose and hemicellulose. Cellulose microfibers interlacedly wrapped
around the fiber cell walls in order forming into inter-helix. The cellulose microfibers
of central layer of secondary are helical arrangement parallel structure, which is
almost parallel to the fiber axis, and the angle between microfibers and the fiber axis
presents a gradient trend from inner to outer. The inlayer takes a small part compared
to the whole cell wall. However, the wrapping pattern of microfibers is similar to that
of the outer layer. Cellulose macromolecule chains regularly arrange in the protofibril
which arranged in microfiber. Cellulose is formed by several microfibers arranged in

2.1 Composition and Preparation of Solid Substrates 19



different ways. Previous researches proved that one protofibril with a 3 nm diameter
consisted of about forty cellulose macromolecules. One sub-microfiber with a 12 nm
diameter consists of 16 protofibrils, and one protofibril with 25 nm diameter con-
sisted of four sub-microfibers. Hemicellulose monomolecular layer exists inside of
protofibril which exists inside of sub-microfiber. Inter-microfiber is filled with
hemicellulose and lignin, which are linked by chemical bond to form lignin–glycan
complex polymer.

In order to recognize heterogeneity, corn stover is split into five morphological
fractions based on functional and structural property at the plant organ level
(Fig. 2.5). Table 2.2 shows that the chemical compositions of corn stover were
significantly different at the plant organ level (P < 0.05). Among whole corn stover
and five morphological fractions, stem rind had the highest glucan content and total
sugar content (61.8%), while leaf sheath had the lowest glucan content and total
sugar content (49.5%). Xylan and araban contents increase as follows: stem
node < stem pith < stem rind < whole corn stover < leaf < leaf sheath. Acetyl
content in different fractions showed a similar trend to xylan and araban. High
acetyl content could facilitate the dissolution of hemicellulose, and hence the
auto-hydrolysis effect in steam explosion [10]. Stem node had the highest lignin
content, whereas stem pith had the lowest (P < 0.05). Higher lignification may
hinder chemicals or enzymes permeating into plant cell wall and decrease the
conversion efficiency [11]. Water extractives content increased in the order of leaf

Fig. 2.5 Selective structure fractionation of corn stover biomass into five morphological fractions
on the plant organ level
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sheath, leaf, stem rind, whole corn stover, stem node, and stem pith. Free sugars
(glucose and xylose) showed a similar trend to water extractives. Interestingly,
glucose content in stem pith, stem rind, and stem node is more than 8.0%, which is
3–4 times higher than that in leaf sheath and leaf. Free glucose content is easily
degradable at high temperature, which should be adverse to the efficiency of steam
explosion. The efficiency of auto-hydrolysis effect in steam explosion is closely
related to the amount of ash content [8, 12]. Leaf sheath and leaf have higher ash
content compared with other morphological fractions. These results suggested that
different morphological fractions have different compositions and their unique
effect on the efficiency of pretreatment and hydrolysis.

Chemical compositions of whole corn stover and different morphological frac-
tions after steam explosion are given in Table 2.3. Results suggested that steam
explosion increased glucan and lignin content while selectively dissolved xylan,
araban, and ash. Glucan content in steam-exploded corn stover increased at
1.5 MPa and 1.2 MPa which were 11.5–16.3 and by 6.4–9.6%, respectively. Lignin
content increased by 11.2–20.0% (1.5 Mpa) and 7.1–15.5% (1.2 MPa). However,
xylan content in steam-exploded corn stover decreased by 9.6–13.9% (1.5 MPa)
and 8.3–12.8% (1.2 Mpa) compared with that in untreated cornstalk. After steam
explosion treatment, stem pith had the highest increased glucan and lignin content
and the highest decreased xylan content at both 1.5 and 1.2 MPa, whereas stem
node had the lowest. Acetyl content in stem pith, leaf sheath, and leaf was not
detected at 1.5 MPa (Table 2.3), suggesting that all acetyl groups were removed
after steam explosion. Ash content was also decreased after steam explosion
especially in leaf sheath and leaf.

2.1.2 Solid-Medium Preparation Principles

High-solid and multi-phase is a bio-reaction process including solid matrix
degradation and microbial growth. In general, solid matrix has complex structure
caused by compact intertwine among the macro-molecular components. This nat-
ural structural feature exposed physical recalcitrance for degradation of the solid
matrix and mycelium expand. In traditional solid-sate fermentation process,
chemical nutrients have been focussed in culture medium preparation. However,
physical properties of solid matrix are featured by porosity which has significant
effect on matrix degradation and microbial growth. Specifically, accessibility
governed by surface area and pore affects matrix degradation, while porosity affects
mass and heat transfer in high-solid and multi-phase system. Therefore, apart from
chemical nutrients in high-solid and multi-phase system, physical properties should
also be paid attention. To be specific, large surface should be provided for enzyme
binding or mycelium expanding, while pores are provided for enhancing heat and
mass transfer.
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2.2 Porous Properties of Solid Substrates

2.2.1 Cognition on Porous Properties of Solid Substrates

Porous medium is the common space occupied by the multi-phase materials and
also a combination of coexisted multi-phase material. The space without solid
skeleton is called pore, which is occupied by liquid phase or gas phase. Porous
media has the characteristics such as porosity and heterogeneity. Porosity is the
ratio of pore volume to total volume of porous media. The effective pore refers to
part pore interconnected porous medium and not occupied by water, which is the
ratio of effective pore volume to total volume of porous media. The dead-end pore
is that one side of the porous media connects to other pores and another side of the
porous media is sealed. Heterogeneity refers to the three phases, solid, liquid, and
gas phases that can coexist. In porous medium, solid phase is the skeletons and the
gas phase distributes in the unsaturated zone.

2.2.2 Correlation Between Substrate Porous Properties
and Bioprocess

The lignocellulosic material is the typical multiscale porous material, which has the
porous and frame construction. From crystalline region, amorphous region of cel-
lulose, cell pit, cell lumen, cell wall, and vascular bundle to pellet, each scale of
lignocellulosic biomass reflects the concepts of porous material such as porosity,
pore size, and specific surface area. Lignocellulose aperture distribution with dif-
ferent dimensions is shown in Table 2.4.

There are obvious differences among coniferous wood, hardwood, and herba-
ceous plants in the organization structure.

In general, there are few types of cell in coniferous wood. Resin canal exists in
coniferous wood, while catheter does not. Tracheid, the main component, has

Table 2.4 Lignocellulose aperture distribution with different dimensions

Level Source of the pore
size

Width
(lm)

Level Source of the pore size Width
(lm)

Tissue
cell

Epidermis cell 20–35 Pit 0.5–50.0

Pore 2–10 Plasmodesmata 0.03–0.06

Vessel cell 30–130 Cell
wall

Porosity between
macrofibrils

0.001–
0.100Sieve tube 5–50

Cribrate cell 5–50 Porosity between
microfibrils

0.001–
0.030Fiber cell 13

Intercellular layer <1 Porosity between
macromolecule

0.001–
0.030Cube corner �1
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function of conducting and mechanical support, which accounted for over 90% of
the timber volume; a typical cell is 3–5 mm long and 0.03–0.05 mm wide [5].
Hardwood consists of many types cell with high evolution degree. There is not resin
canal in hardwood. However, catheter exists in hardwood which has function of
conducting moisture, mechanical support to wood fiber. Broadleaf wood also
contain three kinds of fiber cells including toughness wood fiber, fiber tracheid, and
tracheid, which is known as wood fiber. Wood fiber is one of the important
anatomical molecules of broadleaf timber with average length of 1 mm and the
width of less than 20 l. It accounts for 60–80% of timber volume [5]. Herbaceous
plants have many cell types, including fiber cells, catheters, parenchyma cells, skin
cells, screen, and companion cells. Catheter cell content in herbaceous plants is high
and its diameter is much bigger than fiber cells. Stems, for example, their common
characteristic is scattered identify vascular bundle throughout a large number of
basic organization, not the boundaries between the cortex and the stele. Fiber cells
distribute in exterior subcortical and vascular bundle, the average fiber length is
1.0–1.5 mm, and the average width is 10–20 lm, general accounting for volume
content of 40–70% [5]. Basic organization takes a significant share in the stem and
consists of parenchyma cells. Herbaceous plants in Gramineae stem center of basic
parenchyma tend to fracture in the process of development and form hollow
medullary cavity. Table 2.5 summarizes the different biomass fiber raw materials.
Fiber closely packed in coniferous wood due to relatively few types of cells and is
also known as the “non-pored wood”. The fiber is long and the content is high in
coniferous wood. It is the structural support of the plant material organization. Fiber
cells usually have secondary wall due to the high lignification thickness and
compact structure. Water vapor is difficult to penetrate the material inside the pore,
causing a large thermal mass transfer resistance in steam explosion process.
Hardwood has catheter tissue which plays the role of conveying water. Catheter
cells are large and long pipe, affected by fiber arrangement regularity than conif-
erous wood, known as “porous wood”. Parenchyma cell content is two times much
more than that of softwood. Parenchyma cell is large with thin cell wall and short
cavity. It plays the role of storing nutrition in plant growth. Those features in
parenchyma cell are conducive to heat and mass transfer and water vapor in the
flash physical tear. In herbaceous plants, the secondary xylem is embedded basic
tissue (parenchyma). Large number of parenchyma is good for the heat transfer via
water. At present, in the research of relationship of biomass physical structure and
steam explosion, judgement of difficulty in material explosion is still based on
qualitative analytic. Related structural parameters or specific theoretical model has
not been formed to reflect the effect of multiscale physical structure of biomass on
the steam explosion process transfer, the reaction, and blasting effect. Therefore,
further cognitive about the structure foundation of steam-exploded biomass still has
a long way to go.
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Table 2.5 Structural characteristics of different kinds of biomass

Fibrous materials of
coniferous wood

Fibrous materials of
broad-leaved wood

Fibrous materials of
poaceae

Cell types Simple
composition,tracheid
occupied about 90–
95%, xylem ray
occupied about 1.5–7%,
axial parenchyma cells
occupied about 7–8%,
and epithelial cell
occupied about 0–1.5%

Complex composition,
wood fiber occupied
about 60–80%, vessel
element occupied about
20%, xylem ray
occupied about 17%,
and parenchymal cell
occupied about 13%

Complex composition,
fibrocyte occupied
about 40–70%, with
high content of
parenchymal cell, and
vessel, sieve tube,
companion cells, and
chrotoplast

Characteristics
of arrangement

Lined up along the
radial on the transverse
section

As affected by the
catheter, regularity of
fiber is not good than
coniferous wood, and
big difference of
different material
regularities

Misaligned and
scattered of vascular
bundle

Parenchyma
cells

Relative low content of
xylem parenchyma,
whose volume account
for 7–8%

Relative high content of
xylem parenchyma
within 20%, more than
twice as coniferous
wood

High content of
parenchymal cell, up to
46% in straw.
Parenchymatous tissue
is easily to be fractured
and hollow medullary
space is formed of
Gramineae stem center
in the development
process

Fiber cells Fiber is thick and long,
playing a support and
conducting role, with
average length 3–5 mm
and width 0.03–
0.05 mm about 1/100
of its length

Fiber is short and
thin。wood fiber
account for 60–80% of
broad-leaved wood,
with about average
length of 1 mm and
width within 20 lm

Average fiber length of
1–1.5 mm and average
width of 10–20 lm.
General fiber cells
account for 40–70% of
the total cells. And low
content of corn stalk is
about 30%

Duct Nothing There are ring, thread,
scalariform, checker,
and pitted vessel inner
the duct. Duct cells
arrange end, perforation
and pit shape and size
of the catheter itself
pattern vary with tree
species, are important
basis for hardwood
species identification

Relative high content of
vessel cells, its diameter
is much bigger than
fiber cells, with shapes
of circular, spiral,
trapezoidal, and
checker

(continued)
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2.2.3 Enhancement of Seepage Transfer of Porous Solid
Substrates for Bioprocess

Porous solid substrates of high-solid and multi-phase bioprocess may exist in some
fluid; these may be condensed water which flows on the surface of porous solid
substrates or penetrate into the pores. The movement of the fluid abides by certain
rules which have a great impact on the heat and mass transfer in high-solid and
multi-phase bioprocess. The rule of seepage fluid in porous solid substrates is called
Darcy’s law. The microorganisms and nutrients needed are present in the water
phase as the form of solute, which transport with water as the carrier. Periodical
dynamic change of air is a method to strengthen mass transfer and heat transfer for
high-solid and multi-phase bioprocess, which is based on hydrostatics, and its
power source is the normal force. High-solid and multi-phase bioprocess could be a
biogeocenose in which quality, heat, and energy exchange can be in progress. The
force of periodical dynamic changes of air with air pressure pulsation on the closed
pressure vessel could make the molecular diffusion into forced convection diffu-
sion, which could enhance heat transfer and mass transfer performance [13].

2.3 Water Properties of Solid Substrates

2.3.1 Cognition on Water States in Solid Substrates

Water is critical factor in high-solid and multi-phase bioprocess, but often being
overlooked. Functions of water in pretreatment are concluded as follows:

Table 2.5 (continued)

Fibrous materials of
coniferous wood

Fibrous materials of
broad-leaved wood

Fibrous materials of
poaceae

Pit Obvious fiber pit, the
tracheid wall pit are
bordered pit, wood ray
parenchyma cells in the
pit to pit, in the cross
field are connected to
the wood rays to pit
tracheid form half of
bordered pit. Different
tree species with
different shapes and
sizes is the main basis
to identify needles

Most of the fiber pit is
not obvious

Fiber cell walls have a
single pit, and some
without pit

Resin duct Part of coniferous
possess with volume
composition less than
1%

None None
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(1) reactant, forming mild acidic conditions due to a decrease in the pKw of water at
high temperature [14, 15]; (2) solvent or mass transfer medium of intermediates, end
products, and inserted catalytic substances [16]; (3) heat transfer medium, deter-
mining the heat pattern and efficiency throughout the cellular structure [17, 18];
(4) plasticizer, maintaining a moist and soft texture offibers which influence cell size
and fiber strength [19]; and (5) explosion medium for analogous explosion pre-
treatments, tearing materials into small pieces and disrupting microstructures when
immediate discharge of high pressure occurs [20]. As water is directly related to the
interaction between substrate and pretreatment medium, most pretreated materials
are dry substrates with water content (WC) � 15%. Rehydration operation before
pretreatment is necessary for enhancing pretreatment efficiency.

In recent years, in terms of relationship between water state and steam explosion,
many researches have been conducted on the mechanism of auto-hydrolysis and
optimization of water content in target materials [17, 21–23]. Cullis et al. evaluated
the effect of water content on the bioconversion efficiency of softwood. Increased
water content reduced the relative severity of steam explosion pretreatment, gen-
erating improved recovery efficiency of solids and hemicellulose-derived carbohy-
drate due to a “buffering effect” of the water [21]. Ewanick and Bura confirmed that
SO2 steam pretreated biomass increases ethanol yield by 18–28% after simultaneous
saccharification and fermentation, indicating the positive effect of increasing water
content on SO2 permeability into biomass [22]. Ferreira et al. found that straw with
high water content increased methane yield by 4–10%. However, high water content
also increased heating energy, leading to high cost of the process [23]. The author
has previously reported water transfer mechanism during multistage steam explosion
process of corn stover and its contribution to processing bottlenecks because it gives
important insights for designing industrial processes to impregnate cellulosic feed-
stocks with pure water, preservatives, or other materials [18].

Though scholars have recognized critical importance of water in biomass pre-
treatment technologies, their strides made from the point of water content are far
from enough in elucidating water’s acting essence in pretreatments, due to the
complex interactions between water and plant biomass.

When water is adsorbed to lignocellulosic matrix, it is subjected to interactions
caused by the chemical and physical compositions and the structure and compo-
sition of the plant produce different states and locations of water in turn [15]. Within
the matrix, these associated water molecules have properties highly different from
properties of bulk water. They become localized, more structured, and compara-
tively limited in available degrees of freedom, kinetic motion, and ability to
exchange with other water molecules compared to water in the bulk [24]. These
different water states certainly influence the feedstock properties and closely relate
to pretreatment process, which should be the key issue that affects the extent of
pretreatment efficiency. Thus, a deep understanding of water functions in pre-
treatment requires an adequate consideration of water states in the architecture of
biomass, which provides insights into fundamental mechanism of water function
contributing to the development of pretreatments.
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2.3.2 Correlation Between Substrate Water States
and Bioprocess

One of the main factors that influence high-solid enzymatic hydrolysis efficiency is
the mass transfer [20]. Fully contact between substrate and enzyme is the premise of
effective enzymatic hydrolysis [25]. However, free water decreases with increased
solid content. When solid–liquid ratio is above 15%, water bound by lignocellulose
turns into bound water and capillary water, resulting in hardly free water exists in
the system, which is called “water-binding effect” of high-solid enzymatic
hydrolysis [25–27]. In high-solid and multi-phase system, there are five main forms
of water, including primary bound water, secondary bound water, capillary water,
gravity water, and free water. Water-binding effect is closely related to lignocel-
lulosic materials species, pretreatment method and condition, chemical composi-
tion, and physical structure of the solid. Reduced free water significantly affects the
mass transfer efficiency and rheological properties of enzymatic hydrolysis process.
On one hand, water is the diffusion medium of enzymes and product, and takes part
in the reaction in the enzymatic hydrolysis process as substrate. Reduced free water
can slow down dissolution rate and transmission efficiency of product and enzymes,
affecting the enzymatic hydrolysis efficiency. On the other hand, low free water
content increases the viscosity of the system, increasing the requirement for mixing
yield stress and energy consumption of mixing [26–28].

Roberts et al. studied the effect of combination of solid water and cellulose on
mass transfer and enzymatic hydrolysis efficiency. High solid–liquid ratio increases
the physical restriction of water in the system, and addition of glucose and mannose
increases the water bound effect [25, 28]. Inhibition of enzymatic hydrolysis rate and
increased water bound caused by monosaccharide showed the same tendency.
Cellobiose was not found in the system, indicating that monosaccharide reduces the
efficiency of saccharification by increasing water bound effect. There was a positive
correlation between water bound and diffusion of monosaccharide and enzymes.
Due to interaction between water and cellulose, water and soluble content, the
system viscosity increased, leading to the increase of diffusion resistance and
decrease of enzymatic and hydrolysis efficiency. Effective diffusion coefficient of
BSA decreased by two-thirds with the solid–liquid ratio increased from 5 to 20%,
and the intrinsic diffusion coefficient reduces by nearly 1/2 [28, 29]. Selig et al.
investigated the relationship between water bound caused by macromolecule
polymers and its inhibition on enzymatic hydrolysis. Relaxation time curve (T2) of
added polymer system measured by low-field nuclear magnetic resonance close to
zero within a short time and conversion rate of cellulose was decreased by adding
polymer. The trend is consistent with water bound and reduced conversion rate,
proving that water bound reduces the efficiency of high-solid enzymatic hydrolysis
[30]. Selig et al. studied the influence of water availability and soluble substances on
high-solid lignocellulosic saccharification. Effect of solute produced by enzymatic
hydrolysis on water availability plays a determinative role in conversion rate during
high-solid enzymatic hydrolysis process [31]. In addition, Hodge et al. studied
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enzymolysis of corn stalk pretreated by dilute acid, finding that mass transfer
become one of the main factors limiting conversion rate when solid–liquid ratio is
higher than 20%. This can be explained as that mass transfer mainly depends on
diffusion due to low degree liquefaction of the system, while convection efficiency is
low. In addition, decreased water content limits the diffusion of the sugar from
enzyme activity sites, inhibiting saccharification is suppressed, and enzyme is
unreachable to new catalytic site [11]. Different types of lignocellulose, pretreat-
ment, physics structure, and chemical composition also affect the water state and
distribution of high-solid enzymatic hydrolysis process, and then affect the quality of
mass transfer [31–34]. Mass transfer limit in high-solid enzymatic hydrolysis pro-
cess significantly inhibits hydrolysis efficiency. Therefore, new strategies need to be
developed to tackle this problem.

In order to investigate biomass–water interactions, the water pool (T2 relaxation
time) distributions of untreated corn stover and steam-exploded corn stover under
different moisture contents were determined, and the results are shown in Figs. 2.6
and 2.7, and Supplementary material 2 [35]. Results showed that the peak height
and peak area of water pools in untreated corn stover and steam-exploded corn
stover increased with the increase of moisture content. Figure 2.6 also shows that
the T2 relaxation time of each water pool in steam-exploded corn stover and
untreated corn stover increased with the increase of moisture content. The obser-
vations of extended relaxation times with the increase of moisture content may be
due to the interactions between water molecules, which would be more frequent at
higher moisture content. It is interesting to note that untreated corn stover had two
peaks below fiber saturation point while steam-exploded corn stover had one peak
(Fig. 2.6A, B). The reason may be that the order and rigid untreated corn stover
makes the interactions of cellulose and water difficult. A part of water entered into
the inner of cellulose fiber and the other part of water adsorbed to the surface of
cellulose fiber. As for steam-exploded corn stover, the order and rigid structure
were disrupted and cellulose fiber was obviously exposed by steam explosion,
generating more accessible area for water. When moisture content was above 23%,
the peak height of water pool in steam-exploded corn stover was higher than that in
untreated corn stover (Fig. 2.6), while the peak width at half-height (Wh/2) was
lower. Additionally, the T2 relaxation time of water pool in steam-exploded corn
stover was obviously shorter than that in untreated corn stover under low moisture
content (10–50%) (Supplementary material 2). These results indicated that the
interactions of steam-exploded corn stover and water were stronger than those of
untreated corn stover and water under low moisture content (10–50%).

Figures 2.6 and 2.7 show that water pools 1, 2, and 3 have appeared sequentially
with the increase of moisture content. The result should be due to the fact that as water
continues to be added and moisture content of biomass increases further, the bio-
mass–water interactions in inner and/or surface of cellulose eventually reach an
equilibrium state where water begins to accumulate in micropore and macropore
thereafter. It is interesting to note that the peak height of main water pool in
steam-exploded corn stover (pool 2 in Fig. 2.7B1, pool 2 in Fig. 2.7B2, and pool 3 in
Fig. 2.7B3) was lower than that in untreated corn stover (pool 2 in Fig. 2.7A1, pool 3
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in Fig. 2.7A2, and pool 3 in Fig. 2.7A3) at the same moisture content, respectively,
while the peak width at half-height (Wh/2) of main water pool showed an opposite
trend. Additionally, the T2 relaxation time of main water pool in steam-exploded corn
stover was shorter than that in untreated cornstalk. It should be noticed that the peak
height of water pool 3 in untreated corn stover was about 6–7 times higher than that of

Fig. 2.6 Water pool distribution (T2 relaxation time) and fiber saturation point of untreated (A1
and A2) and steam-exploded (B1 and B2) corn stover below 50% moisture content. UCS is
untreated corn stover and SECS is steam-exploded corn stover. “0.3 g UCS + 0.03 g Water”
stands for the mixture of 0.3 g of UCS and 0.03 g of water. Reprinted from Ref. [36]. Copyright
2013, with permission from Elsevier
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Fig. 2.7 Water pool distribution (T2 relaxation time) of untreated (A1, A2, and A3) and
steam-exploded (B1, B2, and B3) corn stover above 50% moisture content. UCS is untreated corn
stover, and SECS is steam-exploded corn stover. Reprinted from Ref. [36]. Copyright 2013, with
permission from Elsevier
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water pool 2 beyond 87.5% of moisture content (Fig. 2.7A3), while the peak height
of water pool 3 in steam-exploded corn stover was only 1.5–2.3 times higher than that
of water pool 2 (Fig. 2.7B3). The states and locations of water in steam-exploded
corn stover were obviously changed by steam explosion compared with these
untreated cornstalks. Therefore, these results also indicated that the interactions of
steam-exploded corn stover and water were stronger than those of untreated corn
stover and water under high moisture content (50–90%).

The total peak area of water pools is closely related to moisture content, and the
relations between total peak area and moisture content should reflect the interac-
tions of biomass and water. The total peak area of water pools in both untreated
corn stover and steam-exploded corn stover has positive correlation with the
increase of moisture content (Fig. 2.8A), and the corresponding relations should
conform to the exponential model as follows:

MðtÞ ¼ A� expð�t=T0ÞþC0 ð1Þ

where M is the total peak area; t is the moisture content, %; and A, T0, and C0 are
the constants. The fitting results for the total peak area of untreated corn stover and
steam-exploded corn stover with the increase of moisture content are given in
Table 2.6, and the fitting exponential model was shown as follows (Fig. 2.8A):

Mucs ¼ 122:5� expðt=19:7Þþ 192:6 ð2Þ

Msecs ¼ 105:3� exp(t=18:9Þ þ 127:3 ð3Þ

The correlation coefficient R2 was 0.9990 for untreated corn stover and 0.9999
for steam-exploded cornstalk, respectively, which suggested that the exponential
model can express untreated cornstalk–water interactions and steam-exploded
cornstalk–water interactions well. Furthermore, it gave a conclusion that the
interactions of untreated cornstalk/steam-exploded corn stover and water under
lower moisture content were stronger than those under higher moisture content.

Compared with untreated cornstalk, the decreased total peak area of water pools
in steam-exploded corn stover was also fitted with moisture content by exponential
model (Fig. 2.8B). The correlation coefficient R2 was 0.9338, and the fitting
exponential model was given as follows:

MDTPA¼ 87:5� exp(t=22:6Þ�1:3 ð4Þ

Results suggested that the steam-exploded cornstalk–water interactions were
stronger than the untreated corn stover–water interactions below 87.5% of moisture
content especially below 50% of moisture content. The reason may be that steam
explosion modified the structure and altered the composition of steam-exploded
corn stover, and hence enhanced the interaction of steam-exploded corn stover and
water under low moisture content. With the increase of moisture content, the
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interactions between water molecules became significant, resulting in the approx-
imate total peak area of water pools for untreated corn stover and steam-exploded
corn stover. Therefore, the exponential model can express the interactions of
untreated cornstalk/steam-exploded corn stover and water well and also suggested
that the interactions were stronger under lower moisture content.

Fig. 2.8 Fitting model for the total peak area of water pools in untreated or steam-exploded corn
stover with an increase in moisture content (A) and for the decreased total peak area of water pools
in steam-exploded corn stover compared with untreated corn stover (B). UCS is untreated
cornstalk, and SECS is steam-exploded corn stover [35]
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2.3.3 Water-Binding Effects of Solid Substrates
for Bioprocess

Water plays a key role in the enzymatic hydrolysis process. It is the medium for
enzyme into the reaction site and the medium for product diffusing away from the
reaction site. Additionally, water takes part in reaction and is the substrate of
glycosidic bond hydrolysis during the enzymatic hydrolysis process, which deter-
mines the efficiency of enzymolysis reaction. Water existing in the lignocellulosic
biomass enzymolysis system has five different states: primary bound water, sec-
ondary bound water, capillary water, limited gravity water, and free water, which is
shown in Fig. 2.9. The water bonding with cellulose or other polysaccharides by
hydrogen bonds is called primary bound water. Water adsorbed on the cell wall or
surface glycan is called secondary bound water or film water. Water restricted in
pores or voids by capillary force is called capillary water. The water restricted by
macropore is called limited gravity water. Water which is not affected by solid or
other solutes is called free water. The phenomenon that water reacts with other
substances and causes fluidity reduced is called bound water effect, and the water is
called bound water. With the increase of solid loading, the water is bound in the
matrix and the free water reduces or even disappears, affecting the enzymatic
hydrolysis efficiency.

Table 2.6 Exponential model fitting results for relations between total peak area of water pools in
untreated and steam-exploded corn stover and moisture content. Reprinted from Ref. [35].
Copyright 2017, with permission from Elsevier

Samples A Standard
error 1

T0 Standard
error 2

C0 Standard
error 3

R2

MUCS 122.5 9.8 −19.7 0.36 192.6 20.7 0.9990

MSECS 105.3 13.6 −18.9 0.49 127.3 81.6 0.9999

MDTPA 87.5 12.4 −22.6 2.2 −1.3 0.5 0.9338

100

meters
10-9

meters
10-2

meters
10-3

meters
10-6

meters

Plant biomass Stem a
Cross section

Vertical section 
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Fig. 2.9 Schematic displaying water pools of lignocellulosic biomass in multi-length scale of its
conversion process
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2.4 Solid Rheology Properties in High-solid
and Multi-phase Bioprocess

2.4.1 Solid Rheology Properties Variation in High-solid
and Multi-phase Bioprocess

The rheology property of high-solid and multi-phase system is one of the key factors
influencing enzymatic hydrolysis efficiency of lignocellulose conversion. It is also an
important index of reactor design [29, 36]. Rheological property of high-solid and
multi-phase system is influenced by physical and chemical properties of matrix, such
as particle size and distribution, flexibility of fiber, elasticity of matrix skeleton, and
material composition [36]. The water holdup affects rheological properties of mixture
significantly when solid–liquid ratio is over 15%. The disappearance of solid parti-
cles lubrication results in a solid state of the enzymatic hydrolysis system.
Rheological models were used to describe the enzymatic hydrolysis process of solid.
Um and Hanley have studied rheological properties of enzymolysis, while the solid–
liquid ratio is 15–20% and found that it conformed to the pseudoplastic fluid model
[37]. Viamajala et al. found that particle size could significantly affect the rheological
properties of mixture and further affect the energy consumption of agitation. Small
particle size resulted in little viscosity, improving transformation efficiency. Knutsen
and Liberatore found that adding surfactant can effectively reduce the yield stress of
enzymatic hydrolysis, and elevated temperature can reduce viscosity to some extent
[38, 39]. Increased solid–liquid ratio affects rheological properties significantly,
affecting local material concentration, product removal, and heat transfer. In addition,
rheological transformation demands higher stirring power and energy consumption,
even agitation method is subversive, which brings new challenges to the process
design and operations. Therefore, new strategy must be developed to alter the rhe-
ological properties so as to improve the efficiency of high-solid enzymatic
hydrolysis.

Lignocellulosic mechanical properties (such as winding, intensification, tensile,
compression, shear, and torsion) are the important parameters affecting process
intensification. Although a few study of lignocellulosic mechanical properties has
been reported (such as the bending force, moment of inertia, modulus of elasticity,
flexural rigidity, shear strength, bending strength, the relationship between the straw
stalk lodging resistance and compression characteristics, and the relationship
between straw mechanical properties and harvesting and processing equipment with
low energy consumption and high efficiency), the researches of intrinsic charac-
teristics of lignocellulose mechanics are still less and dispersed. Particularly, the
scholars did not recognize the intrinsic characteristics of lignocellulose mechanics
for its important role on conversion process. There is no report about the inner
relationship of lignocellulosic mechanical characteristics, rheology of system, and
process intensification.

Plant biomass is a biological composite with multiscale structure and special
molecular mechanics phenomenon [40]. In macro-scale, it is formed by intercellular
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layer cells cohered into highly anisotropic natural porous materials. In microscopic
scale, the plant cell wall can be regarded as natural fiber-reinforced composites
composed of hemicellulose, lignin, and microfibril. In nanoscale, the plant biomass is
high polymer materials composed of cellulose, hemicellulose, and lignin. The
multistage structure shows that mechanism of macro- and micro-mechanical
behavior is closely related to the steam explosion process. The macro- and
micro-mechanical performance of biomass material directly determines the macro-
and microphysical tear effect of steam explosion process. The effects include
microlevel of material, the cracking damage degree, and the broken degree of cell
wall. Biomass is featured by heterogeneous, anisotropic, and natural existence of
micro- and macropore, defect, or damage. The irregular evolution behavior of initial
pore, defect, or damage when biomass is loaded decides the macroscopic mechanical
behavior [41]. Although mechanical properties of biomass have important influence
on steam explosion effect, little related research has been reported. It is unclear that
the resistance is based on biomass to steam explosion from the perspective of
mechanics and physical damage mechanism of steam explosion.

At present, physical and mechanical properties of plant have been thoroughly and
deeply studied, such as pulping, the drying process in wood processing areas. It could
provide the reference and ideas for the studying of relationship between material
mechanical properties and steam explosion process. The mechanical characteristics
of raw material are greatly affected by the structure and composition change.

Wood is a multiple cell-layered biological composite material. From the view of
mechanics, wood cells can be divided into two main kinds: one is wood fiber com-
posed of vascular bundle, thick-walled cells, which is the main component in
determining mechanical properties of wood. The other is the parenchyma cell which
plays the role of uploading and buffer between the vascular bundle. Therefore, if the
wood fiber is considered as reinforced body and the other parts are substrate material,
timber can be seen as strong structural features of biological composite material. Its
performance and damage rule depend not only on the mechanical properties of
component materials, but also on its structural characteristics including the volume
fraction, distribution, and shape of enhancement, as well as the nature of the interface.

Therefore, wood microstructure consists of many cells with different functions. In
cell walls, orderly arranged cellulose chains formmicrofibril bundles,which is themain
source of cell wall strength. Lignin fills in cellulose and enhances the mechanical
strength of the cell wall. Besides cellulose, hemicellulose is another carbohydrate in the
cell walls. It penetrates in the skeleton of material in an amorphous state and plays the
role of cementation, enhancing the overall strength offiber [40]. Factors influencing the
mechanical properties of wood mainly include density, microfibril angle, chemical
composition, and moisture content. Distribution, combination method, and the quality
of wood cell wall components have important influence on its macroscopic mechanical
properties. Water is one of important factors that affect the mechanical properties of the
tracheid. Cell walls affect the intensity and elastic modulus. It affects mechanical
properties of the tracheid through affecting structure and chemical composition per-
formance. Microfibril angle is a micro-cellular structure characterization, which is
closely related to the mechanical properties of the cell wall [40].
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The efficiency of steam explosion is determined by the physicochemical property
of plant biomass. Steam explosion included auto-hydrolysis stage and explosion
stage after penetration of high-pressure steam into plant cell wall [42]. During
auto-hydrolysis at high temperature and pressure, hemicellulose was solubilized
and degraded. Acetic acid generated from acetyl groups further catalyzed the
hydrolysis of hemicellulose. Lignin was melt, solubilized, and recondensed partly.
Water soluble compositions were dissolved [10, 43]. The reaction rate (k) of these
compositions was related with activation energy (Ea) according to Arrhenius
formula:

In k ¼ �Ea=RT þ InA ð5Þ

Each chemical composition has its unique chemical potential energy and acti-
vation energy of reaction, resulting in the difference of reaction rate (k). Chemical
compositions of whole corn stover and morphological fractions were varied,
leading to a different reaction rate (k) during auto-hydrolysis at high temperature
and pressure. Additionally, chemical bond connection mode of polymers in whole
corn stover and morphological fractions is also different. Chemical bond mainly
determined the reaction rate (k) of compositions. These results suggested that the
auto-hydrolysis efficiency of steam explosion was determined by morphological
fractions and the utilization of whole corn stover may be unsatisfactory. Selective
fractionation can split plant biomass into different morphological fractions, which
had their respective optimal steam explosion conditions for obtaining the high
auto-hydrolysis efficiency.

During explosion stage in steam explosion, plant biomass particles are exploded
into small pieces, the ordered structure is disrupted, and the cellulose fibers are
separated by mechanical effect [10, 43]. The mechanical property of morphological
fractions was measured by the compression method (Tables 2.7 and 2.8). Hardness
of first cycle, reflecting the highest force used to fracture material, increased in the
order of leaf < stem pith < leaf sheath < stem rind < stem node under 30% mois-
ture content (Table 2.7). Stem node and stem rind had the maximum hardness,
suggesting higher pretreatment severity was needed to achieve the same pretreat-
ment performance as other morphological fractions. Hardness deformation per-
centage, reflecting the deformation of objects from force bearing point to fracture
point, showed an opposite trend to hardness. Compression work of first cycle, which
is the work to overcome the internal structure force of material, also increased in the
order of leaf < stem pith < leaf sheath < stem rind < stem node. Results suggested
that in order to obtain the same pretreatment efficiency, more work was needed in
steam explosion to overcome the internal structure force of stem node and stem rind
compared with other morphological fractions. Interestingly, adhesive force and
adhesiveness showed a similar trend to hardness.

The mechanical property of stem pith with different moisture contents was
determined by the compression method (Table 2.8). Hardness offirst cycle increased
with moisture content increasing from 5–90%. However, hardness deformation
percentage and compression work of first cycle increased with moisture content
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increasing from 5 to 60%, and then decreased with the further increase of moisture
content. Elastic work showed a similar trend to adhesive force and adhesiveness.
Results suggested that moisture content significantly affected the mechanical
property of stem pith because moisture can enter into plant cell wall and interact with
the macromolecules by hydrogen bond and van der Waals force [15, 44], which
changed the internal structure force of plant biomass. Furthermore, the swelling
effect of cellulose should contribute to altering the mechanical property of plant
biomass.

Table 2.7 Mechanical property of whole corn stover and different morphological fractions before
steam explosion by compression method mode test. Reprinted from Ref. [42]. Copyright 2015,
with permission from American Chemical Society

Parameters Different morphological fractions (30% moisture content)

Steam
rind

Steam
pith

Stem
node

Leaf
sheath

Leaf Whole
cornstalk

Hardness of first cycle (g) 4085 244 6648.5 1261 190 –

Hardness deformation
percentage (%)

19.4 30.7 21.2 30.7 31.3 –

Compression work done of
first cycle (mJ)

49 5.1 67.5 21.9 3.4 –

Total work of 1st cycle (mJ) 49.1 5.1 67.6 22.9 3.8 –

Adhesive force (g) 68.5 12 220.1 32 2.5 –

Adhesiveness (mJ) 1.49 0.12 2.2 0.22 0.03 –

Elastic work done (mJ) 1 0.02 1.23 0.18 0.01 –

First fracture work done (mJ) 9.9 2.4 12.6 8.8 0.8 –

First fracture deformation
percentage (%)

7.4 24.1 4.3 25.7 7.5 –

Table 2.8 Mechanical property of stem pith under different moisture contents before steam
explosion by compression method mode test. Reprinted from Ref. [42]. Copyright 2015, with
permission from American Chemical Society

Parameters Moisture content of stem pith

5% 30% 60% 90%

Hardness of first cycle (g) 84 244 311 358

Hardness deformation percentage (%) 14.3 30.7 39.1 10.2

Compression work done of first cycle (mJ) 1.7 5.1 5.4 2.4

Total work of first cycle (mJ) 1.7 5.1 6.2 2.4

Adhesive force (g) 15.5 12 3 10

Adhesiveness (mJ) 0.29 0.12 0.11 0.2

Elastic work done (mJ) 0.14 0.02 0.06 0.17

First fracture work done (mJ) 0.4 2.4 2.3 0.9

First fracture deformation percentage (%) 8.2 24.1 24.2 9
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Mechanical property of plant biomass is key factor affecting the design and
process optimization [45, 46]. It affects the energy consumption of stirring and
hence the efficiency of mass transfer in enzymatic hydrolysis. The results of
mechanical property measured by TPA method showed that hardness of first cycle
of untreated solids increased in the order of stem pith < leaf < leaf sheath < stem
rind < whole corn stover < stem node (Table 2.9). Apparent modulus, reflecting
the difficulty of compression, showed the similar trend to hardness and total work of
first cycle. Interestingly, apparent modulus of steam-exploded solids was 20–90%
lower than that of untreated ones. Untreated stem node and stem rind obtained
higher adhesive force and adhesiveness, while steam-exploded stem pith and whole
corn stover showed higher adhesive force and adhesiveness. Elastic work reached
the maximum value for whole corn stover before and after steam explosion.

Elasticity index is used to indicate the recovery of deformation. Before steam
explosion treatment, stem pith had the highest springiness index, while whole corn
stover had the lowest one. After steam explosion treatment, stem pith had the lowest
springiness index, while stem rind had the highest one. Elasticity index increased by
14–65% after steam explosion treatment except for stem pith, whose elasticity
index decreased by 50%. The reason was that SE disrupted the physical structure
and changed the chemical composition of different morphological fractions and
hence changed the springiness index.

Mechanical properties of whole corn stover at different solid loadings were
determined using TPA method (Table 2.10). Hardness of first cycle of untreated
whole corn stover decreased from 5800.0 to 434.0 g with decrease of solid loading
from 95 to 40%. It increased to 702.0 g at 20% solid loading and then decreased to
32.0 g at 10% solid loading. Hardness of first cycle of steam-exploded whole corn
stover decreased from 336.0 to 222.0 g with decrease of solid loading from 95 to
70%, and increased to 592.0 g at 20% solid loading and then decreased to 266.0 g
at 10% solid loading. The possible reason was that whole corn stover mixture was
swelled and the bulk density decreased with solid loading decreasing from 95 to
40%, resulting in the decrease of hardness. Along with decrease of solid loading
from 40 to 20%, the bulk density increased, resulting in the increase of hardness.
When solid loading was below 10%, whole corn stover mixture shows a slurry
state, resulting in the decrease of hardness.

2.4.2 Correlation Between Solid Rheology Properties
and Bioprocess

Rheology refers to the physical mechanics of material deformation or flow from the
aspects of stress and strain. Stress–strain behaviors of steam-exploded whole corn
stover and different morphological fractions were evaluated in enzymolysis.
Hardness and total work of first cycle at 0 h in incubator shaker enzymolysis and
periodic peristalsis enzymolysis with 10% solid loading increased in the order

40 2 Physical–Chemical Properties of Solid Substrates



T
ab

le
2.
9

M
ec
ha
ni
ca
lp

ro
pe
rt
y
of

w
ho

le
co
rn

st
ov

er
an
d
di
ff
er
en
tm

or
ph

ol
og

ic
al
fr
ac
tio

ns
be
fo
re

an
d
af
te
r
st
ea
m

ex
pl
os
io
n
w
ith

5%
(w

/w
)
m
oi
st
ur
e
co
nt
en
t

by
te
xt
ur
e
pr
ofi

le
an
al
ys
is
(T
PA

)
m
et
ho

d.
R
ep
ri
nt
ed

fr
om

R
ef
.
[4
1]
.
C
op

yr
ig
ht

20
15

,
w
ith

pe
rm

is
si
on

fr
om

A
m
er
ic
an

C
he
m
ic
al

So
ci
et
y

Pa
ra
m
et
er
s

U
nt
re
at
ed

m
or
ph

ol
og

ic
al

fr
ac
tio

ns
St
ea
m
-e
xp

lo
de
d
m
or
ph

ol
og

ic
al

fr
ac
tio

ns

St
em

ri
nd

St
ea
m

pi
th

St
em

no
de

L
ea
f

sh
ea
th

L
ea
f

W
ho

le
co
rn
st
al
k

St
em

ri
nd

St
ea
m

pi
th

St
em

no
de

L
ea
f

sh
ea
th

L
ea
f

W
ho

le
co
rn
st
al
k

H
ar
dn

es
s
of

fi
rs
t
cy
cl
e
(g
)

26
66

35
2

83
74

25
98

21
62

58
00

35
8

56
4

14
46

57
4

65
4

33
6

C
om

pr
es
si
on

w
or
k
do

ne
of

fi
rs
t
cy
cl
e
(m

J)
48

9.
5

14
6.
9

49
.4

42
86

11
.1

14
.1

27
.2

14
.6

15
.5

10
.1

R
ec
ov

er
ab
le

w
or
k
do

ne
of

fi
rs
t
cy
cl
e
(m

J)
7.
4

1.
4

16
.3

7.
1

7.
9

9
2.
6

1.
9

4.
6

3
3.
7

2.
1

T
ot
al

w
or
k
of

fi
rs
t
cy
cl
e

(m
J)

55
.3

10
.9

16
3.
2

56
.5

49
.9

95
13

.6
16

31
.8

17
.5

19
.1

12
.2

A
pp

ar
en
t
m
od

ul
us

(k
Pa
)

11
8

18
39

1
11

1
89

31
7

29
15

61
16

20
24

A
dh

es
iv
e
fo
rc
e
(g
)

20
4

10
6

6
6

8
14

6
8

6
8

A
dh

es
iv
en
es
s
(m

J)
2.
1

0.
8

2.
7

1.
1

1.
1

1.
8

1.
1

2.
2

1.
2

1.
2

0.
3

2.
5

E
la
st
ic

w
or
k
do

ne
(m

J)
1.
2

0.
7

1.
5

1
1.
1

1.
7

1
2.
1

1.
1

1
0.
1

2.
4

H
ar
dn

es
s
of

se
co
nd

cy
cl
e

(g
)

15
86

24
8

57
18

15
04

13
20

32
62

27
2

38
4

10
32

40
4

49
4

25
2

C
om

pr
es
si
on

w
or
k
do

ne
of

se
co
nd

cy
cl
e
(m

J)
10

.4
3.
9

46
.4

12
.2

11
.6

16
.1

6.
5

3.
7

8.
8

5.
2

7
1.
9

C
oh

es
iv
en
es
s

0.
22

0.
41

0.
32

0.
25

0.
28

0.
19

0.
59

0.
27

0.
32

0.
35

0.
45

0.
18

R
ec
ov

er
ab
le

w
or
k
do

ne
of

se
co
nd

cy
cl
e
(m

J)
3

0.
8

8.
6

3.
7

4.
5

4.
4

1.
8

1.
6

2.
7

1.
9

2.
3

1.
3

T
ot
al

w
or
k
of

se
co
nd

cy
cl
e

(m
J)

13
.4

4.
7

55
15

.9
16

20
.5

8.
4

5.
3

11
.5

7.
1

9.
3

3.
2

Sp
ri
ng

in
es
s
in
de
x

0.
33

5.
02

0.
39

0.
38

0.
41

0.
25

0.
48

0.
29

0.
33

0.
46

0.
47

0.
41

M
ea
n
pe
ak

(g
)

21
26

30
0

70
46

20
51

17
41

45
31

31
5

47
4

12
39

48
9

57
4

29
4

2.4 Solid Rheology Properties in High-solid and Multi-phase Bioprocess 41



T
ab

le
2.
10

M
ec
ha
ni
ca
l
pr
op

er
ty

of
w
ho

le
co
rn

st
ov

er
be
fo
re

an
d
af
te
r
st
ea
m

ex
pl
os
io
n
at

di
ff
er
en
t
so
lid

lo
ad
in
gs

by
te
xt
ur
e
pr
ofi

le
an
al
ys
is
(T
PA

)
m
et
ho

d

Pa
ra
m
et
er
s

So
lid

lo
ad
in
g
(w

/w
)
of

w
ho

le
co
rn
st
al
k

be
fo
re

st
ea
m

ex
pl
os
io
n

So
lid

lo
ad
in
g
(w

/w
)
of

w
ho

le
co
rn
st
al
k

af
te
r
st
ea
m

ex
pl
os
io
n

95
%

70
%

40
%

20
%

10
%

95
%

70
%

40
%

20
%

10
%

H
ar
dn

es
s
of

fi
rs
t
cy
cl
e
(g
)

58
00

61
0

43
4

70
2

32
33

6
22

2
26

0
59

2
26

6

C
om

pr
es
si
on

w
or
k
do

ne
of

fi
rs
tc
yc
le
(m

J)
86

15
.8

12
.2

18
.5

0.
6

10
.1

6.
8

7.
6

13
.5

8.
8

R
ec
ov

er
ab
le

w
or
k
do

ne
of

fi
rs
t
cy
cl
e
(m

J)
9

1.
2

0.
9

0.
6

0.
5

2.
1

0.
5

0.
9

1.
7

0.
2

T
ot
al

w
or
k
of

fi
rs
t
cy
cl
e
(m

J)
95

17
13

.1
19

1.
2

12
.2

7.
4

8.
5

15
.2

9.
1

A
pp

ar
en
t
m
od

ul
us

(k
Pa
)

31
7

19
12

22
1

24
5.
8

7
19

6

A
dh

es
iv
e
fo
rc
e
(g
)

6
8

12
22

12
8

22
12

10
12

A
dh

es
iv
en
es
s
(m

J)
1.
8

0.
6

1.
7

2.
3

1
2.
5

2.
6

4
0.
3

2.
3

E
la
st
ic

w
or
k
do

ne
(m

J)
1.
7

0.
4

1.
6

2.
1

0.
7

2.
4

2.
5

3.
3

0.
1

0.
4

H
ar
dn

es
s
of

se
co
nd

cy
cl
e
(g
)

32
62

55
0

40
2

51
4

20
25

2
19

4
24

4
53

0
24

6

C
om

pr
es
si
on

w
or
k
do

ne
of

se
co
nd

cy
cl
e

(m
J)

16
.1

4.
7

2.
7

5.
2

0.
1

1.
9

2.
9

3.
3

5.
8

2.
9

C
oh

es
iv
en
es
s

0.
19

0.
3

0.
22

0.
28

0.
17

0.
18

0.
42

0.
43

0.
43

0.
32

R
ec
ov

er
ab
le

w
or
k
do

ne
of

se
co
nd

cy
cl
e

(m
J)

4.
4

1
0.
9

0.
4

0.
5

1.
3

0.
5

0.
6

1.
3

0.
3

T
ot
al

w
or
k
of

se
co
nd

cy
cl
e
(m

J)
20

.5
5.
6

3.
5

5.
5

0.
6

3.
2

3.
3

3.
9

7
3.
1

Sp
ri
ng

in
es
s
in
de
x

0.
25

0.
35

0.
35

0.
49

0.
91

0.
41

0.
29

0.
26

0.
37

0.
54

M
ea
n
pe
ak

(g
)

45
31

58
0

41
8

60
8

26
29

4
20

8
25

2
56

1
25

6

42 2 Physical–Chemical Properties of Solid Substrates



leaf < whole corn stover < leaf sheath < stem pith < stem node < stem rind
(Fig. 2.10A–D), and decreased to similar value after 12 h. Results suggested that
treatment of stem mode and stem rind should be more difficult than that of whole
corn stover and other morphological fractions. Hardness and total work of second
cycle was lower than those of first cycle, showing same trends to those of first cycle
(Fig. 2.10E–H). Interestingly, the maximum decrease of hardness and total work of
hydrolysis mixture at 12 h was consisted with the maximum increase of glucan
conversion. Results indicated that the mechanical property of corn stover was clo-
sely related to the enzymolysis performance. Viscidity increased in the order of

Fig. 2.10 Mechanical properties of steam-exploded whole corn stover (WCS) and morphological
fractions in enzymolysis at 10% solid loading. ISEH, incubator shaker enzymolysis; PPEH,
periodic peristalsis enzymolysis; SL, solid loading. Reprinted from Ref. [43]. Copyright 2015,
with permission from American Chemical Society
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leaf < stem pith < whole corn stover < leaf sheath < stem node < stem rind at 0 h
in incubator shaker enzymolysis and periodic peristalsis enzymolysis (Fig. 2.10I, J).
But it increased to 0.85–1.0 with hydrolysis progression. The higher cohesiveness
indicated the stronger inner structure force of solid matrixes. The reason was that the
hydrolysis mixture showed slurry state after 12 h and the hydrolyzed solid was
effectively mixed with water. Elasticity index increased in the order of stem
rind < stem node < stem pith < whole corn stover < leaf sheath < leaf at 0 h in
incubator shaker enzymolysis and periodic peristalsis enzymatic hydrolysis
(Fig. 2.10K, L), showing an opposite trend to hardness and total work. Results
suggested that the mixing efficiency of steam-exploded stem mode and stem rind

Fig. 2.11 Mechanical properties of steam-exploded whole corn stover (WCS) and morphological
fractions in high-solid enzymolysis at 20% solid loading. ISEH, incubator shaker enzymolysis;
PPEH, periodic peristalsis enzymolysis; SL, solid loading. Reprinted from Ref. [43]. Copyright
2015, with permission from American Chemical Society
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may lower than that of steam-exploded whole corn stover and other morphological
fractions. Elasticity index increased to 0.9–1.0 after 12 h in incubator shaker
enzymolysis and periodic peristalsis enzymatic hydrolysis.

As for 20% solid loading, hardness and total work of first cycle at 0 h in
incubator shaker enzymolysis and periodic peristalsis enzymolysis increased in the
order leaf < leaf sheath < stem pith < stem rind < stem node < whole corn stover
(Fig. 2.11A–D). However, it should be noticed that they decreased with hydrolysis
progress from 0 to 24 h in incubator shaker and 0–12 h in periodic peristalsis
enzymatic hydrolysis. Hardness and total work of second cycle was lower than that
of first cycle, showing same trends to those of first cycle (Fig. 2.11E–H). Results
showed that periodic peristalsis enzymolysis reduced hardness and total work at
12 h compared with incubator shaker enzymolysis. The above results showed that
periodic peristalsis increased the glucan conversion compared with incubator shaker
enzymolysis at 12 h (Fig. 2.12). The reduction of hardness and total work by
periodic peristalsis enzymolysis compared with incubator shaker enzymolysis was
consistent with the increased glucan conversion. Interestingly, hardness and total
work at 0 h showed the same trends to glucan conversion at the final stage of
enzymatic hydrolysis except for whole cornstalk. Higher glucan conversion of
whole corn stover can be explained as that the decrease of hardness and total work
of whole corn stover were more rapid than that of five morphological fractions
during hydrolysis process. Viscidity increased in the order of stem pith < whole
corn stover < leaf sheath < leaf < stem node < stem rind at 0 h in incubator shaker

Fig. 2.12 Relative increased glucan conversions in periodic peristalsis enzymolysis compared
with incubator shaker enzymolysis at 20% solid loading with an enzyme loading of 15 FPU/g
glucan. ISEH, incubator shaker enzymolysis; PPEH, periodic peristalsis enzymolysis; WCS, whole
corn stover. Reprinted from Ref. [43]. Copyright 2015, with permission from American Chemical
Society
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and periodic peristalsis enzymatic hydrolysis (Fig. 2.11I, J). The viscidity in
incubator shaker decreased with hydrolysis time increasing from 0 to 12 h, and then
increased to 0.9–1.0 with hydrolysis progression. But it increased from 0 to 12 h in
periodic peristalsis enzymolysis. It can be explained that incubator shaker led to the
agglomeration of steam-exploded solid before 12 h while periodic peristalsis
rapidly converted the solid into slurry. Elasticity index increased in the order of
stem node < stem rind < whole cornstalk < leaf sheath < leaf < stem pith at 0 h in
incubator shaker and periodic enzymatic hydrolysis (Fig. 2.11K, L), showing an
opposite trend to hardness and total work. Results suggested that the mixing effi-
ciency of steam-exploded stem mode and stem rind may be lower than that of
steam-exploded whole corn stover and other morphological fractions.

2.4.3 From Shearing-Force Stirring of Low Solids
to Normal-Force Peristalsis of High Solids

The traditional mechanical agitation enhances molecular relative motion and
admixture on the interfaces of gas–liquid and liquid–solid, and strengthens the mass

Fig. 2.13 Enzymatic hydrolysis kinetics of steam-exploded whole corn stover (WCS) and
different morphological fractions at 20% solid loading. Steam explosion conditions: 1.5 MPa and
6 min; enzymolysis conditions: 15 FPU/g glucan, 120 h, and 30 rpm for periodic peristalsis
enzymolysis and 200 rpm for ISEH. ISEH, incubator shaker enzymolysis; PPEH, periodic
peristalsis enzymolysis. Reprinted from Ref. [43]. Copyright 2015, with permission from
American Chemical Society
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Fig. 2.14 Enzymatic hydrolysis of steam-exploded whole corn stover (WCS) and different
morphological fractions at 1% (A) and 20% (B) solid loading. Steam explosion conditions: 1.5 or
1.2 MPa and 6 min. ISEH, incubator shaker enzymolysis; PPEH, periodic peristalsis enzymolysis.
Reprinted from Ref. [43]. Copyright 2015, with permission from American Chemical Society
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Fig. 2.15 Effects of chemicals (A for glucose, B for xylose, C for ethanol, D for cellulose, and E
for Tween 80) on T2 relaxation time of water pools in different solute concentrations (w/w). 2%
glucose means that glucose concentration is 2% (w/w). T 80 is Tween 80. Reprinted from Ref.
[48]. Copyright 2017, with permission from Elsevier
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transfer and the heat transfer by tangential friction of momentum transfer. When
mechanical stirring is applied to biological reactor, the organisms suffer the larger
damage from stirring shear stress, leading to worse performance secondary
metabolites synthesis. In high-solid and multi-phase bioprocess, in order to elimi-
nate the destructive effect of shear stress caused by mechanical stirring on micro-
bial, and enhance heat and mass transfer in reactor, periodic peristalsis is proposed.
Periodic peristaltic avoids the effect of shear stress on microorganisms, which
strengthens heat and mass transfer by periodic normal-force peristalsis [47].

Enzymolysis kinetics at 20% solid loading showed that glucan conversion of
steam-exploded whole corn stover and five morphological fractions increased with
the hydrolysis time in periodic peristalsis enzymolysis and incubator shaker
enzymolysis (Fig. 2.13). Glucan conversion at the initial (at 12 h) and final (at
120 h) stage of enzymatic hydrolysis increased in the following order: stem
node < stem rind < whole corn stover < stem pith < leaf sheath < leaf, which
showed the same trend to the above results (Fig. 2.14).

Relative increased glucan conversion in periodic peristalsis enzymolysis com-
pared with incubator shaker enzymolysis was calculated (Fig. 2.15). The relative
increased glucan conversion among steam-exploded whole corn stover and five
morphological fractions in periodic peristalsis enzymolysis compared with incu-
bator shaker enzymolysis reached 10–17% before 24 h and then decreased to 5–
10% with hydrolysis progression. Results indicated that periodic peristalsis sig-
nificantly improved the glucan conversion before 24 h compared with incubator
shaker. The relative increased glucan conversion at a specific hydrolysis time
increased according to the order of stem pith < leaf < whole corn stover < leaf
sheath < stem rind < stem node, which showed an opposite trend to glucan con-
version. The possible reason was that stem node and stem rind had higher hardness
compared with other morphological fractions, which reduced the mixing efficiency
in incubator shaker enzymolysis at high-solid loading. Periodic peristalsis enhanced
the mixing efficiency compared with incubator shaker, and hence increased the
relative glucan conversion. Results suggested that the increase of glucan conversion
by periodic peristalsis varied depending on morphological fractions.
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Chapter 3
Intensify Bioreaction Accessibility
and Feedstock Refinery Process

Abstract Biomass is a kind of material featured by diversity, multicomponent, and
multi-scale. Various flow, complex flow characteristics, and coupling effects
between solid matrix and flow movement make it being the limitation in solving
mass transfer. In this chapter, based on analysis of chemical and physical charac-
teristics of biomass, the principle and methods of enhancing the accessibility of
solid substrate in high-solid and multi-phase bioprocesses are introduced. The novel
process and the steam explosion refining platform for the utilization of multicom-
ponents of solid substrate have been established, which are based on the relation-
ship of characteristics of solid substrate and enhanced process of accessibility of the
biological reaction.

Keywords Coupling effects � Accessibility � Steam explosion

3.1 Intensification Principle of Enhancing Substrate
Accessibility

3.1.1 Breakthrough from Biomass Reaction Recalcitrance
to Seepage Recalcitrance

In the long-term research and practice of high-solid multi-phase reaction system, it
has been found that the limiting factors for its applicability are the complexity of
biomass raw materials and the lack of cognition of the essence of the refining
process. Therefore, lacking the suitable process engineering theories of solid
complex materials prevents the breakthrough of the key process of biomass refin-
ing. Plants have formed the natural barrier against physical, chemical, and bio-
logical unfavorable environments in long-term evolution. Chemical composition
and structure characteristics, from the dense structure of epidermal cell wall to the
hydrophobic epidermis tissue, have affected the transfer and reaction process of the
medium. The effects of chemical composition and interface characteristics of
materials on adsorption and reaction medium are defined as an intrinsic reaction
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barrier of biomass refining and that of solid structure of materials on fluid flow and
heat and mass transfer are defined as transfer barrier, which codetermine the bio-
mass refining effect [1]. Therefore, the fundamental problem of biomass refining is
to cognize physical, chemical, and biological methods of breaking the barrier in the
refining process and mechanism of resistant to reaction and mass transfer. In short,
the essence of biomass refining is to deeply cognize the gambling relations between
solid phase material and the fluid (gas, liquid or even microorganism), so as to
realize optimization and control process to strengthen refining efficiency [1].

Current researches on high-solid multi-phase bioreaction process include inter-
action, adsorption, desorption, and reaction between solid biomass materials and
enzymes or microorganism. Taking biomass recalcitrance (first proposed by
Michael R. Himmel in 2007) as an example, various properties of resistance to
microbial and enzyme degradation process in different stages of refining was
studied [2–4]. However, the mass transfer within the complex porous solid material
is ignored, including the state, migration path, and fluid–solid coupling effect of
fluid medium and microorganism in solid structure, and the change of mass transfer
rule limiting factors, and impact on the efficiency in the refining process (Fig. 3.1).
In biomass steam explosion refining, all procedures involve in mass transfer in
complex solid porous materials [4–7], such as rehydration, steam explosion pre-
treatment, bioconversion processes (enzymatic hydrolysis and fermentation), and
the extraction and separation of soluble constituents. Reaction behavior of target
molecules contacting with the single cellulose chain is set as a theoretical yield
while then the mass transfer behavior of the target molecules determine the actual
yield and process efficiency Therefore, mass transfer in complex solid material may
be the limiting step for biomass refining.

Diversity, multicomponent, and multi-scale structure of solid biomass, a variety
of flow patterns and complex flow characteristics within solid materials, and cou-
pling effect between solid structure and fluid flow result in problems while solving
these mass transfer problems with traditional chemical theory. Simple mass transfer
process is mainly modeled based on Fick’s law. The premise is that homogeneity of
solid materials and each point state is consistent, regardless of the mass transfer in
intra-particle, the interaction of solid structure with fluid, and phase inversion.
Fick’s law aims to analyze the operation and mass transfer regularity in external
macro environment and fails to describe the fluid behavior accurately. Taking
enzymatic hydrolysis as an example, Fick’s law focuses on reaction kinetics of
enzyme absorption, while the influence of the mass transfer is still staying at initial
stage of cognition because of lacking no systematized supported theory [5, 6, 8].

Therefore, breaking through the limitations of traditional chemical transfer
theory and establishing suitable methods and theory for biomass refining process
based on analyzing biomass structure characteristics and internal fluid character-
istics are the urgent problems needed to be solved, for achieving high-effective
transformation of biomass resources.

For complex solid materials, how to characterize the multi-scale structure fea-
tures and analysis of the internal flow characteristics is one of the key steps to solve
mass transfer problems in refining process [1]. Lignocellulose biomass is a typical
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natural porous medium, from pores between particles (diameter 20–400 lm),
catheter, cell cavity, plasmodesmata, elliptical pit to pores in cell walls with
diameter 1–10 nm. Therefore, the authors have put forward the concept of biomass
porous media: a kind of porous media based on cell walls and intercellular material
as the solid skeleton to form complex pore diameter distribution for fluid transfer
and flow [1]. A variety of advanced scanning technology and porous structure
characterization methods such as solvent displacement method, the mercury
intrusion, nitrogen adsorption has been used to get a preliminary cognition of
biomass morphology and porous structure. Zhao and Chen characterized straw leaf,
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stem, and cornstalk and summarized the pore size distribution of tissue, cells, and
cell wall within 6 nm–360 lm [9]. Ding et al. and Chundawat et al. represented the
size distribution of cell walls of corn straw at 10–1000 nm through a variety of
scanning imaging techniques (SEM, TEM, CLSM, SRS, AFM, and ESCA) [5, 10].

With the development of three-dimensional tomography technology, based on
microscopic image data, Ciesielski et al. and Liu et al. reconstructed
three-dimensional structure of straw cellulose microfibril and honeycomb-like
shape of three-dimensional structure of straw collenchyma and sclerenchyma under
the action of white-rot fungus by computer simulation [7, 11]. The studies above
have provided an effective guidance for material multi-scale porous structure
characterization as well as cognition of biomass mass transfer behavior.

Pore structure of biomass has unique pore effects: (1) Migration channel effects.
It provides pathways for fluid transport in porous structure, closely related to the
pore volume, size, and shape. (2) Field effects. Biomass pores have functions for
providing the place for chemical reaction. (3) Mechanics effects. Fluid migration in
the pore and physical state has influence on the solid mechanics structure and, in
turn, influence the fluid flow. Therefore, in view of the flow characteristics and the
fluid-structure coupling effect in biomass porous medium, how to study the mass
transfer behavior in intra-particles so as to explore mass transfer laws at various
scales is the key for solving the mass transfer problems in lignocellulose biomass
refining process [1]. Due to the complex flow channels, large specific surface area
and obvious viscosity seepage theories in porous media were widely used to reflect
the flow characteristics [12]. In order to cognize interaction between fluid-structure
and mass transfer, more seepage theories of porous media are needed. The actual
state of process through the deformation of medium, mass transfer, and chemical
reaction is more extensive and deeper than the research method on a single field
[13]. Therefore, based on the theory of seepage of porous media, mass transfer
problems in solid biomass material is converted to seepage behaviors of mass in
porous medium, which provides new methods for cognition of mass transfer during
biomass refining.

Based on many years of research about the cognition of biomass structural
characteristics, the conception of “Biomass Anti-Seepage” was put forward by the
authors: resistance effect of biomass porous media on the mass transfer [1]. This
concept embodies the biomass dynamic degradation process and the dynamic mass
transfer characteristics, which is different from “Biomass Recalcitrance”. For
example, during enzymatic hydrolysis process of lignocellulose, the action of
enzymes on cellulose is considered mainly through the pore in intra-particles but
not the pore surface, and more than 90% of the hydrolysis was contributed to the
intra-particle pores areas [6]. Thus, highly ordered and compact biomass structure
could reduce the enzymatic hydrolysis efficiency. Relevant pretreatment methods
could increase the enzyme accessibility of the substrate through forming porous
structure [4, 9, 10, 14, 15]. Therefore, the concept of “Biomass Anti-Seepage” is
meaningful for key process of biomass refining, such as hydrolysis, rehydration,
pretreatment, and extraction and separation of products. It is important to analyze
the essence of anti-seepage at different refining stages, revealing the destruction
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mechanism and key factors of anti-seepage to improve the efficiency of refining and
guiding the integrated innovation of biomass refining. Therefore, getting a deep
knowledge of “Biomass Anti-Seepage” is the breakthrough for biomass refining
technology, also the key to realize the industrialization production of biomass.

The key scientific problems of seepage in biomass (Fig. 3.2)are given as
follows:

(1) Fluid transfer in biomass porous medium: to describe fluid seepage and transfer
behavior under fluid–solid coupling effect in multi-scale pore structure of
biomass based on a well knowledge of structural features of biomass. Biomass
materials possess characteristics of complex composition and heterogeneous
structure, determining complex flow characteristics within the pores. In turn,
fluid–solid coupling effect affects the structure of solid materials under different
flow conditions, which makes traditional chemical transfer theories unsuitable
for analyzing and guiding the actual mass transfer behavior of biomass. Two
chief questions involved are cognizing structural features of complex solid
materials and describing mass transfer behavior under fluid–solid coupling
effect. Only if the two cognitive problems are fully solved, scientific basis could
be provided for analyzing and strengthening transfer behavior within biomass
solid.

(2) How biomass solid structure prevents fluid transfer?: systematically describing
the composition, structure, and mechanical properties of biomass, with quan-
titative description of mass transfer resistance under various scales during
biomass refining process.
Lignocellulose biomass has formed some resistance barriers (chemical com-
position, structure characteristics, and mechanical characteristics) during
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long-term evolution, which becomes the foundation for biomass anti-seepage.
Therefore, systematic analysis is the foundation of biomass seepage and mass
transfer resistance helps to find out the limiting step and key factors in the
process of biomass refining. The targeted mass transfer strengthening measures
are proposed to improve the efficiency of refining process, which would drive
the breakthrough of biomass refining.

(3) The methods of overcoming seepage resistance and improving the mass transfer
efficiency.
As a key pretreatment method of biomass refining, steam explosion technology
can destroy the biomass anti-seepage from the source. Establishing quantitative
relationships among operating parameters of steam explosion, fluid transfer
behavior, and fluid-structure interaction, from the perspective of stress and
strain, and analyzing the mechanism of steam explosion against seepage barrier
are helpful to find the essential factors for breaking the barrier. Cognition of
anti-seepage would break through the original inefficient multicomponents
separation and conversion modes of biomass, to redesign and build efficient
integrated innovative system of biomass refining system, and provide new ways
to realize the industrialization of biomass refining.

The complex structure of biomass and lack of awareness of nature of refining is
the root source of biomass refining industry, making it unable to realize large-scale
industrialization. Therefore, it is the solution to problems of biomass refining
industrialization to analyze the essence of biomass refining process and establishing
solid phase engineering theory suitable for the complex medium. Based on many
years of study on the cognition of the structural characteristics of biomass raw
materials and steam explosion pretreatment, the biomass anti-seepage barrier was
put forward expecting to give scientific guidance from theory level, technology
level, and industrialization level of biomass refining process. At the theory level,
analyzing the relationship between biomass porous structure, fluid properties, and
mass transfer behavior and revealing mass transfer law in porous media, help to
break through the traditional chemical transfer theory so as to establish foundation
for mass transfer in complex solid phase biomass. At the technical level, based on
composition analysis, structure and seepage characteristics in refining process,
building relationships between anti-seepage barrier and the law of mass transfer
help to find out the limiting step and key factors for mass transfer in refining process
and provide scientific guidance for strengthening the refining process. An industrial
level, developing economic and efficient steam explosion technology to break the
barrier and establishing innovative and integrate biomass steam explosion refining
system are of great importance to the development of biomass refining
industrialization.
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3.1.2 Prevention of the Second Recalcitrance Production

The composition of the biomass feedstock is very complicated. Appropriate pre-
treatment is needed to destroy the recalcitrance of biomass so as to achieve com-
prehensive utilization by enzymatic hydrolysis. However, a lot of potential
inhibitors (such as weak acids, phenols, and furan) during enzymatic fermentation
process were produced in the pretreatment process. It has been a crucial factor that
inhabits the biotransformation and utilization of lignocellulosic materials. Among
them, formic acid, acetic acid, hydroxymethylfurfural, and furfural, which come
from hemicellulose degradation are the main inhibitors in steam explosion hydro-
lyzate; coumaric acid, vanillin, p-hydroxybenzoic acid, and syringic acid, which
come from lignin degradation are important composition in steam explosion
hydrolyzate. Eight model inhibitors were selected to study the inhibitor’s generating
kinetic laws during the steam explosion. The result shows that transformation of
weak acid and furan degradation products is first-order reaction. Phenolic degra-
dation products are produced by continuous reaction (the syringic acid is produced
by first-order reaction), the conversion rate is influenced by the activation energy,
temperature, and time of the secondary reaction. Therefore, the conversion rate is
not positively correlated with time or temperature. Comparing the dilute acid or
hydrothermal pretreatment with steam explosion in the respect of inhibitor pro-
duction, same rule of inhibitor production was observed but there is difference in
quantity. The equation can be established to predict and compute the inhibitor
conversion rate in different steam explosion condition.

Steam explosion can degrade stalks into xylose and xylooligosaccharides. In this
process, lignin is degraded into phenolic compounds which can be the inhibitor for
fermentation. The effectiveness of xylose or phenolic compounds or other fer-
mentation inhibitors is associated with the content and energy level. Especially, for
dissolution of degradation molecules or sugars of enzymatic hydrolysis during
pretreatment process, the state of sugar’s energy is a key factor in inhibiting its
availability. From the thermodynamics point of view, energy state and dissolution
rule of degradation products in steam explosion pretreatment are analyzed. It is
found that there are some common factors for adsorption and desorption: chemical
potential and activity, the partial molar free energy of the degradation product was
obtained. In the dissolution process, ΔG is always a negative value, implying that
with the reduction of free energy, the dissolution of steam explosion degradation
such as soluble molecules process occurs spontaneously. It can be seen from
Eq. 3.1, the factors affecting the dissolution process include the melting temperature T,
the activity coefficient c2, and the solid-to-liquid ratio v2. Ionic strength, pH value,
temperature, and liquid to solid ratio and its effect on the dissolution of degradation
products were studied. The temperature is conducive to the dissolution of phenolic
substances, but not conducive to the dissolution of the sugar. Besides, according to
Van’t Hoff equation, the dissolution of phenolic substances is an endothermic process
and the dissolution of carbohydrate molecules is an exothermic process. Therefore,
washing steam explosion material with room temperature water can reach the
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maximum dissolution of carbohydrate molecules. Minimum dissolution of phenolic
molecules could be obtained by washing steam-exploded materials with water at room
temperature. Secondary-level separation was achieved in this dissolution process,
which will eliminate detoxification process of the fermentation industry. On the other
hand, it gave us new ideas about efficient dissolution of carbohydrates and tackles the
barrier effect of cellulose hydrolysis.

DG ¼ RTlnðc2 � 0:6=c1 � v2Þ ð3:1Þ

In steam explosion pretreatment, lignin was degraded into phenolic substances.
Besides cellulose, hemicellulose, and lignin, there is 1.5% the phenolic substance. Part of
phenolic substance connects hemicellulose and lignin, forming the anti-degradation
barrier of cellulose, while the other is in a free state. Therefore, it is necessary to study the
effects of phenolic compounds on enzyme activity and enzymatic hydrolysis which is not
clear for now. Analyzing the types and contents of phenols in steam explosion straw
washing liquid, model phenolic monomer material was used to prove that the effect of
phenolic acids on cellulose FPU was related to its concentration. Slight inhibitory effect
on the FPU of cellulase was observed when the concentration of phenolics is 0.05–8 g/L.
Comparing smashing with steam explosion pretreatment in different condition, as well as
before and after enzymatic hydrolysis, it was found that phenolics produced in pre-
treatment can promote the enzymatic hydrolysis. Small molecular phenolic substances
produced during steam explosion should be retained to promote enzymatic hydrolysis,
but it should be removed before fermentation in case of that it inhibits the fermentation.
The results provide a reference for studying the effect of small molecular phenolic
substances produced by other pretreatment processes on cellulose hydrolysis.

In steam explosion pretreatment process, based on changes in structure and
composition of lignocellulose and its effect on enzymatic hydrolysis, the concept of
secondary anti-degradation barrier was put forward in order to make a distinction
between the lignocellulosic anti-degradation barrier and fermentation inhibitor.

In plant biomass refining process, in order to avoid the influence of intermedi-
ates, structures, and properties of substrate on operating units, following aspects
during biomass refining should be paid attention:

(1) Cellulose at high temperatures or catalyzed can be converted to new products
including 5-HMF and levulinic acid;

(2) Hemicellulose at high temperatures or catalyzed can be converted to new products
including 5-HMF, furfural, levulinic acid, formic acid, and acetic acid;

(3) Lignin at high temperatures or catalyzed can be converted to small molecule
phenolic substances;

(4) Cellulose macromolecules at high temperatures or catalyzed be converted to
benzene ring;

(5) Lignin and cellulose can be combined, forming new macromolecules such as
lignin–polysaccharide complex;

(6) New substances can be produced during refining process or by the interaction
between the new substance and the original substance;
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(7) Due to degradation or dissolution of the components, molecules rearranged by
free hydrogen bond, produce a new structure and change the original interface
properties and porous structure properties;

(8) Due to the combination of the new intermediates produced in the refining
process or combination of new substances with the original macromolecules,
the original interface performance and porous structure performance is
changed;

(9) Due to changes in the composition, there is difference in capillary force,
saturated water content, mass transfer performance, heat transfer performance,
and momentum transfer performance in the different operating units of
substances;

(10) Due to structural changes in composition, the materials in different operating
units even the same operating units have different rheological properties,
requiring new intensification methods;

(11) Due to structural changes in composition, mechanical properties of materials
are different, requiring new equipment and process parameters.

The above changes of new composition, structure, and performance have effects
on subsequent refining unit, so we need a comprehensive evaluation. First, changes
in the composition, structure, and performance of the different units of action to
promoting or blocking function are different. Second, changes in the composition,
structure, or performance caused by changes of one or more fundamental param-
eters may result in a change in different operating units. So, even an operating unit
can promote subsequent operating units it does not mean all changes are facilitated
for subsequent operating units. Vice versa, the operating unit’s influence on the
subsequent operation unit is negative does not mean that influence of all changes on
the subsequent operation unit is negative.

Moreover, lignocellulose refinery is a dynamic process, in other words, the
whole process keeps changing. So only checking of key factors throughout the
process can help us regulate results.

3.2 Intensification Methods for Enhancing Substrate
Accessibility

3.2.1 Novel Steam Explosion Sterilization Improving
Solid-State Fermentation Performance

Sterilization is essential to all industrial fermentation processes, which require the
pure culture maintenance [16]. It is defined as the complete elimination of all
microbial lives by physical or chemical methods [17]. Moist heat sterilization is
widely used in submerged fermentation (SmF), and it is an effective way to
eliminate microbes with the high thermal conductivity of liquid medium. Solid-state
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fermentation (SSF) is considered as a promising process for producing various
products such as fuel, feed, industrial chemicals, and pharmaceutical products [18].
The fact that lignocellulosic biomass can be converted to biofuels or biomaterials
by SSF has attracted substantial interests from the government and private sectors,
what is more, the abundance and renewability of raw materials and the urgent
demand for energy make SSF more important [19, 20]. Unlike liquid medium, the
complete sterilization of SSF medium has some other problems due to its low
thermal conductivity and multi-compositions.

There are many sterilization methods, such as dry heat sterilization, moist heat
sterilization, ultrasonic sterilization, microwave sterilization, radiations, and
chemical disinfectants sterilization, all of them are proper only when it is based on
the property of medium. Mechanisms and characteristics of these common steril-
ization methods are shown in Table 3.1. Moist heat sterilization’s heating medium
is steam, which is very reliable and very easy to control on a large scale, so the
fermentation industry usually chooses it as a main sterilization method. Spherical

Table 3.1 Mechanisms and characteristics of different sterilization methods [146]

Sterilization
methods

Mechanisms Advantages and disadvantages References

Dry heat
sterilization

Coagulation of proteins, thus
destroy microorganisms by hot
air

Simple operation; no corrosion;
lengthy time (about 1 h);
nutrients degradation

[148]

Moist heat
sterilization

Denaturation of proteins in
microorganisms by steam

Large latent heat; strong
penetrating power; low
operation cost; lengthy time for
solid materials; nutrients
degradation

[149]

Ultrasonic
sterilization

Killing microorganisms by
radiation pressure, ultrasonic
pressure, heat effect, cavitation
effect, and chemical effect

Convenient operation; no
pollution; high cost

[150]

Microwave
sterilization

Denaturation of protein by
thermal effect and changing
cell membrane permeability by
nonthermal effect

Short time; convenient
operation; non uniform action;
harmful to human body

[151]

Radiation
sterilization

Penetrate microorganism cells
by radiations

Simple operation; limited
application area; harmful to
human body

[152]

Chemical
disinfectants
sterilization

Oxidation of microorganisms
or damaging cells by chemical
disinfectants

Applicable to materials that
cannot be heated; pollution to
materials

[148]

Steam
explosion
sterilization

Deactivation of
microorganisms by the
high-temperature steam;
destroy cells by the instant
pressure relief

Short time; improving nutrition
of solid medium; energy
saving; applicable to solid
materials

[146]

Reprinted from Ref. [21]. Copyright 2015, with permission from Elsevier
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digester has been commonly used for sterilization of solid medium on an industrial
scale. The solid medium will be heated to 121 °C and kept for 20 min or more with
the saturated steam in spherical digester, and then they will be naturally cooled. The
spherical digester rotates and that will accelerate heat transfer in the whole process
so that the microorganisms will be killed by the moist. However, the main draw-
backs of this technique include the long cycle time, incomplete discharge, and high
energy consumption [21]. Previous research also pointed out that long-time heating
has an adverse effect on nutrients for the thermal degradation of nutrients [22].
Therefore, all the above things are the main problems of traditional thermal ster-
ilization of solid medium. According to the Arrhenius equation, rate constant of
chemical degradation is less influenced by temperature than that of microbial
inactivation because the activation energy of chemical degradation is lower than
that of microbial inactivation [23, 24]. Therefore, the sterilization with high tem-
perature and short time period could make it possible to minimize the degradation
of nutrients while killing the microorganisms. Mann et al. studied the thermal
sterilization of heat-sensitive products and suggested that the degradation of
nutrients can be substantially reduced by high-temperature and short-time steril-
ization [23]. Kjellstrand et al. also found that the high-temperature short-time
strategy should be used for sterilization to minimize the decomposition of products
[25]. Steam explosion is one of the most efficient methods for lignocellulosic
biomass, and it has been developed into commercial scale [26]. In steam explosion
reactor, solid materials are heated by high-pressure saturated steam for a relatively
short time (normally 2–8 min). Until it reached the desired residence time, the
reaction system was depressurized instantaneously. This is a typical
high-temperature short-time process. In steam explosion process, there are two
steps which are high-temperature steam heating and explosion [27]. Besides
high-temperature heating, the change of materials’ structure by physical collision in
explosion may also help to break the microbial cells.

In this study, we aim to exploit a novel and potential sterilization strategy for
solid medium which we called it as high-temperature and short-time steam
explosion process. Effects of the temperature and time of sterilization were studied
and the steam explosion conditions for complete sterilization were determined.
Kinetics of steam explosion sterilization was established and the effect of explosion
in SE was investigated [28, 29].

The nutrient content in the medium was considered as a very important standard
to evaluate the sterilization performance [30]. Additionally, fermentation perfor-
mance after steam explosion and conventional thermal sterilization (121°C, 20 min)
were compared to examine the feasibility of steam explosion sterilization. Finally,
sterilization efficiency and energy utilization were analyzed from the point of
industrial scale.
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3.2.1.1 Evaluation of Sterilization Effect by Image Processing

In order to conveniently evaluate the sterilization effect and choose a proper
parameter to predict the sterilization performance, the color-changing of SIT under
different steam explosion conditions were investigated. SIT is exposed in steam
moist heat during the steam explosion sterilization. The greater the heat intensity,
the more obvious the color-changing of SIT is, which results in the smaller gray
value of the heat-sensitive area in SIT. Therefore, the average gray value of the
heat-sensitive area could be relevant to the sterilization performance. Figure 3.3
shows that the gray value decreased obviously after either steam explosion steril-
ization or conventional thermal sterilization. In steam explosion sterilization, the
gray value decreased monotonically with the increase of SE temperature at the same
residence time. Results showed that the complete sterilization of steam explosion
sterilization was obtained above 172 °C for 2 min and above 128 °C for 5 min or
8 min, while the corresponding average gray value of the sensitive area in SIT was
41.30, 59.06, and 58.71, respectively. It was noticed that the average gray value
under 172 °C for 2 min was obviously lower than that under 128 °C for 5 and
8 min. This phenomenon may be attributed to that the color-changing of SIT is
more sensitive to the temperature than time. Nevertheless, when the SE residence
time was 2 min, the average gray value of the sensitive area in SIT was not above
41.30 for meaning complete sterilization. Correspondingly, the threshold value was
59.06 and 58.71 for complete sterilization when the SE residence time was 5 min
and 8 min, respectively. Therefore, an effective parameter, average gray value of

Fig. 3.3 Average gray value of the sensitive area in SIT before and after sterilization. CTS,
conventional thermal sterilization; SES, steam explosion sterilization
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the sensitive area in SIT was successful to indicate SE sterilization effect conve-
niently and rapidly.

3.2.1.2 Determination of Steam Explosion Conditions for Complete
Sterilization

Effects of steam explosion temperature and explosion on sterilization efficiency
were investigated. As shown in Table 3.2, the sterilization efficiency improved with
the increase of SE temperature at the same residence time. The reason for this result
was that coagulation and denaturation of proteins in microbes became serious at
higher temperature. Therefore, microbes were more likely to be killed, resulting in
the better sterilization efficiency at the higher temperature. It is interesting to note
that, from number 7 and 15 in Table 3.2, the solid medium was completely ster-
ilized by steam explosion sterilization with 128 °C for 5 min, while not by con-
ventional thermal sterilization with the same temperature and time. This
phenomenon clearly indicated that the explosion step in SE helped to break the
microbial cells and thus improved the sterilization efficiency. Overall, Table 3.2

Table 3.2 Effects of residence time and temperature of steam explosion on sterilization
performance [23]

Number Residence time (min) Temperature (°C) LgR0 Colony-forming units (CFU)a

1 2 135 1.33 ++

2 2 148 1.71 ++

3 2 158 2.01 ++

4 2 165 2.21 +

5 2 172 2.42 ND

6 5 124 1.41 +

7 5 128 1.52 ND

8 5 134 1.70 ND

9 5 137 1.79 ND

10 5 141 1.91 ND

11 8 124 1.61 +

12 8 128 1.73 ND

13 8 134 1.90 ND

14b 20 121 – ND

15c 5 128 – +

16d – – – +++
a+++ means lawn; ++ means CFU ≧ 30 but lawn was not formed; + means 30 > CFU > 0; ND
means not determined (CFU = 0)
bConventional thermal sterilization (CTS) at 121 °C for 20 min
cCTS at 128 °C for 5 min
dMedium without sterilization treatment
Reprinted from Ref. [21]. Copyright 2015, with permission from Elsevier
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shows that the complete sterilization conditions by steam explosion sterilization
were above 172 °C for 2 min or above 128 °C for 5 and 8 min. Compared with the
commonly used conventional thermal sterilization condition (121 °C, 20 min), the
time of steam explosion sterilization was shortened dramatically, with sterilization
efficiency improved.

Effect of steam explosion residence time on sterilization efficiency Residence
time of steam explosion is another key factor in determining the sterilization effect.
It was found in Table 3.2 that the temperature needs to reach 172 °C with 2 min
residence time, while the temperature was 128 °C with the residence time of 5 min
it can achieve complete sterilization. The results demonstrated that the temperature
required for complete sterilization decreased apparently with longer residence time.
The Arrhenius equation can be used to estimate the inactivation of microorganisms
for heat sterilization process [23].

Where k is the microorganisms inactivation rate constant, s−1; A is the Arrhenius
frequency factor, s−1; E is the activation energy, J/mol; R is the universal gas
constant, J/(mol�K); and T is the absolute temperature, K, according to the
Arrhenius equation, higher sterilization temperature T resulted in larger microor-
ganisms inactivation rate constant k, requiring shorter residence time. In turn,
longer residence time required lower sterilization temperature, which was consistent
with the results described above.

On the other hand, severity factor which combines temperature and residence time
is a concept to express the severity of a given steam explosion treatment. It was
reported that severity factor was a potential parameter for SE scale-up [31–33]. As
seen from number 2 and 8 in Table 3.2, the temperature and time combination of 134
°C � 5 min resulted in better sterilization effect than that of 148 °C � 2 min with
almost the same steam explosion severity factor R0. The possible reason was that
although the temperature was higher in group 2, the heat could not transfer evenly in
the mediumwithin 2 min due to the low thermal conductivity of solid medium, which
led to the incomplete sterilization. While for group 8, despite the lower temperature,
heat could transfer uniformly during the longer residence time. Therefore, there were
no blind spots within the medium. Then complete sterilization was achieved.

It also can be seen in number 7 and 11 from Table 3.2 that the sterilization effect
of group 11 with the temperature and time combination of 124 °C � 8 min was
worse than that of group 7 with 128 °C � 5 min, although the residence time was
longer and the steam explosion severity factor was larger of group 11 than that of
group 7. Number 11 and 12 showed that temperature needed to reach 128 °C for
complete sterilization with the residence time of 8 min. These results implied that
when the time was long enough, it was not the limiting factor for sterilization
efficiency anymore. Overall, combining the effects of steam explosion temperature
and residence time on sterilization efficiency, it can be concluded that using steam
explosion technique for solid medium sterilization was effective. Steam explosion
conditions for complete sterilization were temperature and time combination of 172
°C � 2 min and 128 °C � 5 min.
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Steam explosion sterilization kinetics The logarithm of microorganism sur-
vivors in solid medium after SE treatment at 128 °C was plotted in Fig. 3.4. It was
shown that the inactivation curve exhibited a nonlinear behavior. Microorganism
inactivation by SE progressed rapidly during pressure-hold for 1 min. 5.1-log
reduction was observed after SE treatment at 128 °C for 1 min, while greater
holding times had comparatively limited effect. There was no CFU observed when
the holding time reached to 5 min. Similar trends in inactivation have been
observed in other work involving high pressure and temperature treatments of
Clostridium sporogenes spores in ground beef and bacillus stearothermophilus
spores in egg patties [10, 34]. The nonlinear survivor curve may indicate that SE
has multiple targets of action on microbial cells. The observed tailing phenomenon
could be attributed to cell damage by the instant pressure release. Overall, it was
noticed that the survival rate of SE treatments at 128 °C for more than 1 min were
all lower than 0.001, which was generally acceptable in sterilization evaluation.
Rajan et al. reported that only 1.5-log reduction was observed under the conven-
tional thermal treatment of B [35]. Stearothermophilus spores in egg patties at 121 °
C for 15 min. Therefore, it was indicated that using SE treatment for SM steril-
ization could result in a much quicker processing and better sterilization effect.

3.2.1.3 Nutrients Contents Before and After Sterilization

Heat processing also has a detrimental effect on nutrients since thermal degradation
of nutrients can and does occur [22]. The effects of steam explosion sterilization and
conventional thermal sterilization on nutrient contents of medium were investi-
gated. As shown in Fig. 3.5, both glucose and xylose contents decreased more
apparently after conventional thermal sterilization than those of raw medium,
suggesting that conventional thermal sterilization was adverse for nutrients. It was
noted that the glucose and xylose contents after conventional thermal sterilization at

Fig. 3.4 Survival curve of
microorganisms in solid
medium after steam explosion
treatment at 128 °C. The blue
horizontal line represents the
survival rate of 0.001, below
which is acceptable for
sterilization. Reprinted from
Ref. [21]. Copyright 2015,
with permission from Elsevier
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128 °C for 5 min were higher than those after conventional thermal sterilization at
121 °C for 20 min, which confirmed that the high-temperature short-time heat
process decreased the destruction of the nutrients. With the same residence time of
steam explosion, glucose and xylose contents increased initially and then decreased
with the temperature increase. This phenomenon implied that SE may affect
nutrient contents by two steps: degrading polysaccharides into glucose and xylose
and degrading glucose and xylose into small molecules. First, the polysaccharides
were degraded more and more intensely as steam explosion severity increased, thus
release more glucose and xylose. However, when the SE severity reached a certain
value, the degradation of glucose and xylose began to increase drastically, leading
to the reduction of glucose and xylose contents in medium. Nevertheless, results
clearly showed that steam explosion sterilization improved glucose and xylose
contents in medium, especially compared with conventional thermal sterilization. It
is interesting to note that the glucose and xylose content after steam explosion
sterilization at 128 °C for 5 min increased by 80.0% and 58.8% than those after
conventional thermal sterilization with the same temperature and time, respectively.
This result revealed that the instant pressure relief in steam explosion helped to
release glucose and xylose from the SM efficiently. From the perspective of
nutrients and efficiency, combination of temperature and residence time of 128 °
C � 5 min was chosen as the preferable SE condition for sterilization, under which
the glucose and xylose contents were 2.57 and 1.93 times of those treated by the
effective conventional thermal sterilization condition (121 °C, 20 min). The results

Fig. 3.5 Effects of steam explosion sterilization (SES) on nutrients contents in medium compared
with conventional thermal sterilization (CTS) [146]
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clearly indicated that steam explosion sterilization improved the solid medium
nutrition.

In order to reveal the effect of steam explosion sterilization on glucose release
explicitly, the medium containing only wheat bran and soybean meal with moisture
of 60% (w/w) were used for steam explosion treatment. Figure 3.6 shows that
steam explosion sterilization obviously converted glucan into glucose in the med-
ium. At the residence time of 2 min, the glucose content increased first and then
began to decrease with the temperature increase, of which the trends coincided with
the results described above. The possible reason was that the released glucose was
further degraded under the higher SE severity. Additionally, it was noticed that the
conventional thermal sterilization (121 °C, 20 min) could also convert glucan to
glucose, but this effect was negligible compared with steam explosion sterilization.
Overall, steam explosion sterilization increased nutrients contents in medium,
which must be beneficial to the subsequent fermentation.

Previous works have also suggested that inhibitors, such as weak acids, furan
derivatives may generate during the steam treatment of the lignocelluloses [36, 37].
These compounds are inhibitory to microorganisms and will limit the fermentation
performance. Negro et al. observed that inhibitors generated in the liquid fractions
of steam-exploded olive tree pruning, the concentrations of acetic acid, formic acid,
furfural, and HMF ranged from 2.7–3.5 g/L, 0.1–0.4 g/L, 0.7–1.4 g/L, and
0.1–0.3 g/L under the steam explosion conditions of 175 °C and 195 °C for 10 min,
respectively [38]. The liquid fractions were then fermented with the
xylose-fermenting microorganism, Scheffersomyces stipitis, for ethanol production.

Fig. 3.6 Effects of steam explosion sterilization on glucose generation in wheat bran and soybean
meal. CTS, conventional thermal sterilization; SES, steam explosion sterilization [146]
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However, neither ethanol nor growth was observed, indicating that the presence of
toxic compounds inhibited the growth and fermentation of microorganisms [38].
While in the present work, the inhibitors were not detected out, in which it was
beneficial to the subsequent fermentation process. The possible reason was that the
SE severity for sterilization in the present work was much lower than that used in
pretreatment. Therefore, the generation reactions of inhibitors were not stimulated.

3.2.1.4 FTIR Analysis of Solid Medium Before and After Sterilization

FTIR, which is a quite convenient and frequently used analysis technique for
structural characterization, was applied in this study to investigate the structural
changes of SM before and after sterilization. As shown in Table 3.3, the spectra
presented peaks at 3342 cm−1 (OH), 1658 cm−1 (CO, CN), 1541 cm−1 (CN,
NH),1421 cm−1(CH2), and 1103 cm−1 (OH), which indicated the presence of
cellulose (3342 cm−1 and 1421 cm−1), polysaccharides (3342 cm−1 and
1103 cm−1), and proteins (1658 cm−1 and 1541 cm−1) [39]. A semiquantitative
analysis of the FTIR spectra was established and the band at 1515 cm−1 (aromatic
skeletal stretching) was used as a reference band to estimate the relative intensities
of other bands [40, 41]. Table 3.3 showed that some bands underwent detectable
relative intensity changes as a result of different sterilization methods. The relative
intensity A3342/A1515 of band attributed to the hydroxyl groups in polysaccha-
rides of solid medium decreased from 1.4652 to 1.2673 after steam explosion
sterilization, which indicated that steam explosion sterilization degraded polysac-
charides and may help to release glucose. Whereas the A3342/A1515 value of solid
medium after conventional thermal sterilization was 1.4616, which was little lower
than that of raw solid medium. The information showed that conventional thermal
sterilization can also help to degrade polysaccharides, but the effect was little to
neglect, which was consistent with the results described in Fig. 3.6. Moreover, the
relative intensities of the 1421 cm−1 band originating from CH2 bending vibrations
of cellulose and 1103 cm−1 band attributed to the C–OH skeletal vibration
decreased more obviously after steam explosion sterilization, which confirmed the
polysaccharides degraded by steam explosion sterilization again. Both steam
explosion sterilization and conventional thermal sterilization reduced the intensities
of the 1658 cm−1 and 1541 cm−1 bands attributed to the C–O stretching, C–N
stretching, and N–H bending vibrations, respectively of amide groups in proteins or
protein-like compounds. The information indicated that steam explosion steriliza-
tion and conventional thermal sterilization could break down the long-chain protein
into the short, of which the effect by steam explosion sterilization was more
obvious. This can be confirmed by the relatively lower absorbance of C–N
stretching vibration band at 1155 cm−1 in SM after steam explosion sterilization
compared with that after conventional thermal sterilization. This effect may make
microbes utilized amino acids in SM more effective after steam explosion steril-
ization. In addition, steam explosion sterilization obviously reduced the intensity of
the 1242 cm−1 band attributed to the C–O stretching band (guaiacyl units), which
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indicated that the relative content of guaiacyl lignin units after steam explosion
sterilization had significant changes compared with that after conventional thermal
sterilization. steam explosion sterilization also reduced the intensity of peak at
1034 cm−1 attributed to the C–O–C stretching typical of glucan and xylan signif-
icantly. The modification may correspond to the degradation of glucan and xylan,
which facilitated the release of glucose and xylose. Thus, these results indicated that
steam explosion sterilization helped to disrupt the structure of polysaccharides more
efficiently than conventional thermal sterilization, which contributed to the nutrients
improvement in SM. This information also corresponded to the data in Fig. 3.5 that
the glucose and xylose contents increased more in SM after steam explosion
sterilization than those after conventional thermal sterilization.

3.2.1.5 Comparison of Fermentation Performance on Steam Explosion
Sterilization and Conventional Thermal Sterilization Medium

Fermentation performance is the key metric to evaluate the steam explosion ster-
ilization and conventional thermal sterilization. As shown in Fig. 3.7, B. subtilis
fermented on steam explosion sterilization medium grew fast after the fermentation
for 24 h, and the maximum number reached 2.66 � 1011/g DM at 48 h and

Table 3.3 FTIR semiquantitative analysis of raw solid medium (SM), SM after conventional
thermal sterilization (CTS, 121 °C, 20 min) and SM after steam explosion sterilization (SES, 128 °
C, 5 min) [146]

Bond
(cm−1)

Assignment Ax/A1515
a

Raw
SM

SM after CTS
(121 °C,
20 min)

SM after SES
(128 °C,
5 min)

3342 OH stretching and hydrogen bonds [39] 1.4652 1.4616 1.2673

1658 CO stretching of amide groups in proteins
or protein-like compounds, i.e., amide I
[39]

1.3930 1.2732 1.2095

1541 CN stretching and NH bending vibrations
of amide groups in proteins or protein-like
compounds, i.e., amide II [39]

0.9937 0.9828 0.9627

1515 Aromatic skeletal vibration [40, 41] 1.0000 1.0000 1.0000

1421 CH2 bending vibrations of cellulose [39] 1.4704 1.3843 1.3788

1242 CO stretching in the acetyl and phenolic
groups [20, 153]

1.1528 1.1129 1.0379

1155 CN stretching vibration of the protein
fractions [154]

1.6630 1.5930 1.4803

1103 OH skeletal vibration [39, 154] 1.8662 1.7187 1.5758

1034 COC stretching typical of glucan and
xylan [20]

2.1208 2.0341 1.8460

Reprinted from Ref. [21]. Copyright 2015, with permission from Elsevier
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decreased thereafter. While for conventional thermal sterilization medium, the
bacteria number increased slowly during the fermentation process and reached
6.94 � 1010/g DM at 48 h. It was reported that the optimum fermentation period
for B. subtilis growth was 48 h [42, 43]. The number of B. subtilis fermented on
conventional thermal sterilization medium reached the maximum of 6.67 � 1010/g
DM at 48 h, which was in accordance with the result of the present study [42].
Therefore, the bacteria number on steam explosion sterilization medium was 2.83
times larger than that on conventional thermal sterilization medium, which implied
that steam explosion sterilization improved the fermentation performance appar-
ently. Figure 3.7 also showed that the glucose content of steam explosion steril-
ization medium was 2.28 times of that of conventional thermal sterilization medium
at the fermentation time of 24 h. Then, it was decreased due to the consumption by
B. subtilis growth, and the value was 1.92 times of that of conventional thermal
sterilization medium at 48 h. Finally, the glucose content of steam explosion
sterilization medium was 1.08 times of that of conventional thermal sterilization
medium when the fermentation time reached 72 h. In view of above results, it was
found that the glucose content of steam explosion sterilization medium was higher
than that of conventional thermal sterilization medium during the fermentation
process. That means, the medium after steam explosion sterilization was more
nutritional for B. subtilis fermentation, which should be an important reason for the
enhanced B. subtilis growth on steam explosion sterilization medium than that on
conventional thermal sterilization medium. Therefore, the results demonstrated that
steam explosion sterilization facilitated the fermentability of solid medium and
improved SSF performance efficiently.

Fig. 3.7 Fermentation kinetics on solid medium after steam explosion sterilization (SES, 128 °C,
5 min) and conventional thermal sterilization (CTS, 121 °C, 20 min) [146]
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3.2.1.6 Comparison of Production Efficiency Between Steam
Explosion Sterilization and Conventional Thermal Sterilization
on Large Scale

Sterilization time and energy consumption have great influence on the production
efficiency and economic cost, especially for industrialization. The sterilization time
and energy utilization of conventional thermal sterilization and steam explosion
sterilization for SM on large scale, spherical digester, were analyzed and compared.
Table 3.4 showed the process flow of the conventional spherical digester steril-
ization and steam explosion sterilization. The significant difference between these
two processes occurred on the following two aspects. First, there was no cooling
stage for steam explosion sterilization. In spherical digester sterilization, pressure
inside the spherical digester was about 0.11 MPa (gauge pressure) after the tem-
perature maintenance stage. Therefore, the spherical digester should be cooled for
30 min before discharge for security. It is noted that the cooling operation not only
consumes time but also wastes the energy for heating. As for steam explosion
sterilization, the high pressure was used to transport the materials aseptically and
help to destroy the microbe cells. After the instant pressure relief, the temperature of
the moist air inside the steam explosion reactor was still high, which saved energy
for heating in the next batch operation. Besides, the time for temperature mainte-
nance was shortened by 75% of steam explosion sterilization than that of spherical
digester to the enhanced sterilization performance. It could be indicated from
Table 3.4 that the time needed for a batch operation of spherical digester steril-
ization was 63 min while the time was only 19 min of steam explosion sterilization.
That means steam explosion sterilization could save time by 69.8%, suggesting that
the utilization efficiency of equipment obviously increased in steam explosion
sterilization process. Therefore, steam explosion sterilization could not only save
energy efficiently but also reduce operation time dramatically. This is conductive to
improve industrial production efficiency and reduce the economic cost (Table 3.5).

This study clearly showed that the feasibility of steam explosion technology for
solid medium sterilization. Owing to the higher temperature and physical collision
effect, steam explosion sterilization shortened sterilization time by 69.8%.
Meanwhile, it was worth noting that the glucose and xylose contents in solid

Table 3.4 Processes and time consumption of conventional spherical digester sterilization and
novel steam explosion sterilization (SES) in a batch operation (data in this table with the unit of
min) [146]

Feedstock Steam
heating

Temperature
maintenance

Cooling Discharge Total

Conventional
spherical digester
sterilization

5 5 (heating
to 121 °C)

20 30 3 63

Steam explosion
sterilization

5 6 (heating
to 128 °C)

5 0 3 19

Reprinted from Ref. [21]. Copyright 2015, with permission from Elsevier

3.2 Intensification Methods for Enhancing Substrate Accessibility 73



medium after steam explosion sterilization were 2.57 and 1.93 times of those after
conventional thermal sterilization (121 °C, 20 min), which suggested that steam
explosion sterilization improved the fermentability of solid medium. B. subtilis,
fermentation productivity on steam explosion sterilization medium increased by
2.83 times than that on conventional thermal sterilization medium. Therefore, steam
explosion technology could be a new way in future for solid medium sterilization,
which could promote the economy of solid-state fermentation.

3.2.2 Pretreatment Intensification Accessibility of Substrate
in High-solid and Multi-phase Bioreaction

For the limitation of mass transfer process, it is essential to establish an effective
pretreatment method to improve the bioavailability offer mentation materials.

(1) Physical pretreatment

Crushing process Most of the material needs to be crushed to reduce particle size
before they are put in pretreatment reactor. Agricultural waste, herb, and other raw
material can be crushed during or after harvest. And whether to further crush them
or not, that depends on the type of raw material, and the heat or mass transfer. The
crushing process, as the common pretreatment before enzymatic hydrolysis, has
many different types which include ball mill (dry grinding, wet grinding, and
vibration processing), different disc refiners and others. Although we can use these
devices to increase the bioavailability of cellulose and the surface area, reduce the
crystallinity of cellulose, which makes it easier for enzyme to degrade cellulose,

Table 3.5 The effects of different pretreatment on lignocellulosic biomass

Increase
specific
surface
area

Decrease the
degree of
crystallinity
of cellulose

Solubility of
Hemicellulose

Remove
lignin

Produce
inhibitors

Change
the
structure
of lignin

crushing ■ ■
SE ■ ■ ■ ■ ■
Hydrothermal ■ n.d. ■ ■ ■ ■
Acid
pretreatment

■ ■ ■ ■ ■

Alkali
pretreatment

■ ■ ■ ■ ■

Wet
oxidation

■ n.d. ■ ■ ■

AFEX ■ ■ ■ ■ ■ ■
ARP ■ ■ ■ ■ ■ ■
Lime method ■ n.d. ■ ■ ■ ■
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however, many studies show that these methods do not suit ethanol bioconversion
process in terms of economy, for the grinding process is energy-intensive.

Radiation Some people studied to use high-energy electron beam and the
microwave as the pretreatment of biomass. These methods are supposed to
mechanically destroy the structure of plant cell walls and reduce the crystallinity of
cellulose, and then increase the hydrolysis efficiency of cellulase. But when we
think about the cost, energy intensity, and the feasibility to put that into commercial
applications, it is obvious that radiation is not a good method.

(2) Quick depressurization pretreatment

Steam explosion

Ammonia fiber explosion (AFEX) In AFEX, anhydrous ammonia is used to
pretreat the substrate. The reaction temperature ranges from 60 to 100 °C, pressure
changes from 250 to 300 psig and with a few minutes of retention time usually.
High pressure is released quickly, which could cause ammonia quickly spread and
then the expansion of the fiber structure and physical damage to the substrate. At
the same time, crystalline structure of cellulose was partly destroyed, some lignin
dissolved and hemicellulose was partly degraded into oligosaccharide. The AFEX
method can remove the acetyl from substrate and increase the degradability.
Because of the AFEX modified hemicellulose in the process of processing, it limits
the hydrolysis of hemicellulose and comprehensive utilization of biomass to
hemicellulose. The AFEX pretreatment is very effective for agricultural waste and
herb, but for the wood material or other materials with high content of linin, it is
ineffective. The AFEX mainly worked in the environment where solid content is
high (40%) and the ammonia content also is high(about 1.0 g ammonia per 1 g dry
material). Although these ammonia can be recycled completely, this operation is
costly, so when it extends to commercial area, the consideration of the cost is
needed. AFEX is usually carried in the lab, but now people have developed a new
technology for application, which is called FIBEX.

(3) Autolysis

Not only steam explosion pretreatment do not need people to add catalyst to it but
also the high-pressure liquid do not need extra catalyst, what is more, the rapid
decompression operation is not required. The hydrolysis of cellulose needs high
temperature which is around 260 °C, but hemicellulose hydrolysis required rela-
tively low temperature (200–230 °C). Although we can obtain high yield of soluble
sugars from hemicellulose, these sugar which experienced the hydrothermal pre-
treatment mainly are in the form of oligosaccharide, so further acid hydrolysis or
enzyme hydrolysis is needed to produce fermentable monosaccharides. Another
way of hydrothermal pretreatment is to add some chemicals to control the pH
within 4–7. For some materials such as corn straw, it has the buffer ability of pH, so
no additional chemicals are needed. The purpose of control reaction pH value is to
keep hemicellulose release mainly in the form of oligomer, so that we can reduce
the loss of sugar for its dehydration and avoid producing fermentation inhibitors.
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However, the method has little effect on improving the efficiency of enzymatic
hydrolysis of corn stalk. From an economic point of view, hydrothermal pretreat-
ment is attractive because of its low spending on catalyst and low corrosive to
reactors which reduce the reactor cost. But these saved costs might just equal to the
loss of sugar.

(4) Acid pretreatment
(5) Alkali pretreatment
Alkali In general, alkali pretreatment is less effective for cellulose hydrolysis

than acid pretreatment, but it is very effective for removing lignin and then improve
the efficiency of the degradation of solid substrates obviously. There are reports and
summary about pretreatment by sodium hydroxide. The pretreatment can cause the
expansion of the fiber, the increase of the internal surface area, low polymerization
degree, reduced crystallinity degree, the separation between lignin and carbohydrate
and the destruction of the lignin structure. The efficiency of sodium hydroxide
pretreatment is closely related to the lignin content in substrates. This method is less
effective to the substrate with high lignin content, especially the soft wood. This
method shows obvious advantages when we pretreat the material with low lignin
content (10–18%), such as straw, but we have not evaluated the cost-benefit yet.

Ammonia The simplest ammonia pretreatment is to use ammonia (the mass
fraction of NH4OH is 30%) with low temperature (about 90 °C) to soak the
materials, the solid content is between 10 and 50%, the reaction time can vary from
a few hours to a day. A study reported that lignin can be removed as high as 80%
with a lower amount of dissolved hemicellulose when wheat straw and corn straw
were pretreated by this method. Ammonia Recycled Percolation (ARP) is to pre-
treat biomass by dilute Ammonia solution (<15% NH3) under 150–170 °C. Due to
the fluid properties and chemical properties of ammonia, ARP is a good way to
remove the lignin (above 80%) of corn stalk, at the same time, some hemicellulose
was degraded to oligosaccharides, but it still needs further treatment to transform
into monosaccharide. The efficiency of commercial cellulase for ARP-treated corn
straw is high (about 90% cellulose convert into glucose, about 70% hemicellulose
convert into xylose). However, economic analysis shows that the ARP process
needs large amount of liquid, but the liquid will be continuously diluted in sub-
sequent steps, which makes the ARP process have no competitive advantage when
it is in competition with other methods.

Lime Lime pretreatment is a low-value processing, it is mainly used for dis-
solving acetyl and lignin. The range of the operating temperature of lime pretreat-
ment is very board(25–130°C).The lime content is usually about 10% (by dry
substrate), and the solid content is about 20% or less. At high temperature, pre-
treatment time will be significantly reduced (a few hours to a few minutes), but under
the low temperature it could last for several weeks. The lime pretreatment does not
require expensive reactor and be carried in the process of raw material storage.
Herbaceous plants or agricultural waste materials with the low lignin content are
usually good substrates for lime pretreatment. The acetyl can be almost completely
removed and lignin can be removed by about 30%. If you want to make it more
effective, oxygen or air should be sent to reaction system. For the low-temperature
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lime pretreatment process, it needs some fresh air because lime pretreatment can
remove a lot of lignin in aerobic environment. The technology can be used for some
refractory substrates, such as bagasse and hardwood. Compared with other means
using alkaline, this catalyst is cheap, but its reaction time is longer, at the same time,
the regeneration and recycling of lime will increase the investment and running cost.

(6) Solvent pretreatment
(7) Supercritical fluid pretreatment
(8) Oxide pretreatment
(9) Biological pretreatment
Considering the chemical composition characteristics of lignocellulose, we used

low-pressure steam explosion as a pretreatment and controlled the moisture content
of the materials, and finally make SE pressure fell to 0.6–1.5 MPa. After steam
explosion, the granularity of rawmaterial was reduced, the surface area was increased
and the conversion rate of cellulose and hemicellulose of the biomass straw was
increased. So it can make about 85% hemicellulose in the straw can be degraded to
hydrosoluble and low molecular weight of sugar. As we can see, this method will
improve the bioavailability of SM to a great extent. A lot of works have proved that
the technology is very effective to break the lignocellulose materials’ porous struc-
tures and improve the bioavailability. Besides the low cost, this method fundamen-
tally solved secondary pollution problem which is caused by adding chemicals and is
almost pollution-free. Further research reveals answer to that why SE can break the
porous medium. Compared with the original corn stalk, steam explosion changed the
distribution of pore size, and it also increased porosity by 10.1%, increase the aperture
by 3.7 times, decreased the specific surface area by 81.8%, and decreased the degree
of bending by 55.3%. The above changes make the key parameter of mass transfer of
maize straw improved: percolation probability is increased by 21.3%; permeability is
increased by 44.2 times. Based on the theory of mass and heat transfer in porous
media, we found that SE can break the barrier of plant biomass and result that it
improves the mass transfer rate in enzymatic hydrolysis.

3.3 Relationship Between Solid Matrix and the Strengthen
Process of Bioavailability

3.3.1 Chemical Composition

Biomass material mainly refers to softwood, hardwood, and herbaceous, and their
main chemical components include cellulose, hemicellulose, and lignin. In common
plants, these three components usually account for 80–95% of their total mass,
which form the supporting skeleton of a plant: the cellulose forms microfine fibers
and hemicellulose and lignin serve as the adhesive and fillers which are filled
between the fiber and microfiber [44]. Besides, there are other components (e.g.,
resins, fats, waxes, pectins, starches, proteins, inorganic substances, tannins, and
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pigments [45]. Differences of chemical composition of these three types make
significant differences in the aspect of the mechanism and process of steam
explosion.

Based on absolutely dry wood, coniferous wood content 43% cellulose, 28%
hemicellulose, and 29% lignin, while hardwood contains about 45% cellulose, 34%
hemicellulose, and 21% lignin. They have similar content of cellulose, except
poplar, their polydextrose is also stable. The content of hemicellulose in hardwood
was higher than that in coniferous wood. In the hemicellulose, hardwood contains a
large amount of poly-4-O-methylglucuronic acid (20–25%) and less polyglucose or
mannose (1–3%); coniferous wood contains a lot polygalactomucrose and mannose
acetate (15–20%)and about 10% poly-4-O-methylglucuronic and little arabino-
galactan(1–3%) [45]. Therefore, hardwoods contain more polyxylose, while
coniferous wood contains more polymannose, polygalactose, and polyarabinose.
The lignin content of coniferous wood is higher than that of hardwood and
coniferous wood lignin mainly include guaiacyl propane and a small amount of
p-hydroxyphenyl propane, the lignin of hardwood mainly include guaiacyl propane
and syringyl propane and a small amount of p-hydroxyphenyl propane [45].
Herbaceous plants are similar to the hardwood in terms of the composition, but the
cellulose content of straw, corn stalks or sorghum stalks is much lower, however,
they have more pentosan than softwood, and that is equivalent to the high value of
hardwood. Herbal biomass materials have the following characteristics: (1) High
content of hemicellulose, low lignin content. During the SE, the acetyl groups in the
hemicellulose chain was hydrolyzed and produced a lot of acetic acid, which cat-
alyzes the hydrolysis of the glucosidic linkages of hemicellulose and the b-ester
bonds of lignin. Therefore, materials with more hemicellulose have stronger acid
catalysis, so it is easier to be degraded in the steam explosion process.
(2) Compared with woody plants, the herbaceous plants’ molecular weight of lignin
is lower but phenol hydroxyl content is higher. Therefore, herbaceous plants have
high lyophilicity and can be dissolved in the hot acid environment [46]. Compared
with coniferous wood, herbaceous plants, in aspect of chemical composition, shows
a strong resistance to pretreatment: (1) In coniferous wood the hemicellulose
content is relatively low so the available acetyl content is low and then
Polydextrose-mannose is more difficult than xylose to be degraded in acid envi-
ronment, which will influence the SE results. (2) Fibrous cells are highly lignified
and these kinds of lignin have higher molecular weight so that they are difficult to
be dissolved during SE process. What is more, lignin contains more guaiacyl which
make it difficult to be degraded. Therefore, lignin is hard to be degraded and is not
conductive to stem explosion. (3) A lot of fillers are in the resin dust of softwood
which will inhibit the heat and mass transfer.

Based on these differences between straw and wood, the author has improved the
traditional steam explosion process and proposed that low pressure (3.0 MPa down
to 1.5 MPa or below) steam explosion technology which can treat straw without
any chemicals. The mechanism of autolysis of straw has been also revealed [46].
The hemicelluloses are hydrolyzed by some released acetic acid and other weak
acids. In the steam explosion process, hot water also plays the role of acid catalyst.
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Eventually, more than 80% of the hemicellulose can be separated and the rate of
cellulose hydrolysis can reach more than 90%. At present, the steam explosion
equipment has been successfully amplified to the industrial scale, which is the
biggest steam explosion equipment around the world. What is more, the authors
developed a set of efficient and clean steam explosion technology and a new
combined pretreatment method based on steam explosion. The author also inte-
grated the alkaline hydrogen peroxide, ultra-fine grinding, mechanical carding, and
other methods in the steam explosion process, which achieve the hierarchical
separation of straw chemical components, cell types and tissue layers [47–49], and
laid the foundation for clean and efficient use of straw. Based on this method, the
authors have developed straw-multilevel production of corrugated base paper,
oriented strand board and others, and applied steam explosion refining platform to
tobacco processing, extraction of Chinese herbal medicine, hemp bast degumming
and other fields [46].

3.3.2 Composition Structure

The structures of softwood, broadleaf, and herbaceous plants are obviously dif-
ferent. Coniferous wood have few cell types, generally speaking, coniferous wood
have resin ducts but no catheters. Its main tracheids have both the transport function
and the mechanical support function and the tracheids account for more than 90%
of timber volume, what is more, the typical cell are 3–5 mm long and 0.03–
0.05 mm wide [45, 46]. The two adjacent cells are usually separated by five layers,
two of these layers are fibrous and what followed them are two layers of corkifi-
cation layer, and the middle layer is xylem. In addition, there are more than 50
million cells per 1 cm3. Hardwood has lots of cell types which usually are at high
degree of evolution. But the hardwood only has some vessel but no resin dust. The
vessel can transport water and wood fiber provides the mechanical support.
Hardwood fiber contains three kinds of fiber cell (including libriform fiber, fiber
tracheid, and vasicentric tracheid) which are collectively called the wood fiber.
Wood fiber is one of the important anatomical molecules that make up hardwood.
On average they are 1 mm long and generally less than 20 lm wide. They account
for 60–80% of timber volume, and libriform fiber accounts for the largest pro-
portion [45]. Herbaceous plants are composed of many cell types, including
fibroblasts, ducts, parenchyma cells, epidermal cells, sieve tubes, and companion
cells. The ducts are higher in content and larger in diameter than fibroblasts. Taking
stems as an example, the common feature is that vascular bundles are widely
distributed in basic tissues, and they do not have any boundaries of the cortex or the
stele. Fibroblasts are distributed in the outer epidermis and vascular bundles. On
average they are 1.0–1.5 mm long and 10–20 lm wide and they usually account for
40–70% of the volume. The basic parenchyma, which is in stem center of
Gramineae, often rupture and form some hollow medullary cavities [45].
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Based on the above analysis, the plant biomass is porous and each cell is a cavity
which is composed of cell lumen and cell wall [1]. In fact, steam explosion process
is a process of forming holes and breaking holes, which involves the heat and mass
transfer and some reaction in the porous structures. In order to analyze the rela-
tionship between the pore structure of plant biomass and steam explosion process,
the concept of biomass porous medium is proposed: cell wall and intercellular
material are their solid skeleton which can form pores with different apertures so
that they can provide porous media, where the fluid may be present or conveyed.
Cell walls, pits, plasmodesmata, and cell cavities are all interconnected, and they
can make it possible that gas, liquid or gas-liquid can transfer in them [9]. The main
properties of the porous media are porous structure and of fluid flow. Softwood is
usually called “non-porous material” because the softwood have few kinds of cell
and the fiber is closely and regularly arranged. Fiber is long, high in content, and is
supporting tissue of plants. Due to the high degree of lignification, fibroblasts
generally have developed secondary walls, they have compact structure and the
water vapor is difficult to penetrate into the material pores. As a result, in the steam
explosion process, the resistance to heat and mass transfer is very large, making it
hard to form a target for filling with high-pressure steam. That will make the tissue
difficult to be torn. There is ductal tissue that can transport water in hardwood, the
vessel is very large and long and they are also known as “porous wood”. And in
hardwood, the content of parenchyma cell is twice more than in coniferous wood.
For parenchyma cells, the cell lumen is large and cell wall is thin and short, and it
can store nutrient for plant. So that is conducive not only to heat and mass transfer
but also to steam to break the structure. In the herbaceous plants, secondary xylem
is embedded in some basic tissues, so it is conductive to the transmission of steam
and SE are more efficient than that for woody plants. Fibrous cells and parenchyma
cells are the most important and basic cells in lignocellulosic biomass materials.
However, in different raw materials, the content and structure are different. All of
these determine the difference in the processing conditions. It can be seen that the
same pretreatment intensity on these two types of cells will result in inconsistent
effect. If the aim is to degrade fibroblasts, parenchyma cells will be over-degraded,
which will produce a large number of inhibitors which are not conducive to the
subsequent transformation. Based on this, we developed a two-stage steam
explosion carding process [50]. Using the more moderate steam explosion condi-
tions for the first stage, and the material of first stage will be carded by air flow
classification device producing parenchyma and fibrous tissue. Then, we adjusted
the fiber structure to a right condition for the second paragraph. The results showed
that the two-stage steam explosion carding process can effectively pretreat biomass
which was based on the structural characteristics of different tissues. This method
can get good pretreatment performance for the fibrous tissue, and effectively control
the generation of inhibitors, so it does not need detoxification operation. In addition,
this method ensures that the separation and pretreatment of fibrous and parenchyma
tissue can be achieved selectively, providing a new way for the multi-level trans-
formation of lignocellulose [50].
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3.3.3 Water State

As water is critical but often overlooked, research efforts have seen a gained interest
in water responsible for complicating pretreatment efficiency recent years, where
these researches have recognized the water’s critical importance in the development
of biomass pretreatment technologies. However, their strides are far from enough in
elucidating water’s acting essence in pretreatments, due to the complex interactions
between water and plant biomass.

With this part, we aim to highlight the criticality of water states in pretreatments
of lignocellulosic biomass. Through investigating the lignocellulose–water inter-
actions in tandem with feedstock physicochemical characterization and pretreat-
ment process features, we explored the degree with which water state can impact
the development of pretreatment process; and in this context, to determine the
optimal water states and rehydration conditions. We used low-field nuclear mag-
netic resonance (LF-NMR) measurement to address this fundamental issue on
cornstalk samples subjected to steam explosion pretreatments. We chose to analyze
chips from cornstalk due to their potential as an abundant, low-cost feedstock.
Steam explosion applied in the conditions is used as the core technology for
fractionation process of lignocelluloses. It applies only water and heat during
process to break the crystalline structure of lignocelluloses through autohydrolysis
effects and mechanical forces attributed from sudden explosive decompression,
which avoids handling and recycling chemicals at either acidic or alkaline condi-
tions, minimizing equipment corrosion [44, 51, 52]. In our previous publications,
the pretreatment method has been proved to be very efficient to improve hydrolysis
yields on lignocellulosic feedstocks [53, 54]. Herein, LF-NMR was employed to
probe the interaction between water molecules and lignocellulosic matrices during
rehydration process. The spin-spin relaxation information (T2) measured can be
used to discriminate between the various states in which water exists in the complex
environment and trace their dynamic migration in rehydrated preparations [55, 56].
Through correlating these water state data to lignocellulosic feedstock properties
and processing parameters, we explored the underlying water functions in SE and
achieved the optimal rehydration strategies. The work highlights the critical
importance of water in biomass pretreatment process and gives important insights
for designing industrial processes to achieve the desired water states of lignocel-
luloses for the development of pretreatments. The involved lignocellulose–water
interactions not only contribute to pretreatments with water participation but
embody value in biorefining process including feedstock storage, smash, and bio-
conversion process. A greater attention to the complexity and role of water may be
beneficial in the design of experimental testing and industrial processes and may
help elucidate practical solutions to common cost-impacting bottlenecks.
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3.3.3.1 Water States Decided by Rehydration of Lignocellulosic
Biomass

Dynamic variation of water states Figure 3.8 shows the continuous T2-distribu-
tion obtained for cornstalk samples that were submitted to rehydrating procedures
with different water amounts for 24 h. T2 relaxation time represents water constraint
along the sample and relaxation value reflects water amount. In this data, distilled
water molecules exhibit the longest relaxation times around 2,000 ms, while water
molecules that are more constrained by the lignocellulosic polymers exhibit shorter
relaxation times. In Fig. 3.8, transverse relaxation components of water within
substrate can be evidently separated into two main population groups, represented
by T21 (1–10 ms) and T22 (10–100 ms). It is worth mentioning that T22 appears at
WC around 30% (see Fig. 3.8III) and its value gradually increases with rehydrated
amount. According to the description of Sun and Wang, the water content of 30% is
thus supposed to be fiber saturated point (FSP) originally described by the
American forester, H. D. Tiemann, as “the water content at which the cell cavities
contained no water, but the cell walls were fully saturated with liquid moisture” [57,
58]. At the FSP, all of the liquid water is bound water, as this represents the
maximum amount of water that can be taken up from the vapor phase by a unit
mass of fiber at a given temperature [59]. Based on the description, T21 is thus
defined as “bound” water in the cell wall matrix and T22 is defined as “free” or
“bulk” liquid water in the voids. The integrated mixture of cell wall materials and
“bound” water is also recognized as a distinct phase and has been called a “solid
solution” by Stamm [60]. In addition, the water that exists as vapor in the gas-filled
voids is called “gas” water but is unable to be detected by LF-NMR.

With rehydration amount increased, T21 relaxation value is increased as water
content does not exceed FSP. Upon water content reaching FSP, T22 population
merges and shows a higher relaxation value as water content increases and its
distribution leans toward longer and broader relaxation times, whereas T21 relax-
ation time and value remain almost constant. This presumably reflects, upon
rehydrating with more water, water molecules were initially bound to cell wall until
they filled all the binding sites and then started to accumulate in voids of samples as
free water; besides, the bound water did not undergo significant mobility changes,
while those located in the cores of vessels kept continuously increasing mobility
until saturation is reached.

With rehydration time increased, water molecules in cornstalk matrix show a
continuous dynamic distribution change, from very mobile molecules to constraint
ones and from spatially distributed relaxation times to two main T2 components.
These indicate a growing water affinity during rehydration procedure. Continuous
rehydration of samples introduces a fast equilibrium in T21 value associated with
bound water until it reached FSP, and then introduces a steady increase in T22 value
associated with free water. They suggest that bound water molecules are easily
absorbed during the initial steps of rehydration procedure and, free water begin to
emerge in voids until bound water reaches FSP with no more increase. Comparison
of the curves along with rehydration time shows that after rehydration for 6–10 h,
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Fig. 3.8 I: Water-selective transverse images of different water content (WC) rehydrated cornstalk
samples after rehydration for 24 h. II: Continuous T2-distribution obtained for cornstalk samples that
were submitted to rehydrating procedures with different water content for 24 h; III: T2-distribution at
the terminal of rehydration procedures and every set of curves corresponds to a different rehydration
amount. Reprinted from Ref. [73]. Copyright 2016 with permission from Elsevier
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relaxation time and value of T21 and T22 are almost invariable, inferring the
rehydration equilibrium is achieved.

The nature of the forces that hold the water preferentially in cellular structure is
supposed to be chemical bonding and capillary forces [57, 59, 61]. When dried
fibrous tissues are exposed to water, the bound water molecules form strong
hydrogen bonds with the exposed hydroxyl groups of the cell wall molecules. This
bonding occurs because the attractive forces between the surface hydroxyl groups
and water molecules exceed the attractive forces between molecules for themselves
[57, 59]. Additionally, the fact that the heat of wetting evolves when water is added
to dry wood, also implies the existence of chemical reactions [60]. The existence of
free water in various sizes and shapes of pores in fibrous tissues is considered a
capillary phenomenon [57]. Some engineers and material scientists have recognized
that for the typical dimensions of conduits in timber (of the order of 1–10 lm), the
reduction in vapor pressure estimated using the Kelvin capillary equation is very
modest [59, 60]. So free water amount is closely related to porous structure with
inner capillary forces and presents strong mobility.

As fibrous structure is rehydrated from absolute dry state to FSP, the motion of
water is mostly by diffusion, including diffusion of water vapor within the void
structure and diffusion of water in the “solid solution”; when fiber is wetted from
FSP to higher water content, the motion of water is driven by capillary force [57]. In
which the diffusion of bound water in the “solid solution” is more interesting. If the
water is chemically bound to cell walls, then a “diffusion” process presumably
involves a series of discrete jumps from one binding site to the next. The final
equilibrium would equate to a thermodynamic state of maximum entropy [60].
Other’s experiments showed a tendency that the rate of diffusion of the “bound”
water in the longitudinal (fiber) direction is about twice that in the radical direction
and three times that in the tangential direction [60], which was also observed in
cornstalk samples in this work. The faster rate along the longitudinal direction
presumably means that there are a greater number of available binding sites in that
direction and the binding energy per binding site in that direction could be less than
the other directions. Thus, it is the distinguishing of holding forces and driving
forces of two kinds of water that contribute to the mobility behavior of fast rehy-
dration of bound water and slow equilibrium of free water during rehydration.

Water distribution sites
As water rehydration sites bind with where the water play roles in, the spatial
arrangement of water in cornstalk is important for identifying water action sites.
According to the definition of bound water and free water, bound water chemically
binds to cell wall and free water occurs in capillary tubes. Herein, we discuss water
distribution sites at multi-length scales of cornstalk sample. (1) At tissue scale,
quantitative information of water compartment along the chip was monitored by
MRI. Figure 3.8I shows the water-selective transverse images collected at rehy-
dration’s beginning and equilibrium. A bright red image signal is associated to the
higher water content while a dark blue image signal is associated with a more rigid
structure. The water molecules are found majorly distributed in rinds of cornstalk at
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initial rehydration. As rehydration reaches the equilibrium, abundant water occurred
at rinds and pith vascular bundles in cornstalk, which are tissues rich in fibers. This
distribution is corresponding to water amount but cannot define water state. (2) At
cell scale, analysis of rehydration sites depends on the one-to-one correspondence
of T2 values with the lumen sizes of water-filled cells. The amplitude of relaxation
time over a period relates to the amount of water filled in certain pore sizes and the
relaxation time reflects the pore size [62]. By a rough comparison between pore size
distribution of dry cornstalk (see Fig. 3.9) and T2 relaxation distribution of fully
saturated sample (see Fig. 3.8III), T2s of 10 ms, 1000 ms, and 100000 ms may be
associated to pore sizes of 1 lm, 5–50 lm, and 50–300 lm at dry samples,
respectively. Research of Zhao and Chen on morphological analysis of pore dis-
tribution in cornstalk indicated that pores around 1 lm corresponded to intercellular
space, cell corner, and plasmodesma; 5–50 lm pores mainly referred to pits, fiber
cells, and sieve tubes; 50–300 lm pores corresponded to vessel cells in vascular
bundles [9]. Thus, a probably quantitative connection between water at certain T2

relaxation time and pore size attained from differential mercury intrusion spectra is
obtained for cornstalk sample. (3) At cell wall scale, the cell wall is a laminated
structure, and the number of layers and their thickness vary with the cell type. Much
of water in woody tissues are supposed to be held in the S2 layer of fiber cells and
tracheid, owing to the thick central S2 layer of the secondary wall layer which
constitutes the bulk (70–80% by volume) of cell wall and contains high proportions
of cellulose [63]. (4) At component scale, of the three major components of lig-
nocelluloses, lignin has the lowest affinity for water and hemicellulose the highest,
the affinity of cellulose for water is between these two. The reason is attributed to
the spatial arrangement of components (amorphous or crystalline) and exposed
hydroxyl groups [57]. The early data for Eucalyptus regnans showed that the
sorption capacity of lignin, hemicellulose, and cellulose was 0.60, 1.56, and 0.94,

Fig. 3.9 Pore size distribution of dry cornstalk determined by MIP [147]
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respectively [59, 64]. This means that the FSP would increase as the relative
proportion of hemicellulose increased, and decrease as the relative proportion of
lignin increased. Hence, the observed fact that lignocellulose often has a FSP
similar to cellulose arises because the two other major components have sorption
capacities either side of the value for cellulose, is conducive to the guide the
rehydration process for different materials.

Quantitative relationship of water states
Results from some experiments show that FSP remains almost constant for a plant
sample at certain temperature, regardless of whether the sample is intact or pul-
verized. Hence, given an estimate of fresh volume, fresh mass, dry mass, and FSP
of a piece of sample, it is straightforward to estimate volume fractions of the three
bulk phases (gas, liquid, solid) of water in the sample, and calculations have
remained more or less the same over the years done by engineers and material
scientists [65]. The estimated results according to the calculation framework in
Fig. 3.10I have been validated by LF-NMR in this work with minor measurement
errors. Figure 3.10II shows the calculated volume fractions of free water, bound
water, gas water, and dry matter as a function of water content of cornstalk samples
that achieve the rehydration equilibrium. The conclusion is in accordance with
results from Fig. 3.8 that the bound water first increases and keeps unvaried after
FSP, the free water appears at FSP and since then keeps the growing momentum. It
is interesting to view Fig. 3.10II with possibly different perspectives. For biologists,
the fundamental starting point is the liquid phase because that is the ultimate source
of biochemical activity in plants. However, the fundamental starting point for
engineers is the “solid” phase because that is the principal source of mechanical
strength of plant. Such constraints of water on plant architecture and function lay
the foundation for the following research of water function in pretreatment process.

3.3.3.2 Relationship Between Water States and Mechanical Property
of Lignocellulosic Biomass

In lignocellulosic biorefining process, engineering-oriented research on the correla-
tion between inner water and mechanical property of feedstock focus on (1) dry
feedstock swells when exposed to water, and (2) dry feedstock is stronger (i.e., it has
increased strength at elastic limits in endwise compression and cross-bending, and
has an increased modulus of rupture in bending) than wet feedstock. In the study,
mechanical strength analysis was performed on rehydrated samples to acquire the
relationship between water states and mechanical property of cornstalk and its key
guiding point to pretreatment. The data depicted in Fig. 3.11 represent that rehy-
drating decreased the force required to penetrate the chip, reflected by the decreased
hardness and fracturability, thereby increasing the chip plasticity. The downward
trends of chip strength show two successive stages referring to the drastic reduction
and slow reduction, and the important turning point is around FSP. This also points
one of determining methods of FSP by the mechanical method.
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In typical fiber structure, when a small amount of liquid water is poured onto dry
fiber, the water must, by default, be located inside the cell wall matrix as “bound”
water as analyzed before. Hence, the mass of cell walls increases, as does the
volume, which is observed macroscopically as swelling of fiber sample.
Concurrently, the strength of sample progressively declines as water content
increases. As water continues to be added, the system eventually reaches the
equilibrium where liquid water begins to accumulate in the voids as free water.
When that occurs, the cell wall ceases swelling and the strength of sample no longer

Fig. 3.10 I: Example calculations for estimating the volume of the three bulk phases (gas, liquid,
solid) in cornstalk sample. In this sample, md and mq refer to dry mass and liquid mass; Va, Vu, and
Vs refer to the volume of the “gas” phase, the “liquid” phase and the “solid solution” phase,
respectively; qd and qw refer to the density of the dry matter and pure liquid water. II: Resultant
variations in the volume fractions of free water, bound water, gas water and dry matter as a
function of water content, given measurements of the fresh volume (1 cm3), dry mass (0.14 g),
density of dry matter (1.5 g cm3), density of liquid water (1 g cm3) and FSP (0.3) [147]

3.3 Relationship Between Solid Matrix … 87



changes with water content. The water content at which this occurs is the FSP [57].
Hence, as noted above, water is the excellent plasticizer that maintains a moist and
soft texture of fibers and FSP is the turning point of fiber strength and swelling. The
swelling and strength changes of cellulosic sample when exposed to water are
mostly attributed to the increase in the mass of bound water while the contribution
of free water is little. Since the rehydration induced the swelling of fiber and
enlarged the pores in sample, thus increasing the water mobility in capillary tubes,
this explains the prolongation of T22 relaxation time as water content increases.
Especially for SE pretreatment, the reduction of structure rigidity and the
enlargement of pores caused by rehydration would allow the steam to penetrate into

Fig. 3.11 I: Mechanical strength of rehydrated cornstalk with different water content determined
by TPA. II: Temperature rising time and steam consumption during steam explosion process of
rehydrated cornstalk with different water content [147]
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superfine voids and guarantee the adequate heating at cooking stage, and in the
following decompression stage allow the explosion to occur by flash evaporation
and vapor expansion so enhancing the physical tearing force. In the work, hardness
and fracturability still slowly descend as water content increases beyond FSP,
which might be attributed to rehydration inhomogeneity.

3.3.3.3 Relationship Between Water States and Steam Explosion
Process of Lignocellulosic Biomass

SE applies water as the only transfer and reaction medium without adding other
media and chemicals. Water here refers to inserted steam and rehydrated liquid
water. The high-temperature steam is consumed to warm up wet materials and the
internal water resulted from rehydration influences steam penetration, and thus
relates to a series of autohydrolysis reactions and explosion effects [66]. Thus, water
in lignocelluloses takes vital effects on transfer and reaction behavior during SE
process.

Transfer process Variation trends of temperature rising time and steam con-
sumption during steam explosion of cornstalk with different rehydrated amount are
demonstrated in Fig. 3.11. Long temperature rising time and high amount of steam
consumption are observed on cornstalk samples with increased rehydrated water.
This phenomenon is owing to the heat transfer pattern and efficiency in lignocel-
lulosic substrate influenced by its water amount and states. When water content is
sufficiently low and the vessels are unblocked by liquid water, the steam enters the
end chip and passes rapidly through the chip until it condenses and gives up its
latent heat of vaporization inside the stalk. If the vessels are initially filled with
liquid water or if sufficient condensate accumulates to fill the chip before the steam
temperature is reached, further heat transfer is by the slower process of conduction
[67]. If all the heat required to heat the moist stalk to steam temperature was
supplied by condensation inside the chip, final water content of pretreated samples
would rise with increased initial water. The increase of condensed water means the
increment of consumed steam or energy. According to our previous research, there
is a correlation between water amount in materials and energy demand of steam
explosion, which is expressed as the steam amount consumed by per unit mass of
dry materials, m’ (kg/kg) [66].Therefore, much water rehydrated in samples result
in a substantial decrease in heat transfer speed and energy utilization efficiency. One
significant effect of the reduced ability of heat to penetrate the chips is the short-
ening of actual steaming time at settled temperature, causing a deteriorate severity
of pretreatment and an uneven treatment of the substrate (which can potentially
result in the selective degradation of the outer portion of the chips, while at the
same time the interior is less affected by the treatment) [67, 68]. Since the maximum
amplitude of bound water cannot exceed FSP, while free water can be aggregated in
the connecting capillary tubes until reaching complete saturation and exerts hurdles
to steam penetration and heat transfer, thus free water creates a greater negative
impact on steam and heat transfer process due to the wider variation range.
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Reaction process Steam explosion is usually carried out at relatively high
temperature (140–220 °C) under mild acidic conditions which come about largely
from the decrease in the pKw of water at the elevated temperature and the release of
organic acids from biomass components ([39, 52]). This high-temperature and
acidic environment are effective in triggering a series of hydrothermal reactions.
Hemicellulose was thought to be hydrolyzed into monomeric, oligomeric sugars,
and partial furfural by autohydrolysis effects with the acidic water, acetic, and other
acids catalysis derived from acetyl groups. The ester linkages between carbohy-
drates and lignin were disrupted, and hence lignin was melted, solubilized, and
recondensed ([52]). The chemical composition for all the cornstalk samples is given
in Table 3.6. Wet pretreated solids show high glucan and xylan content and low
ASL content compared with the dry ones. This indicates that samples after rehy-
dration with more water were less hydrolysable during pretreatment. While, sam-
ples underwent wild hydrolysis of cellulose and hemicelluloses, their SE
hydrolysates show an increased amount of soluble sugars (glucose and xylose).
This is due to the weakened degradation reactions, which are also supported by the
decreased amount of degradation products (furfural and HMF). In addition, acetic
acids produced from the removal of acetyl group show a substantial decrease as
water content increased. The observed changes in chemical compositions are likely
related to a “buffering effect” of water proposed by Cullis et al. (2004), whereby

Table 3.6 The compositions of the pretreated biomass and liquid fraction after SE of cornstalk
rehydrated with different water contents [70]

Water
content
(%)

Filtrate composition (g/100 g feedstock) Water-insoluble fiber
composition (g/100 g feedstock)

Glucose Xylose Furfural HMF Acetic
acid

Glucan Xylan ASL AIL

20 1.38
(0.05)

3.85
(0.07)

0.18
(0.03)

1.75
(0.02)

2.50
(0.06)

28.20
(0.37)

3.38
(0.42)

2.37
(0.29)

26.03
(0.13)

30 1.35
(0.02)

3.98
(0.01)

0.18
(0.01)

1.86
(0.04)

2.38
(0.03)

28.86
(0.22)

3.44
(0.23)

2.25
(0.17)

25.37
(0.11)

40 1.65
(0.05)

4.04
(0.06)

0.17
(0.02)

1.91
(0.05)

2.21
(0.02)

28.72
(0.73)

3.76
(0.24)

2.19
(0.58)

25.01
(0.49)

60 1.78
(0.03)

4.21
(0.02)

0.19
(0.04)

1.81
(0.03)

2.07
(0.01)

29.42
(0.46)

4.27
(0.35)

2.05
(0.36)

24.12
(0.56)

80 2.03
(0.05)

4.13
(0.07)

0.17
(0.03)

1.69
(0.08)

1.73
(0.05)

29.42
(0.55)

4.25
(0.50)

2.04
(0.41)

23.67
(0.26)

100 2.12
(0.02)

4.48
(0.05)

0.15
(0.05)

1.50
(0.09)

1.80
(0.04)

29.24
(0.18)

4.38
(0.46)

1.99
(0.29)

21.78
(0.34)

200 2.20
(0.01)

4.81
(0.01)

0.12
(0.03)

1.82
(0.06)

1.06
(0.09)

32.14
(0.68)

7.03
(0.77)

1.97
(0.44)

20.79
(0.25)

411
soaked

2.64
(0.05)

4.33
(0.07)

0.12
(0.05)

2.41
(0.08)

0.68
(0.05)

32.71
(0.78)

9.02
(0.43)

1.60
(0.76)

18.04
(0.61)

776
fresh

10.89
(0.09)

5.31
(0.08)

0.05
(0.02)

6.18
(0.02)

0.69
(0.03)

30.57
(0.21)

9.04
(0.25)

1.05
(0.63)

16.53
(0.13)
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water buffers against carbohydrate solubilization, decomposition, and autohydrol-
ysis due to slower rates of heating in the interior of the chips, which causing the
predetermined high-temperature and acidic environment is not accessible in a rel-
atively short time [69]. The buffering ability of water, thereby, weakens SE severity
and takes detrimental impact on pretreatment efficacy.

Resultant pretreatment performance Effect of water states on SE transfer and
reaction behavior was reflected in the pretreatment performance. The cellulose
recovery in pretreatment, cellulose conversion after enzymatic hydrolysis and
glucose yield of the whole process (pretreatment + enzymatic hydrolysis) have
been evaluated as presented in Fig. 3.12 Increasing water content has been shown
to have a desirable effect on the recovery of glucose during pretreatment by its
percentage increased from 93.12 to 100%. It has been confirmed an opposite
relation existing between cellulose recovery and SE severity in previous research
[54, 67, 70]. High water results in a substrate that demonstrates a decreased yield of
enzymatic hydrolysis from 89.93 to 67.21%, which agrees with our previous
findings [54]. This unfavorable hydrolysis can be attributed to the buffering effect of
rehydrated water for SE as noted before. On one hand, high water impedes effective
heat transfer and thus negatively affects thermo-chemical reactions during SE
process. Since hemicellulose and lignin are not effectively removed from the
substrates owing to the deficient solubilization and degradation, their residues
impede the accessibility of hydrolytic enzymes to cellulosic substrate [4, 44, 71].
On the other hand, high water hinders the effective penetration of high-temperature

Fig. 3.12 Cellulose recovery in pretreatment, cellulose conversion after enzymatic hydrolysis and
glucose yield of the whole process (pretreatment + enzymatic hydrolysis) of rehydrated cornstalk
with different water content [147]
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steam, the pressure difference driving the evaporation and expansion of water inside
the biomass is difficult to reach between the inside and outside of each cell. This is
not conducive to the physical tearing action in the decompression step on the rigid
and highly ordered fibrils, thus not resulting in a loose and porous structure exposed
to enzymes. These insufficient chemical and physical changes lead to the low
efficiency of biomass utilization. It is worth noting that, the yield of enzymatic
hydrolysis remains almost invariable when the samples were rehydrated from initial
water content to FSP, after then experiences a substantial decrease. This tendency is
similar to the periodical upward trend of cellulose recovery in pretreated materials.
These indicate the twofold effects of free water occurring after FSP on impairing SE
efficacy: the first effect being a buffering ability on hindering the normal proceeding
of transfer and reaction during SE, and the second effect attributing to the no more
changeable mechanical strength of rehydrated materials with occurrence of free
water. Finally, as the combined result of glucose recovery and conversion yield, the
overall glucose yield of the whole process is increased from 76.65 to 85.44% by
increasing water content to FSP, and then decreased to 74.11% with the increase of
water content from FSP to totally saturation. Thus, considering the effects on
pretreatment efficacy and energy consumption, the importance of FSP for SE
pretreatment is evident, the bound water it determined being the excellent plasti-
cizer that maintains the soft texture of fibers is conducive to steam explosion effects,
while the free water it determined presenting the buffering effects on pretreatment
and consuming abundant energy is not conducive.

Two main water states with different mobility existed corn stalk and decided by
rehydration. Bound water reducing the mechanical strength of fibers by over 30%
with its increase is conducive to SE pretreatment; free water hindering heat transfer
by increasing temperature rising time by 2.33 folds and increasing steam con-
sumption by 1.44 folds is not conducive, and the distinguished point of these two
water is FSP. By considering pretreatment efficacy and energy consumption, the
optimal water states for SE pretreatment is achieved by rehydrating to FSP for
6-10 h.

3.3.4 Loading Coefficient

Significant advances have been done in last 30 years on expanding the application
fields and enhancing the efficacy of steam explosion pretreatment by optimizing key
factors (mainly retention time and holding temperature) that attributed to the
“severity factor” [46, 51, 72]. There are still some studies relevant to effects of
addition of acids or weak alkali salts, moisture content, and chip size of feedstocks
on steam explosion [15, 27, 67, 69, 73]. While few works focused on the loading
coefficient of steam explosion apparatus and its vital role played in steam explosion
process and subsequent disposal effects. In this study, we recognize the importance
of loading coefficient as it significantly influences transfer and reaction issues in
steam explosion process. The heat and moisture transfer pattern and efficiency are
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largely affected by loading coefficient, resulting in changes of energy consumption
of steam explosion process and the final moisture content of steam-exploded
materials. In which, the former majorly determines pretreatment economic effi-
ciency, the latter is a crucial regulating parameter related to following drying,
enzymatic hydrolysis, and other operations, especially in industrial scale.
Meanwhile, loading coefficient is still related to explosion effectiveness, since it
contributes to the steam deflation speed and influences the physical action of
crowded materials during the sudden explosion. These effects of loading coefficient
on steam explosion process inevitably alter the pretreatment effects and hence
contribute to subsequent disposal effects of pretreated materials. In addition,
loading coefficient is restricted by practical handling, transporting, and storing
capacity of biorefinery plant and should guarantee the mutual connection of pro-
duction procedures with respect to time and equipment. Therefore, to realize,
control, and optimize the loading coefficient is very important in both the experi-
mental research and industrial production, while has always been neglected.

The loading coefficient is influenced by many aspects including apparatus
parameters, operational parameters, and material property. For a certain apparatus
and operation condition, it should be determined by loading pattern and material
property. To our best knowledge, there is no reference on evaluating the loading
pattern’s effect on steam explosion process and previous research on material
property like moisture and chip size were limited [27, 67, 68, 73, 74] since the
narrow investigation range cannot completely reflect the overall influence trend. In
addition, to optimize relevant loading parameters, previous evaluation taking steam
explosion efficacy as the only standard is far from enough. From an economic point
of view, efficient pretreatment should make the utilization process less costly. The
optimization of loading parameters would better be compromised between the
economical and processing efficiency of steam explosion to meet the requirement of
the economy of process. Therefore, it would also be desirable to in-depth analyze
the parameters that influence loading coefficient and explore their innovative
optimization strategies for improving the economics of steam explosion process.

3.3.4.1 Loading Coefficient’s Relation with Loading Pattern
and Material Property

The loading coefficient of steam explosion apparatus ∅ is defined as follows:

/ ¼ kq00ð1þwÞ ð3:2Þ

q00 ¼ q0ð1� ep � evÞ; ð3:3Þ

where ∅ is the loading coefficient, kg/m3, k is the compaction degree of loading
materials and is expressed as loading pattern in this study. It is calculated as the
loading amount divided by the bulk density of materials at certain chip size and
certain volume of reactor. q0’ and q0 are the bulk density and real density of dry
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materials, kg/m3; ep and ev are the porosity inside particles and the voidage of
materials(%); w is the moisture content (dry basis) of materials (%).

According to the expression of loading coefficient, it is related to loading pattern
and material property. In which loading pattern is influenced by the production
capacity of process; material property includes the moisture content of materials
depending on the initial moisture content and added water and the bulk density of
materials determined by material type and chip size. In this study, corn stalk is the
objective substrate and steam explosion is done in a 20 L reactor at 1.5 MPa for
5 min. Under this condition, loading coefficient is only determined by loading
pattern, moisture content, and chip size. The bulk density of corn stalks corre-
sponding to different chip sizes (5–8 cm, 3–5 cm, 1–2 cm, 0.5–0.8 cm, and milled
powders) was measured as 64.69 kg/m3, 72.33 kg/m3, 85.48 kg/m3, 112.1 kg/m3,
and 140.0 kg/m3.

3.3.4.2 Relationship Between Loading Parameters and Transfer
Process of Steam Explosion

Heat transfer and energy consumption of steam explosion process
Heat transfer and energy consumption of steam explosion process under different

loading parameters are analyzed and derived from our previous research on multi-
stage heat transfer model of steam explosion process [66]. In this model, total energy
consumption of steam explosion processQt is composed of heating steam energyQ1,
heating air energy Q2, heating materials energy Q3, heating reactor energy Q4, and
radiation energy of reactor Q5. In which the value of Q2 is small and hence is neg-
ligible in this study. All the parameters involved are illustrated in Table 3.7.

According to our deduction, loading coefficient only has impact on heating
materials energy Q3 which is expressed as

Q3 ¼ ðCpkVq
0
0 þCwkVq

0
0wÞðTe � T0Þ ð3:4Þ

The total energy consumption of steam explosion process taking loading coef-
ficient into accounts, Qt is written as

ð3:5Þ

And the corresponding steam consumed by per unit mass of dry materials in
steam explosion process m′ is changed to
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Table 3.7 The model symbols [54]

Parameters Description Units Value Sources

Ar Heating area of reactor m2 �0.45 [54]

C0 Blackbody radiation coefficient W/(m2

K4)
5.67 [66]

Cp Specific heat of material kJ/
(kg K)

1.62 [66]

Cr Specific heat of reactor’s material kJ/
(kg K)

0.46 [66]

Cw Specific heat of water kJ/
(kg K)

4.2 [66]

hf0 Enthalpy of water at T kJ/kg 83.96 [66]

hfe Enthalpy of water at Te kJ/kg 844.89 [155]

hfg Evaporation enthalpy at Te kJ/kg 1946.65 [155]

hft Enthalpy of water at Tt kJ/kg 376.78 [155]

hge Enthalpy of steam at Te kJ/kg 2791.54 [155]

hgt Enthalpy of steam at Tt kJ/kg 2659.60 [155]

k Loading pattern %

Mr Weight of reactor kg �60 [54]

m1 Condensed water kg

m2 Flash water kg

mg Amount of steam in reactor kg 0.15 [54]

m’ Steam consumed by per unit mass of dry
materials

kg

P0 Initial surrounding pressure MPa 0.1013 [54]

Pe Holding pressure MPa

P� Critical pressure MPa 0.192 [76]

Q1 Heating steam energy kJ

Q2 Heating air energy kJ

Q3 Heating materials energy kJ

Q4 Heating reactor energy kJ

Q5 Radiation energy of reactor kJ

Qt Total energy consumption of steam
explosion process

kJ

S Steam deflation passage area mm2

T0 Initial surrounding temperature K 293 [54]

Te Holding temperature K 471 [54]

Tt Temperature of steam after explosion K 363 [54]

t Retention time s 300 [54]

t0 Gas deflation time s

V Volume of reactor m3 0.02 [54]

Vs Volume of gas contained in the reactor L

w Initial moisture content of materials %
(continued)
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m0 ¼ mgðhge � hf 0Þþ ðCPkVq00 þCwkVq00wÞðTe � T0ÞþCrMrðTe � T0Þþ eC0ðTe=100Þ4Art=1000
kVq00ðhge � hf 0Þ

ð3:6Þ

According to Eqs. 3.4 and 3.5, the increase of loading pattern k, bulk density q0′
and moisture content w increases heating materials energy Q3, and hence total
energy consumption Qt. As for m′, it clearly increases as moisture content increases
while declines as loading pattern and bulk density increase. When steam explosion
is operated in a given apparatus and holding temperature and time are settled,
energy consumed for heating steam and reactor Q1, Q4, and reactor radiation energy
Q5 are not varied anymore according to Eq. 3.5. Along with the increase of loading
amount caused by loading pattern and bulk density, above three energies shared on
per unit mass of materials decreased, resulting in the reduction of m′. Therefore,
despite increased loading pattern and bulk density consume high total energy, they
decrease m’ and hence improve the energy utilization efficiency of per unit mass of
dry materials.

To further investigate the influence power of loading parameters on energy
consumption, single factor analysis by central composite response surface was
conducted on Design Expert 8.0. The analysis is calculated on the proposed
equations with parameters in experimental conditions. Results show that the
obtained single factor response curves in Fig. 3.13 support above influence trend
and provide the influence degree of each parameter: loading pattern > bulk density
> moisture content.

Moisture transfer and moisture content of steam-exploded materials The
moisture variation during steam explosion process involves (1) water in materials
before heating, including initial moisture and added water; (2) condensed water
generated in pressure boost stage m1 for heating materials and the reactor; (3) flash
water lost in instantaneous decompression stage m2 due to sudden phase change of
liquid water. Derived from the heat transfer model in our previous work [66], the

Table 3.7 (continued)

Parameters Description Units Value Sources

wt Final moisture content of
steam-exploded materials

%

e Blackness of reactor 0.6 [66]

ep Porosity inside particles %

ev Voidage of materials %

j Adiabatic exponent 1.33 [76]

q’0 Bulk density of dry material kg/m3

q0 Real density of dry material kg/m3

s Gas charge/deflation time constant s

U Loading coefficient kg/m3

Reprinted from Ref. [62]. Copyright 2015, with permission from Elsevier
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condensed water m1 and flash water m2 under the influence of loading parameters
are expressed as

m1 ¼ ðCpkVq
0
0 þCwkVq

0
0wþCrMrÞðTe � T0Þ=hfg ð3:7Þ

m2 ¼ ð/Vq00wþm1Þðhfe � hftÞ=ðhgt � hftÞ ð3:8Þ

The final moisture content of pretreated materials wt deduced from above
equations is written as

Fig. 3.13 Single factor response curve of steam consumption of per unit mass of dry materials
m0, kg and final moisture content of pretreated materials wt, %. The response is plotted by
changing only one factor over its range while holding all the other factors constant [54]. A is bulk
density and fixed at 102.35 kg/m3, B is the moisture content and fixed at 60%, C is loading pattern
and fixed at 77.30%. The x axis stands for five levels of each factor in Table 3.8
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wt ¼ ðkVq00wþm1 � m2Þ=ðkVq00Þ
¼ wþðCp þCwwÞðTe � T0Þ=hfg þCrMrðTe � T0Þ=ðhfgkVq00Þ

� �ðhgt � hfeÞ=ðhgt � hftÞ
ð3:9Þ

According to Eqs. 3.7–3.9, loading parameters have obvious impact on all three
kinds of water and the final moisture content of pretreated materials wt. As the
amount of condensed water exceeds that of flash water lost in sudden explosion
according to calculation results, the final amount of pretreated materials is higher
than the initial amount of materials. In terms of the final moisture content of
pretreated materials wt, it can be inferred from Eq. 3.9 that increasing the moisture
of materials before pretreatment certainly leads to the increase of final moisture of
pretreated materials, whereas increasing the loading pattern and bulk density do
oppositely. The opposite effects of loading pattern and bulk density might be
attributed to less condensed water for heating reactor shared on per unit mass of
materials. As under the certain apparatus and holding pressure, the amount of
condensed water for heating reactor which occupies a large percent of condensed
water, is fixed at a certain value. When more materials are loaded by increasing the
loading pattern and bulk density, the certain amount of condensed water was
contained in more materials, resulting in the decrease of wt.

Results of single factor response curves established on this model in Fig. 3.13
agree with above opinions. The relevant parameters used in calculation are listed in
Table 3.7. The curve profile shows the influence sequence of three parameters on
wt: loading pattern > bulk density > moisture content, which is similar to that on
energy consumption. It is worth noting that the trend occurs under the
well-preheating or continuously operational conditions of steam explosion appa-
ratus, which means the initial temperature of the reactor is much higher than the
surrounding temperature. If at the initial run time of steam explosion apparatus
which means the reactor’s initial temperature is low and close to the surrounding
temperature, the increased temperature difference between the reactor temperature

Fig. 3.14 Characteristic
pressure–time curve for steam
deflation process [54]
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and holding temperature would result in a substantial increase of condensed water
as shown in Eq. 3.6. Consequently, the influence trend of loading parameters on
moisture content of pretreated materials would be more obvious.

Steam deflation process and deflation speed Steam deflation time influences
the theoretical explosion power density which represents the severity of the
explosion stage, compared with the traditional severity factor which expresses the
severity of the cooking stage [75]. It can be calculated with equations describing
gas mechanics (adiabatic process), gas flow, and sound velocity of adiabatic process
[76], as illustrated in Fig. 3.14. The entire gas deflation time is the sum of the two
phases, which involves sonic area and subsonic area and is expressed as

to ¼ ðPe=P
�Þðj�1Þ=2j � 1

h i
2j=ðj� 1Þþ 0:914ðPe=P0Þðj�1Þ=2j

n o
s; ð3:10Þ

where Pe represents the holding pressure, P� is the critical pressure with a common
value for 0.192 MPa, P0 is 0.1013 MPa, j is the adiabatic exponent (1.33 for
steam), s is the gas charge/deflation time constant, s and expressed as

s ¼ 5:217ðVs=jSÞ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
273=Te

p
; ð3:11Þ

where S is the steam deflation passage area, mm2; Te is the holding temperature, K;
Vs is the volume of gas contained in the steam explosion reactor, L and written as

Vs ¼ ð1� kþ eP þ eV ÞV ð3:12Þ

When pressure in the reactor > critical pressure P� , steam deflation speed at
the discharge port is kept in sound velocity area due to the small deflation amount.
It is noticed that the sound velocity under this condition changes with the pressure
in reactor, so the gas flow of deflation is variable. When pressure in the
reactor < P� , deflation gas flow belongs to the scope of subsonic flow, under this
condition, steam deflation speed and flow amount still act in nonlinear variation. As
shown in Eqs. 3.10–3.12, loading coefficient has impact on the volume of steam in
reactor Vs which influences the gas charge/deflation time constant s and hence
changes the deflation time. With the increase of loading pattern and bulk density,
the resulted drop of Vs and s lead to the decrease of deflation time. The short
deflation time which means the instantaneously physical tearing of hydrolyzed
materials was thought to benefit the explosion efficiency [77]. In addition to loading
parameters, the deflation time is still related to the holding pressure, volume of
reactor, and discharge port area according to this model.
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3.3.4.3 Effects of Steam Explosion Loading Parameters
on Pretreatment Efficacy of Corn Stalk

Above changes in steam explosion process caused by loading coefficient inevitably
influence pretreatment efficiency, which is evaluated by chemical composition and
enzymatic hydrolysis performance of pretreated materials. The recovery is defined
as the derived sugar in both the filtrate and water-insoluble fiber obtained after
steam explosion. The enzymatic hydrolysis yield is expressed as sugar content
produced in the hydrolysis of water-insoluble fiber. The overall sugar yield includes
the soluble sugars in the liquid from pretreatment and obtained in the enzymatic
hydrolysis. All of them are expressed based on the percentage of the theoretically
available sugar content in dry materials. And Table 3.8 shows the composition of
the filtrate and water-insoluble fiber of steam-exploded materials.

As expected, steam explosion preferentially attracted the hemicellulosic com-
ponents. The hemicellulose solubilization, which reflected by the residual xylan
amount in solid fraction, was found increasing with the increased chip size except
for milled chips. The glucan and lignin content in solid fraction increased con-
currently due to the removal of xylan. In liquid fraction, there was increased
hemicellulosic sugar degradation (mainly xylose) at larger chip size except for
milled chips, resulting in the formation of by-products mainly furfural. Therefore,
larger chip size improves solubilization and degradation of hemicellulosic sugars
compared to smaller chip size at the same pretreatment condition. The recovery of
glucose and xylose in both the filtrate and water-insoluble fibers showed a signif-
icant increase from milled chips to 5–8 mm chips (Figs. 3.15 and 3.16). When the
larger chips were used, the recovery of glucose was more or less constant (approach
to 100%), while the recovery of xylose decreased from 84.62 to 36.56%. Previous
findings showed that there was a function of higher solubilization and degradation
and lower recovery of hemicellulosic sugars during more severe pretreatment [69,
73]. Therefore, it is fair to conclude that corn stalk with larger chip size is subjected
to more severe pretreatment than smaller chips. This might be due to the higher pile
porosity of corn stalk at larger chip sizes owing to the lower bulk density.
High-pressure steam penetrated easier the interior of the pile of corn stalks with
larger chip size, making more chips remained contact during pretreatment and
available for autohydrolysis and explosion effects [27]. As excessive size reduction
sharply increased the surface area of materials and helped to reduce the heat transfer
heterogeneity during hydrolysis [73, 77].

The enzymatic hydrolysis yields of glucose and xylose, which reflect the
digestibility of pretreated materials, are demonstrated in Figs. 3.15 and 3.16. Both
the hydrolysis yield of glucose and xylose increased with increasing chip size
except for milled chips. Previous studies have proved that larger chip sizes after
steam explosion pretreatment showed the higher specific surface area and lower
crystallinity [27], which would contribute to the higher digestibility efficiency of
pretreated materials. However, the optimum pretreatment conditions for the max-
imum recovery and digestibility yield of xylose are not consistent as shown in
Fig. 3.16. Hemicellulose required mild severity treatment to be recovered in high
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yield but at the expense of decreasing enzymatic hydrolysis yield. To facilitate the
comparison of loading parameters on both the recovery and digestibility, the overall
yields of glucose and xylose at different chip sizes were investigated. It can be seen

Fig. 3.15 Recovery,
enzymatic hydrolysis yield,
and overall yield of glucose
under different loading
parameters [54]
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Fig. 3.16 Recovery,
enzymatic hydrolysis yield,
and overall yield of xylose
under different loading
parameters [54]
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from the asterisk in Figs. 3.15 and 3.16, the total sugar yield reached a maximum of
71.81% at 3–5 cm, which is regarded as the most suitable chip size for pretreatment
when considering both glucose and xylose yields. Thus, larger chip size performed
better during pretreatment and consequently enzymatic hydrolysis.

Moisture content As illustrated in Table 3.8, the percentage of glucan and
xylan in solid fraction increased as moisture content increased, inferring the
reduction of sugar solubilization. In liquid fraction, high amount of glucose and
xylose obtained at high moisture content with few degraded products HMF also
supports the above observation. These indicate that increased moisture content
restricted the quantity of carbohydrates that are liberated into the liquid portion and
subsequently degraded. Therefore, the recovery of glucose and xylose increased
with the rise of moisture content (Figs. 3.15 and 3.16). Previous study showed that
solid substrate recovery after steam explosion also presented an upward trend as
moisture content increased [69], although no apparent difference observed in this
study. Above changes including reduced solubilization and degradation and
increased sugar recovery are likely attributed to the weak pretreatment efficacy
caused by heat transfer problems at high moisture content [67, 69]. When the
moisture content was sufficiently low and the vessels were unblocked by liquid
water, heat transfer was thought to be conducted by rapid condensation to give up
latent heat of vaporization. If sufficient condensate accumulates to fill the vessels
before settled temperature was reached or the moisture was enough high, further
heat transfer was by the slow process of conduction. In this regard, the heat transfer
through humid materials was slower than dry chips. This “buffer effect” of water
presents hurdles for carbohydrate solubilization, decomposition and efficient
autohydrolysis due to high heat capacity of water and slow heating rate in the
interior of the chips [78, 79]. Thus, it is suggested that high-moisture materials
require longer steaming time for development of the maximum digestibility.

As exhibited in Fig. 3.15, the enzymatic hydrolysis yield of glucose first reached a
peak of 89.99% at 40% moisture content and then decreased as moisture content
increased. This is consistent with previous study that lower moisture led to higher
enzymatic digestibility [80]. In Fig. 3.16, the enzymatic hydrolysis yield of xylose
showed no difference among different moisture contents. As the combined results of
sugar recovery and enzymatic hydrolysis yield, the overall glucose yield decreased
with increased moisture content due to the reduction of hydrolysis yield while the
overall xylose yield increased resulting from the increase of xylose recovery. The
maximum yield of total sugars was still achieved at 40%moisture content. Therefore,
low moisture content leads to high pretreatment severity and enzymatic hydrolysis
yield, although these improvements are at the expense of slight drop of recovery.

Loading pattern
As shown in Table 3.8, in water-insoluble solids, increasing the loading pattern
which means increasing the volume or compaction degree of loading material,
resulting in a slight decrease of xylan. This reflects the improved solubilization of
hemicellulose at high loading pattern. As a result, glucan and AIL in solid fraction
relatively increased. In water-soluble fraction, increased loading pattern prompted
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the solubilization and degradation of cellulose, evidenced by the upward trend of
glucose and HMF. Changes of xylose, acetic, and furfural were not obvious.
Observed variations indicate that the pretreatment severity slightly increased with
the increase of loading pattern. This is likely because of the strong shearing force
among crowded materials during the sudden explosion and the rapid deflation speed
as mentioned in Sect. 3.3.4.2 at compact loading pattern. However, effects of the
slight increase of pretreatment severity on the recovery of glucose and xylose were
not apparent, as shown in Figs. 3.15 and 3.16.

In relation to enzymatic hydrolysis yield, it also appeared no clear changes with
the increase of loading pattern. This might be caused by many reasons including the
small distinguish among pretreatment severities and the recalcitrance of lignin [69].
Results of overall glucose and xylose yields at different loading patterns were nearly
identical. Therefore, though high steam explosion severity was reached at large
loading coefficient, this little increase had almost no effects on the final sugar yield.

3.3.4.4 Optimization Strategy of Steam Explosion Loading
Parameters

Taking corn stalk as research subject, simulated calculation and relevant experi-
ments were used to investigate loading parameters’ effects on steam explosion
process and subsequent hydrolysis performance. Since influence trend of loading
parameters varied in several investigated aspects as discussed in Sect. 3.2, their
optimization should be balanced among these aspects with the general principle of
maximizing products yield and minimizing energy demand to improve the process
economy. Influence trends of each loading parameter on pretreatment process,
efficacy and batch yield are summarized in Table 3.9.

Table 3.9 Effects of increasing loading parameters on steam explosion process, steam explosion
efficiency and batch yield [54]

Steam explosion process Steam explosion
efficiency

Batch yield of
steam-exploded
materialsEnergy

consumption
efficiency

Moisture
content of
pretreated
samples

Deflation
rate

Relative
severity

Overall
sugar
yield

Loading
pattern

+ − + + □ +

Moisture
content

− + □ − − □

Chip size − + − + + −

+ = Positive effect
− = Negative effect
□ = Not determined
Reprinted from Ref. [62]. Copyright 2015, with permission from Elsevier
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For loading pattern increased from 30.9 to 123.7%, the energy utilization effi-
ciency of steam explosion process is improved and the ultimate moisture content of
steam-exploded substrate shows a declining trend which helps to save the power
used in subsequent drying process. Compact loading pattern also causes the
acceleration of deflation speed, reinforcing physical tearing function in sudden
decompression. Experimental analysis reveals that despite the slightly increasing
trend of pretreatment severity was obtained at compact loading pattern, the small
change did not manifest significant difference in enzymatic hydrolysis performance.
However, increasing the loading compaction degree would lead to an increase of
handling capacity, consequently a high batch yield of products. Therefore, compact
loading pattern is preferable for the aim of maximizing products yield and mini-
mizing process energy consumption. In addition to above aspects, loading pattern
still depends on actual transporting, handling and storing capacity and the suc-
cession of procedures and equipment.

For moisture content of materials before steam explosion, when it is increased
from 20 to 100%, the final moisture content of pretreated materials should increase.
Over much moisture consumes large amount of energy, reflected by the increased
total energy consumption and reduced energy utilization efficiency. The “buffer
effect” caused by extra water provided mild pretreatment to substrate and was
responsible for the poor hydrolysis performance. In terms of deflation speed and
handling capacity, moisture content is not taken into consideration. Therefore, high
moisture content should not be suitable for pretreatment of corn stalk, due to the
waste of energy and low enzymatic digestibility. The present study also shows that
corn stalk with 40% moisture content generated the maximum enzymatic hydrolysis
yield under relatively low water and energy consumption, thereby is possibly the
optimum subject.

For chip size ranged from 20 meshes to 5–8 cm, it is clear that smaller corn stalk
chips present higher bulk density which corresponds to larger loading amount. The
increase of loading amount increased the total energy consumption while improved
the energy utilization efficiency, which is similar to the compact loading pattern.
The moisture content of pretreated materials exhibited a consistent decreasing trend
as chip size decreased. And quick deflation speed would be reached at small chip
size, resulting in good physical effects. However, hydrolysis of steam-exploded
substrates with smaller chip size showed weaker severity and lower digestibility
yields. Therefore, considering the pretreatment energy consumption and processing
efficacy, there is a confounding factor caused by different chip sizes. In spite of
above mentioned, extra milling energy and batch process yield of small chip size
also should be considered. Accordingly, further considerable attention should be
taken for selecting a suitable chip size from a compromise between process energy
consumption and production yields.

This study stressed the importance of loading coefficient for steam explosion
process. Loading coefficient is determined by loading pattern and material property
including moisture content and chip size. Both compact loading pattern and low
moisture content improved energy efficiency of pretreatment and enzymatic
hydrolysis performance of pretreated materials, indicating that they are desirable to
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improve the process economy. Pretreatment of small chip size showed low enzy-
matic digestibility but high pretreatment energy efficiency, whether the energy
demand for pretreatment can be compensated by the process yield, requires
techno-economical evaluations.

3.3.5 Others

The bioactive compounds from plant materials are widely used in material medical,
consumer chemicals, cosmetics, and food industries. The increasing interests in
bioactive compounds are accompanied by a need to expand and modify efficient
plant-extraction methods [81–83]. Conventional methods for enhancing extraction
were characterized by high temperature, lengthy extraction procedures, and decreasing
thematerial size [84, 85].However, high temperature and lengthy extraction procedures
may result in degradation of some thermosensitive compounds. As shown in
Table 3.10, there are many thermosensitive compounds, almost involving all kinds of
bioactive compounds such as alkaloids, saponins, vitamin, indican, and polyphenolic.
In order to reduce the degradation, the thermosensitive compounds are extracted with

Table 3.10 Summary of literature on thermosensitive compounds and extraction methods [170]

Categories Compounds Extraction methods Reference

Polyphenolic Chlorogenic
acid

Air–steam explosion pretreatment, water
extraction

[170]

Alkaloids Oxymatrine Ultrasound-assisted extraction [86]

Saponins Saponin Microwave-assisted extraction [87]

Vitamin Vitamin C Vacuum microwave-assisted extraction [88]

Carotenoids b-carotene Supercritical fluid extraction [79]

Polyphenolic Chlorogenic
acid

Ultrasound-assisted extraction [89]

Flavonoids Total
flavonoids

Pressurized solvent extraction [90]

Indican Anthraquinones Pressurized hot water extraction [91]

Fig. 3.17 Chemical structure
of chlorogenic acid [101]
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modern techniques such as supercritical fluid extraction (SFE), pressurized liquid
extraction (PLE), vacuum microwave-assisted extraction (VMAE), and
ultrasonic-assisted extraction (UAE) [79, 86–91]. These above techniques provide
some advantages of faster and efficient extraction processes. However, special equip-
ment is needed in these extraction processes,which requires greatfinancial investments,
and the conditions are rigid such as vacuum and high pressure. In order to achieve the
desired extraction yield, solid–liquid ratio (w/v) was always kept as 1:6–1:30.
Considering the cost efficiency, the large volumes of solvent were challenges for the
special equipment and extraction process of these above modern extraction methods.
Therefore, an efficient and economical extraction from plant materials is necessary for
utilization of thermosensitive bioactive compounds.

Chlorogenic acid is a common thermosensitive polyphenol, which is an ester
compound produced by caffeic acid and quinic acid with unsaturated double bond
(Fig. 3.17) [92]. Chlorogenic acid is used as antioxidant, antidiabetic, and antihyper-
glycemic [93–95]. It is also a promising precursor compound for the development of
medicine that can resist AIDS virus HIV. The current commercial sources of chloro-
genic acid are mainly extracted from plant materials, such as the leaves of Eucommia
ulmoides Oliver (E. ulmoides) that have been used in traditional Chinese medicine [96,
97]. Due to thermosensitivity, the oxidation, hydrolysis, and isomerization can be
usually accelerated when chlorogenic acid is subjected to higher temperatures [22].
Therefore, increasing time and temperature is unsuitable for chlorogenic acid extrac-
tion. Additionally, the positive effects of decreasing particle sizes of raw materials in
chlorogenic acid extraction process have been widely reported [98]. However, E.
ulmoides is abounded with rigid biopolymers and fibrous long-chain trans−1,
4-polyisoprene (Eucommia-Rubber) [99]. These biopolymers are also accumulated in
the leaves ofE. ulmoides, forming afilament network (Fig. 3.18) [100]. These networks
result in the difficulty of size reduction. As chlorogenic acidmainly exists in the cells of
E. ulmoides leaves, these networks and cell walls are, therefore, considered as barriers
for effective extraction. Thus, a rapid and novel method should be developed to achieve
the desirable extraction yield of thermosensitive chlorogenic acid.

Steam explosion is a widely employed and environment-friendly pretreatment
method for plant materials. Its principle is steam hydrolysis at high temperature,
followed by sudden release of high pressure for physically tearing the hydrolyzed
materials [26, 101]. Typical results of steam explosion for plant materials include
substantial breakdown of the lignocellulosic structure, hydrolysis of hemicellulose
compounds, and depolymerization of the lignin compounds. Due to these physic-
ochemical influences on plant materials, steam explosion is employed as pretreat-
ment to effectively extract and separate bioactive compounds [102–104]. Besides,
steam explosion is a short-time treatment. As reported, with only one minute of
steam explosion, the yield of phenolic compounds from steam-exploded Sasa
palmata was 18 times than that from raw materials [101].

Compared with above-enhancing techniques for thermosensitive bioactive
compounds used in the extraction process, steam explosion is only a pre-step before
extraction [105, 106]. Steam explosion will not consume a large volume of water or
other liquid, thus the volume of steam explosion equipment need not to be so large.
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Fig. 3.18 The network and filaments of E. ulmoides leaves (A, whole leaf; B, the filaments of E.
ulmoides leaves; C, the network of the nervation). The nervation was produced by the following
process: the leaves were soaked with distilled water for 12 h, first decomposed with 1.25 mol/L
NaOH, and then decomposed with 1.00 mol/L HCl [101]
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Additionally, compared with PLE (the pressure range is 50–1000 MPa), steam
explosion is a pretreatment with lower pressure of 0.4–2.0 MPa. As a consequence,
steam explosion should be an efficient and cost-effective pretreatment method for
improving the extraction efficiency.

The temperature of steam explosion reported in previous literatures was
190–260 °C, which may cause damage to thermosensitive bioactive compounds
[102, 103]. Thus, a novel air–steam explosion pretreatment (ASEP) was developed
in this study. The correlation of temperature and different partial pressure of air was
investigated. The effects of ASEP on physical and chemical structures of Eucommia
ulmoidesleaves were also analyzed. In addition, the extraction efficiency and
antioxidant capacity of chlorogenic acid from air–steam-exploded samples (ASES)
were systematically studied.

3.3.5.1 Correlation of Temperature and Holding Pressure with Air
Partial Pressure

Temperature was directly related to the efficiency of steam explosion. The reaction
rate of steam explosion was generally improved with the increase of temperature
[46]. The degradation rate of hemicellulose within plant materials would increase
by 2–4 folds when the temperature increased by 10 °C based on Arrhenius formula.
The correlation of temperature and holding pressure with different air partial
pressure is as shown in Fig. 3.19. The air partial pressure of 0 MPa represents the
saturated steam without air addition.

Figure 3.19 showed that the temperature of gas mixture was decreased compared
with that of the saturated steam at the same holding pressure. At the holding
pressure of 0.8 MPa with the air partial pressure of 0.15, 0.40 and 0.55 MPa,
respectively, the temperature of gas mixture was decreased by 8.04%, 26.69% and
36.31%, respectively, which indicated that the temperature of gas mixture was
obviously decreased with the increase of air partial pressure. The more air was

Fig. 3.19 Correlation of
temperature and holding
pressure with different air
partial pressure [101]
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added, the lower temperature of gas mixture appeared. However, the temperature
was less obviously decreased with the increase of the holding pressure. At the
holding pressure of 1.2 MPa with the air partial pressure of 0.15, 0.40 and
0.55 MPa, respectively, the temperature of gas mixture was decreased by 4.47%,
15.53%, and 21.91%, respectively. With the same air partial pressure of 0.55 MPa,
the steam partial pressure at the holding pressure of 1.2 MPa was higher than that of
0.8 MPa, which also showed that the low-temperature efficiency was related to the
partial pressure of air and steam.

Figure 3.20 shows that the experiment temperature was in good agreement with
the calculated temperature at the air partial pressure range of 0–0.40 MPa, which was
important to optimize the steam explosion condition in the pretreatment process.
However, with air partial pressure increasing to 0.55 MPa, the results became
obviously different. These results may be due to the fact that the air–steam mixture
process was not considered. The temperature of gasmixture was postulated that it was
to be constant in this chapter. However, air was gradually heated and the temperature
should be increased with the addition of steam. Moreover, the corresponding steam
was reduced with the increasing air mass. The time of temperature reaching uniform
was then prolonged at the same pretreatment pressure. In addition, the plant material
was a porous media, the heat and mass transfer was more complex in the air–steam
mixture process [66, 107]. Thus, the difference between experiment temperature and
calculated temperature increased with the increase of air partial pressure.

3.3.5.2 Optimization of Air–Steam Explosion Pretreatment

Due to thermosensitivity and instability of chlorogenic acid, the temperature was
important to the pretreatment process of E. ulmoides leaves. Lower temperature was
helpful for the stability of chlorogenic acid, but it may affect the efficiency of pre-
treatment and extraction performance. Therefore, it was necessary to optimize the
ASEP condition for improving the extraction efficiency. As an efficient pretreatment,
steam explosion for plant materials lasted very short time, which was regarded as the
process of adiabatic expansion. Thus, the effective power of steam explosion was
related to the enthalpy changes of the materials before and after pretreatment [66]. The
holding temperature was significant to ASEP. In the same reactor, the main factors
related to the holding temperature were the medium, partial pressure, density, and
enthalpy, which affected the efficiency of ASEP. The medium was the air–steam
mixture in this study, of which the density and enthalpy were constant. Thus, the
holding pressure and the partial pressure of air were crucial to the holding temperature.

Effects of the holding pressure of ASEP on the yield of chlorogenic acid were
shown in Fig. 3.20a. With the increase of holding pressure, the yield of chlorogenic
acid first increased and then decreased when the holding pressure was higher than
1.0 MPa. The yield was 2.74% at the holding pressure of 1.0 MPa with the air
partial pressure of 0.55 MPa (gas mixture/air, 1.0 MPa/0.55 MPa), which was
55.68% and 14.64% higher than at 0.6 MPa (gas mixture/air, 0.6 MPa/0.55 MPa)
and 1.2 MPa (gas mixture/air, 1.2 MPa/0.55 MPa), respectively. The holding
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pressure was the dynamic source of physical tearing force [46]. With the increase of
holding pressure, the temperature also increased with the same partial pressure of
air, and hence the effective power improved, which was helpful for improving the
extraction efficiency. Gong et al. also reported the similar increase in the phenolic
compounds extraction from steam-exploded barley bran [104]. Meanwhile, the
decomposition of chlorogenic acid would increase with the increasing temperature.
Therefore, the effective low temperature was important for chlorogenic acid
extraction with the increase of holding pressure.

As the decrease of temperature with the partial pressure of air increasing at the
same holding pressure in Fig. 3.19, the partial pressure of air influenced the holding
temperature and then the yield of chlorogenic acid. As seen in Fig. 3.20a, under the
same holding pressure, the yield of chlorogenic acid increased with the increasing
partial pressure of air. When the sample was pretreated for 120 s at gas mixture/air
of 0.8 MPa/0.4 MPa, the yield of chlorogenic acid reached the maximum of 2.82%,
which was 62.0% higher than that of raw sample. And the yield of chlorogenic acid
was 2.56% when the sample was pretreated for 120 s at gas mixture/air of 0.8 MPa/

Fig. 3.20 Effect of air–steam
explosion on the yield of
chlorogenic acid (a, air
pressure: 0, 0.15, 0.40 and
0.55 MPa, respectively;
retention time: 120 s; b, air
partial pressure: 0.40 MPa,
the holding pressure:
0.8 MPa) [101]
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0.55 MPa, which was 45.4% higher than that of raw sample. Accordingly, the
increasing partial pressure of air was helpful for the stability of chlorogenic acid,
but it did not benefit for the efficiency of pretreatment and extraction. As mentioned
above, the holding pressure of 0.8 MPa and air partial pressure of 0.4 MPa were
optimal and were chosen in the further experiments.

Besides the holding temperature, the retention time was also a major factor
affecting the steam explosion pretreatment efficiency. The effects of retention time
on chlorogenic acid yield were shown in Fig. 3.20b. Yield of chlorogenic acid
increased and reached maximum at 120 s, and then decreased with the increase of
retention time. The reaction rate generally increased with the increase of the
reaction temperature, while the yield was related to the reaction time. It was widely
accepted that the process of steam explosion was divided into two stages [66]. First,
the polysaccharides in the cell wall were degraded and depolymerized by the
hydrolysis reaction when high-pressure air–steam penetrating into the material
during the cooking stage. Second, the samples were disrupted by the joint results of
hydrothermal effects and physical tearing force during sudden release of the pres-
sure. Therefore, the retention time was related to the hydrolysis of plant materials
and the pervasion of air–steam medium, which was important for the efficiency of
pretreatment and the yield of chlorogenic acid extraction.

With the retention time less than 120 s, the cell of plant materials may be not
sufficiently filled with the air–steam medium, leading to the decrease of hydrolysis
intensity at the cooking stage, which would result in the decrease of steam
explosion efficiency. However, with the retention time more than 120 s, the plant
materials were subjected to severer pretreatment, which may cause the degradation
of bioactive compounds. Therefore, the yield of chlorogenic acid was reduced with
longer retention time. According to the discussion mentioned above, the optimum

Fig. 3.21 Kinetics of chlorogenic acid extraction before and after pretreatment (ASES1: 0.8 MPa/
0.4 MPa/60 s; ASES2: 0.8 MPa/0.4 MPa/120 s; ASES3: 1.0 MPa/0.4 MPa/120 s; RS: raw
samples; ASES means the air–steam-exploded sample, 0.8 MPa/0.4 MPa/120 s means that the
air–steam explosion condition of the holding pressure, air partial pressure and retention time was
0.8 MPa, 0.4 MPa, and 120 s, respectively) [101]
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ASEP condition was that the holding pressure, air partial pressure and retention
time were 0.8 MPa, 0.4 MPa, and 120 s, respectively.

3.3.5.3 Comparison of Extraction Performance Before and After
ASEP

In order to evaluate the extraction performance, extraction kinetics test of ASES
under different conditions were compared with that of raw sample. Results were
shown in Fig. 3.21. The breaking points represent the experimental values and the
continuous lines represent the fits with the exponential function from Eq. 3.7.
Results showed that the extraction yield of chlorogenic acid from ASES increased
significantly at the beginning of extraction and then reached equilibrium.
When ASES was pretreated at the same holding pressure of 0.8 MPa, the extraction
yield of chlorogenic acid reached the maximum of 2.8% from ASES pretreated for
120 s, which was 10.59% higher than that for 60 s. The maximum yield also was
2.98-fold of the raw sample group. The extraction yield of chlorogenic acid from all
ASES reached equilibrium at 15 min, however, that from raw sample at 2 h
extraction time. Results demonstrated that the yield of chlorogenic acid extraction
from ASES was increased and its equilibrium time was reduced from 120 to
15 min, which was significant to the commercialization of chlorogenic acid
extraction from the leaves of E. ulmoides.

Table 3.11 showed the specific rate of chlorogenic acid before and after pre-
treatment based on Eq. 3.7. As seen from Table 3.11, the coefficients of determi-
nation (R2) were higher than 0.98, implying that the curves fitted the data well. The
specific rate of chlorogenic acid yield (K) from ASES was increased with the
increase of steam explosion severity and reached the maximum of 0.246 min−1,
which was 5.23-fold of that from raw samples. Therefore, the extraction perfor-
mance of chlorogenic acid from the leaves of E. ulmoides was improved after
ASEP.

The improvement of chlorogenic acid yield may result from the characteristics
changes of E. ulmoides leaves after ASEP. As shown in Fig. 3.22, the specific

Table 3.11 Values resulting from kinetic data of chlorogenic acid extraction according to Eq:
Yt ¼ Y1ð1� expð�KtÞÞ
Sample Conditions of air–steam explosion Y1(%) K (min−1) R2

Holding
pressure
(MPa)

Air partial
pressure
(MPa)

Retention
time (s)

ASES1 0.8 0.4 60 2.550 ± 0.020 0.120 ± 0.004 0.996

ASES2 0.8 0.4 120 2.829 ± 0.034 0.182 ± 0.0012 0.989

ASES3 1.0 0.4 120 2.513 ± 0.011 0.246 ± 0.008 0.998

RS 0 0 0 1.741 ± 0.021 0.047 ± 0.008 0.997

Reprinted from Ref. [113]. Copyright 2007, with permission from Elsevier
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surface area of E. ulmoides leaves was improved after ASEP. With the increase of
ASEP severity, the specific surface area was first increased and then decreased
when the holding pressure was higher than 1.0 MPa. The specific surface area
reached the maximum of 0.77 m2/g from ASES pretreated for 120 s at 0.8 MPa
(gas mixture/air, 0.8 MPa/0.4 MPa), which was 33.33% higher than that of the raw
samples. The specific surface area has a significant influence on mass transfer of
active compounds in the extraction process. With the increase of the specific surface

Fig. 3.22 The specific surface area of E. ulmoides leaves before and after air–steam explosion
pretreatment (ASES1: 0.6 MPa/0.4 MPa/120 s; ASES2: 0.8 MPa/0.4 MPa/60 s; ASES3:
0.8 MPa/0.4 MPa/120 s; ASES4: 1.0 MPa/0.4 MPa/120 s; ASES5: 1.2 MPa/0.4 MPa/120 s;
RS: raw samples; ASES means the air–steam-exploded sample, 0.6 MPa/0.4 MPa/120 s means
that the air–steam explosion condition of the holding pressure, air partial pressure and retention
time was 0.6 MPa, 0.4 MPa, and 120 s, respectively) [101]

Fig. 3.23 SEM of E. ulmoides leaves (A, raw samples; B, the air–steam-exploded sample
pretreated under the condition of the holding pressure, air partial pressure and retention time was
0.8 MPa, 0.4 MPa, and 120 s, respectively) [101]
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area, the solvent reached the extraction sites more easily, which resulted in the
decrease of internal diffusion resistance [108].

As a result, the solvent accessibility and mass transfer efficiency were improved
after ASEP, shown by the increased mass transfer coefficient K and the shortened
extraction equilibrium time.

However, the specific surface area was decreased with severer ASEP condition,
which may be caused by the changes of pore diameter [108]. Considering that the
plant material was a porous media with cell wall and middle lamella as the skeleton,
the skeleton may be disrupted due to severer pretreatment, which would result in
the close of some pores and then influences the extraction efficiency. Thus, besides
the temperature destruction, it may be also a reason that the yield of chlorogenic
acid decreased with the increase of ASEP severity.

The physical and chemical changes generated in the steam explosion process
[108]. The structure of ASES and raw sample was observed by SEM, as shown in
Fig. 3.23. Steam explosion caused breakage and destruction of cell walls, leading to
the formation of large cavities and intercellular spaces (Fig. 3.23b), but no pores
were observed in the raw sample (Fig. 3.23a). With the air–steam penetrating into
the plant material during the cooking stage, the hemicellulose in the cell wall was
degraded and depolymerized through the hydrolysis reaction. The conjunction of
fibrils was weakened and the space between cellulose fibrils was opened, leading to
the increase of porosity. Besides, the removal of hemicellulose made the
inter-fibrillar regions less rigid and more capable of softening and rearrangement.
Subsequently, the samples were disrupted by the joint results of hydrothermal
effects and physical tearing force during sudden release of the pressure. Hence, the
barriers of cell wall were destroyed by ASEP.

The dissolution and diffusion of active compounds from plant materials in the
extraction process were influenced by the cell wall [109]. The dissolution process
was a relatively quick process, but the diffusion process was correlated with both
the arrangement of vascular bundles and pits connecting cell walls. Therefore,
smaller particles and micropores caused by ASEP weakened the dominant internal
diffusion resistance, which was conducive to the chlorogenic acid extraction.

Table 3.12 pH of the solution for air–steam-exploded E. ulmoides leaves

Sample Conditions of air–steam explosion pHa

Holding pressure
(MPa)

Air partial pressure
(MPa)

Retention time
(s)

ASES1 0.8 0.4 60 5.44 ± 0.16

ASES2 0.8 0.4 120 4.92 ± 0.09

ASES3 1.0 0.4 120 4.7 ± 0.15

RS 0 0 0 6.89 ± 0.17
aA sample of 10 g of air–steam-exploded E. ulmoides leaves was added to 100 mL of distilled
water and stirred for 60 min at room temperature. After filtration through filter paper, the filtrate
was used for analysis of pH
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Besides the improvement of porosities and particles, the acidic condition of
ASEP was beneficial to the chlorogenic acid extraction. The organic acids (e.g.,
acetic acid, formic acid, and levulinic acid) were formed from the biomass itself
during the air–steam explosion process [110]. As shown in Table 3.12, the pH was
about 4.7–5.5 after ASEP. Moreover, chlorogenic acid was reported to be
pH-sensitive with higher stability obtained under acidic conditions [111].
Therefore, the acidic condition of ASEP should improve the chlorogenic acid
extraction.

3.3.5.4 Effects of ASEP on Characteristics of Chlorogenic Acid
Extracts

The crude extracts of chlorogenic acid before and after ASEP were analyzed by
LC–MS. As shown in Fig. 3.24, m/z355 represented chlorogenic acid, which was
the major compound extracted from E. ulmoides leaves. Fingerprints present no
apparent changes of peak profiles, indicating that chemical compositions of
chlorogenic acid were not destroyed by ASEP.

To examine the effects of ASEP on the characteristics of chlorogenic acid extracted
from E. ulmoides leaves, the extracted chlorogenic acid was analyzed by FTIR. The
characteristic bands of chlorogenic acid were obvious in Fig. 3.25. The band at

Fig. 3.24 LC-ESI-MS total ion chromatogram of chlorogenic acid extracts (A, raw samples; B,
the air–steam-exploded sample pretreated under the condition of the holding pressure, air partial
pressure and retention time was 0.8 MPa, 0.4 MPa, and 120 s, respectively) [101]
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Fig. 3.25 FTIR spectra of chlorogenic acid extracts (RS, raw samples; ASES, the air–
steam-exploded sample pretreated under the condition of the holding pressure, air partial pressure
and retention time was 0.8 MPa, 0.4 MPa, and 120 s, respectively) [101]

Table 3.13 FTIR spectra of CGA extracts

RS (cm−1) ASES (cm−1) Vibration types and groups Intensity

3465.84 3461.99 m-OH s, b

2952.81 2952.81 mC–H m

1685.67 1685.7 m-COOH s

1639.38 1639.38 mC–C s

1600.81 1600.81 mC–C(skeletal) s

1517.87 1515.24 mC–C(skeletal) s

1442.66 1442.66 d-CH,d-CH2 s

1288.36 1288.36 m-COOH s

1190 1190 m-C–O s

1159.14–1085.85 1159.14–1085.85 m-C–O m

1037.63 1037.63 m-OH m

970.13 970.13 cC–H m

908.41–738.69 909.06–739.01 cC–H w

m, stretching vibration; c and d, blending vibration; s, strong absorption peak; m, middle
absorption peak; w, weak absorption peak; b, broad peak
Reprinted from Ref. [113]. Copyright 2007, with permission from Elsevier
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3465 cm−1 was attributed to -OH stretching vibration, and 1159.14–1085.85 cm−1 to
C–O stretching vibration, which indicated that the compound included alcohol
hydroxyl. The band at 2953 cm−1 was attributed to C–H stretching vibration, and
1442.66 cm−1 to -CH2 and -CH bending vibration, implying that the compound
included -CH2 and -CH. 1689.53 cm−1 was attributed to ester carbonyl stretching
vibration and carboxyl vibration peak was shown at 1685.67 cm −1, 1288.36 cm−1

and 1037.63 cm−1. The carbon–carbon double bond and conjugated double bond
stretching vibration peak were shown at 1639.38, 1600.81, and 1515.94 cm−1. The
characteristic bands of chlorogenic acid from RS and ASES were compared. As
shown in Table 3.13, the peak position had no obvious changes, which demonstrated
that the chemical structure of chlorogenic acid extract was not destroyed after ASEP.

3.3.5.5 Evaluation of the Antioxidant Capacity of Chlorogenic
Acid Extract

In order to evaluate the effect of ASEP on antioxidant capacity of chlorogenic acid,
the hydroxyl and superoxide free radical scavenging activity before and after ASEP
was compared. As shown in Table 3.14, the OH- and O2- scavenging ratio of raw
sample was 15.98% and 87.54%, respectively, while that of ASES increased to
31.10% and 95.85% after pretreated with the holding pressure, air partial pressure
and retention time of 0.8 MPa, 0.4 MPa, and 120 s, respectively. Thus, the
antioxidant capacity of the chlorogenic acid extract increased after ASEP.

The low temperature and acidic condition of air–steam explosion pretreatment was
helpful for the stability of thermosensitive chlorogenic acid. Moreover, the porosities
and specific surface area of E. ulmoides leaves were improved after pretreatment,
resulting in the improvement of solute–solvent accessibility and the internal mass
transfer in extraction process. Under the optimal conditions, the yield and antioxidant
capacity of chlorogenic acid were both increased, while the equilibrium time of
extraction was reduced from 120 to 15 min. Therefore, air–steam explosion was an
efficient pretreatment to enhance the extraction performance of chlorogenic acid from
the leaves of E. ulmoides, which was a promising method to enhance the extraction of
thermosensitive bioactive compounds from plant materials.

Table 3.14 Antioxidant activity of the aqueous extracts of chlorogenic acid

Sample Conditions of air–steam explosion OH−

scavenging
activitya (%)

O�
2

Scavenging
activity (%)

Holding
pressure
(MPa)

Air partial
pressure
(MPa)

Retention
time (s)

ASES1 0.8 0.4 60 28.77 ± 1.25 90.78 ± 2.97

ASES2 0.8 0.4 120 31.10 ± 2.03 95.85 ± 3.08

ASES3 1.0 0.4 120 33.52 ± 1.86 92.59 ± 2.83

RS 0 0 0 15.98 ± 1.19 87.54 ± 1.75
aData are the mean ± SD (n = 6)
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3.4 Novel Process of Fermentable Feedstock Refinery

3.4.1 Novel Steam Explosion Coupling with Mechanical
Carding Improving Solid-State Fermentation
Performance

Cornstalk is the most distributed lignocellulose biomass in the world and offers
renewable low-cost cellulosic fibers [112–114]. The estimated available cornstalk in
the world was 75 million ton [114]. Cornstalk is featured by higher hemicellulose
and ash content. Cornstalk was heterogeneous biomass, and the central part was the
pith, clearly distinguished by its low density, softness and white color from the
surrounding harder, denser, light brown fibrous rind. The pith content of cornstalk
was approximately 21% and consisted of only small amounts of usable paper-
making fiber. Most of its mass consisted of parenchyma cells, used by the plant for
storage of water and food. The fine nature of residual pith after pulping significantly
reduces the drainage rate of the resulting pulps, making washing and dewatering
difficult [115]. Papermaking properties of cornstalk were seriously affected by large
quantities of very fine material that made difficult the sheet formation because of
their scarce drainability [115, 116]. In addition, heterogeneity of the biomass can
result in variation also in the quality of the pulp when the entire plants are used in
pulping [117]. Therefore, there is no readily available evidence of current com-
mercial use of cornstalk in the world, and studies on cornstalk dissolving pulp
preparation have been rarely reported in the literature to our knowledge. The key
factor was lack of the technologies and equipment required in the industrial
production.

The rind of cornstalk has numerous fiber vascular bundles, and it is the main
source of fiber. The dissolving pulp quality depends both on properties of the raw
materials and the pulp processing. Steam explosion and mechanical carding com-
bination pretreatment technology and equipment were patented, it was clean and
effective for the separation of lignocelluloses into long fiber fraction and short fiber
fraction industrially [118]. The aim of this work is to solve the inhomogeneity, and
high hemicellulose and ash content of cornstalk as fiber material to manufacture of
dissolving pulp. Steam explosion technology coupling with mechanical carding was
used to fractionate cornstalk long fiber, which was used as fiber source for the
production of dissolving pulp. The fractionated cornstalk long fiber was subjected
to kraft pulping trials, followed by TCF bleaching to manufacture cornstalk dis-
solving pulp. Cool alkali extraction and xylanase treatment were also used to
upgrade low-alpha cornstalk dissolving pulp to high-alpha cornstalk dissolving
pulp. The procedure for preparation of cornstalk long fiber and manufacture of
cornstalk dissolving pulp was shown in Fig. 3.26 In the present study, the frac-
tionated cornstalk long fiber and prepared cornstalk dissolving pulp were also
analyzed and characterized.
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3.4.1.1 Effects of Steam Explosion Pretreatment on Cornstalk
Chemical Components and Structure

In the production of high-purity dissolving pulps, both lignin and hemicelluloses
must be extensively removed [119, 120]. Hemicelluloses are undesirable impurities
in dissolving pulps, and the undesirable effects of hemicelluloses in dissolving
pulps are well established. Hence, it is necessary to add a pre-hydrolysis stage with
the kraft process to reduce the hemicellulose content and produce pulps with a
cellulose content up to high-grade [121, 122]. Unlike cellulose with a high
molecular weight linear homopolymer organized in a crystalline state, hemicellu-
lose is noncrystalline, highly short and branched with a degree of polymerization of
70–200 [123, 124]. Hemicellulose is much more prone to be hydrolyzed into its
constituent monomers. Therefore, it is necessary to introduce a pre-hydrolysis stage
prior to the kraft pulping to help to produce pulp with a satisfactorily high content
of cellulose and with low hemicellulose content [121, 122, 125].

Steam explosion is an effective environmental-friendly technology, in which
water is the only necessary reagent for processing the raw material. In this method,
biomass is treated with high-pressure saturated steam, and then the pressure is
suddenly reduced, which makes the materials undergo an explosive decompression.

Cornstalk
Cut short: 5~10 cm

Water content: 35%

Steam 
explosion

Temperature: 185~190°C
Time: 5 min

Mechanical 
carding

Speed: 720 rpm
Water content: 50%

Cornstalk short 
fiber
Build sugar platform by enzyme 

hydrolysis

Cornstalk long 
fiber

Countercurrent 
water washing

Fiber/Liquor ratio: 1:10
Temperature: 80°C

Time: 15 min

Kraft pulping
Fiber/Liquor ratio: 1:10
Active alkali: 20%, 
sulfidity: 25%
Temperature: 160°C

Time: 120 min

Hydrogen peroxide 
bleaching

Fiber/Liquor ratio: 1:10
Temperature: 70°C

Time: 60 min (each stage)

Cool alkali 
extraction

9% NaOH
4% pulp consistency
Temperature: -4°C

Time: 60 min

Xylanase 
treatment
4% pulp consistency

20 IU xylanase/ g dry pulp
Temperature: 50°C

pH: 5.0

Fig. 3.26 Flow-sheet of the procedure for fractionation of cornstalk long fiber and manufacture of
cornstalk dissolving pulp [50]
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Steam explosion is typically initiated at a temperature of 160–200 °C for several a
few minutes (Vapor Cooking Process) before the material is exposed to atmo-
spheric pressure (Blasting Process). In the vapor cooking process, the hydronium
ions are generated from water by autohydrolysis, but the generation of acetic acid
by acetyl groups hydrolysis from hemicellulose provides most to the catalytic
species involved in the subsequent hemicellulose degradation. In addition, the
hemicellulose-lignin bonds are cleaved, which all promote hemicellulose hydrolysis
(autohydrolysis) to soluble sugars [26].

As shown in Table 3.15, all the components of cornstalk were degraded in the
steam explosion process. The degradation rate of cellulose, hemicelluloses, lignin,
and ash was 6.93%, 69.22%, 8.25%, and 48.86%, respectively. Hemicellulose was
depolymerized much faster than cellulose. The vast majority of cornstalk hemicel-
lulose was degraded, and cellulose decreases slowly. Lignin is also depolymerized
during the steam treatment, and a significant fraction is solubilized during the water
washing. These results were consistent with the above discussion. The soluble
carbohydrates mainly from hemicelluloses and soluble lignin could be extracted with
hot water from steam-exploded cornstalk, which achieving the fractionation of
hemicelluloses from cornstalk. In addition, a great decrease in the ash content of the
cornstalk was observed, showing that a significant fraction of the ash was formed of
water-soluble components that were easily removed during the washing stage. The
extract from steam-exploded cornstalk could be used for other applications, such as
microbial oil [126]. After steam explosion followed by water washing, the content of
the components of cornstalk varied significantly as shown in Table 3.15. Cellulose
content and lignin content of steam-exploded cornstalk increased from 38.81% and
15.74% to 55.08% and 22.02%, respectively. The hemicellulose and ash content of
steam-exploded cornstalk decreased from 22.50% and 1.59% to 10.56% and 1.10%

Table 3.15 Compostion and yield of untreated and treated cornstalk fibers and pulps.
Composition values reported on material dry basis (%). Yield reported on a dry weight basis at
each stage and overall (%)

Samples Cellulose Hemicellulose Lignin Ash Yieldb Yieldc

Untreated cornstalk 38.81 22.50 15.74 1.59 100.00 100.00

Steam-exploded cornstalk 55.08 10.56 22.02 1.24 65.58 65.58

Cornstalk long fiber 56.17 8.34 23.97 1.10 42.63 27.97

Long fiber kraft pulp 89.68 4.14 3.10 0.92 57.66 16.12

Long fiber bleaching pulp 93.10a 3.96 0.46 0.13 77.20 12.44

Alkali-treated dissolving pulp 96.20a 3.52 0.37 0.11 90.39 11.25

Alkali-xylanase-treated
dissolving pulp

97.10a 2.86 0.36 0.10 89.89 10.11

aRepresented the content of a-cellulose
bThe yield on a dry weight basis at each stage
cThe yield on a dry weight basis overall
Reprinted from Ref. [58]. Copyright 2012, with permission from Elsevier
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in the native cornstalk. Therefore, cellulose and lignin were accumulated, while
hemicelluloses and ash were reduced after steam explosion, which benefitted for the
cornstalk fiber to prepare dissolving pulp.

In the blasting process, rapid flashing to atmospheric pressure and turbulent flow
of the material cause fragmentation of the material by mechanical shear, and make
the material fiberized. In the vapor cooking process, lignin became plasticized,
which made the steamed material easily fiberized. Therefore, steam explosion
pretreatment weakened the lignocellulosic structure, opened up the cellulose fibers
for further reactions, increased the extractability of lignin during the subsequent
kraft pulping process, and thus substantially reduce the lignin and ash contents
[125, 127]. Due to the blasting and tearing effect, the native cornstalk was frag-
mented and fiberized, the structure of steam-exploded cornstalk became loose and
porous, and the surface area of steam-exploded cornstalk increased, which all
promoted the accessibility of chemicals to cornstalk.

3.4.1.2 Preparing Long Fiber from Steam-exploded Cornstalk Using
Mechanical Carding Fractionation

Lignocellulosic materials were used for various applications depending on their
composition and physical properties [113]. Cornstalk had much pith, which almost
only consisted of parenchyma cells usable papermaking fiber [115]. Therefore, it
was necessary to remove cornstalk pith. Cornstalk pith mainly consisting of par-
enchyma cells had weak mechanical properties, and was easy to become frag-
mented in the steam explosion process. While cornstalk rind mainly consisting of
fiber cell had strong mechanical properties, and was prone to become fiberized in

Table 3.16 Fiber cell dimensions of different plants

Plant fiber materials Length (mm) Diameter (lm)

Cornstalk long fiber (this work) 1.79 ± 0.16 15.64 ± 4.2

Cornstalk pulp [156] 0.77 38.0

Cornstover stem [113] 0.8 ± 0.3 27 ± 8.9

Kenaf (bark) [157] 2.32 ± 0.21 21.9 ± 4.6

Reed (internodes) [157] 1.22 ± 0.07 17.3 ± 2.4

Sorghum stem [128] 1.3 ± 0.7 15.8 ± 7.2

Sorghum leaf [128] 1.7 ± 0.8 7.6 ± 2.4

Eulaliopsisbinata [158] 2.05 13.53

Sugarcane bagasse [159] 1.51 21.4

Bamboo [160] 2.5 13.83

Reprinted from Ref. [58]. Copyright 2012, with permission from Elsevier
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the steam explosion process. Depending on the different geometry of cornstalk pith
and rind after steam explosion, the steam-exploded cornstalk was fractionated into
long fiber fraction and short fiber fraction by mechanical carding. The
steam-exploded cornstalk long fiber and short fiber were separated into single cells
by maceration. The long fiber was rich in fiber cells, while the short fiber was rich
in non-fibrous cells. Compared with 35% fiber cell in area in cornstalk, the corn-
stalk long fiber contained 85% fiber cell in area, which was higher than those of
hardwood and bamboo. The dimensions of the fiber cells in steam-exploded
cornstalk long fiber were given in Table 3.16. The lengths of fiber cells were
1.79 ± 0.16 mm, and the widths of the fiber cells were 15.64 ± 4.2 lm. The
lengths of steam-exploded cornstalk fiber cells were longer than those used by
Kadam et al. and Reddy and Yang, and the widths of steam-exploded cornstalk
fiber cells were narrower than those used by Kadam et al. and Reddy and Yang
[112, 128]. These differences may be caused by the species of cornstalk, but the
standard errors of lengths and widths of steam-exploded cornstalk fiber cells were
smaller than those used by Reddy and Yang, which indicated that the
steam-exploded cornstalk long fiber contained uniform slender fiber cells [128]. It
also can be seen in Table 3.16 that the lengths of cornstalk fiber cells were shorter
than kenaf, Eulaliopsis binata, and bamboo, but longer than sorghum, reed and
sugarcane bagasse.

Cellulose can form very tightly packed crystallites due to intra- and inter-
molecular hydrogen bonding. The characteristic peaks of Cellulose I appeared at 2h
about 16.3°, 22.6°, 34.8° [129, 130]. X-ray diffraction analysis of cornstalk showed
a little loss in the degree of crystallinity of steam-exploded cornstalk long fiber, and
the cellulose retained its basic crystalline structure (Cellulose I). This demonstrated
that the crystalline destruction during steam explosion process. However, the pre-
sent investigation is not consistent with Tanahashi’s conclusion. Their X-ray
diffraction patterns of wood showed that the degree of crystallinity increased by
steam explosion treatment [130].

In addition, compared with steam-exploded cornstalk, the cornstalk long fiber
fractionated from steam-exploded cornstalk had higher cellulose content and lower
hemicelluloses and ash content (as shown in Table 3.15). Based on the above
analysis, cornstalk long fiber fractionated from steam-exploded cornstalk was one
kind of high-quality long fiber.

3.4.1.3 Preparing Low-Alpha Dissolving Pulp Using Kraft Pulping
and Hydrogen Peroxide Bleaching

Dissolving pulp is a chemically refined bleached pulp with high cellulose (a-cel-
lulose > 90%), relatively low hemicellulose (2–4%), and trace amounts of lignin
and mineral content [121, 125]. Both lignin and hemicelluloses were considered as
contaminants and were to be removed. Otherwise, high hemicelluloses and lignin
content in dissolving pulps would result in poor cellulose processability (e.g., fiber
swelling, filterability, and xanthation) and a negative effect on properties of the
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cellulose-end products [120]. Compared to paper-grade pulps, preparing dissolving
pulp needed extensive pulping and bleaching [125]. The cornstalk long fiber
fractionated from steam-exploded cornstalk by mechanical carding were composed
of single fiber cells that were held together in the form of a bundle by binding
substances such as lignin and pectin, and there was a layer of deposits on the fiber
surface. This surface layer was probably composed of water-insoluble materials,
such as waxes, lignin, and other binding materials [128]. The purposes of pulping
and bleaching process were to separate the fiber bundle into single fiber cells and
remove the lignin, hemicelluloses, ash and the water-insoluble materials on the fiber
surface extensively. The quality of dissolving pulp also depended on the production
process. In the present study, kraft pulping and hydrogen peroxide bleaching was
used to prepare dissolving pulp.

Cornstalk was easily delignified by alkaline treatment than hardwood or soft-
wood species to reach pulps with equal Kappa numbers [127]. The results of kraft
pulping were shown in Table 3.15. After kraft pulping, lignin was removed mostly,
and the content of lignin decreased significantly from 23.97% in cornstalk long
fiber to 3.10% in cornstalk kraft pulp. Hemicellulose and ash were also removed in
the kraft pulping process, and the content of hemicellulose and ash decreased from
8.34% and 1.10% in cornstalk long fiber to 4.14% and 0.92% in cornstalk kraft
pulp, respectively. Cellulose was insoluble solid in the kraft pulping process, and
the content of cellulose increased from 56.17% in cornstalk long fiber to 89.68% in
cornstalk kraft pulp.

The peroxide treatment substantially reduced the hemicellulose, lignin, and the
ash content of the cornstalk pulp (as shown in Table 3.15). The resulting bleached
cornstalk kraft pulp has a high-purity cellulose with an a-cellulose content of
93.10%, low hemicellulose content of 3.96%, and the lignin and ash content of only
0.46% and 0.13%, respectively (as shown in Table 3.15). In addition, the brightness
of bleached cornstalk kraft pulp was 78.70%, and the dynamic viscosity of bleached

Table 3.17 Characteristics of cornstalk long fiber dissolving pulps

Index L–
DP

Alkali-L–
DP

Alkali-xylanase-L–
DP

FZ/T
51002-2006

FZ/T
51001-1998

a-cellulose/% 93.10 96.20 97.10 ≧94.0 ≧88.0

Brightness/% 78.70 81.69 82.29 ≧74 ≧85

Viscosity/
mPa�s

23.96 15.46 14.37 9.0 ± 1.1 19–23

Xylan/% 3.96 3.52 2.86 – ≦4

Ash/% 0.13 0.11 0.10 ≦0.16 ≦0.13

Note L–DP was low-alpha dissolving pulp; Alkali-L–DP was alkali-treated low-alpha dissolving
pulp; Alkali-xylanase-L–DP was alkali and xylanase synergistic treated low-alpha dissolving
pulp. FZ/T 51002-2006 was the standard of “Bamboo Dissolving Pulp for Viscose” and the values
after the ± signs confidence intervals. FZ/T 51001-1998 was the standard of “Wood Dissolving
Pulp for Viscose”
Reprinted from Ref.[58]. Copyright 2012, with permission from Elsevier
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cornstalk kraft pulp was 23.93 mPa�s (as shown in Table 3.17). Compared with
viscose-grade wood pulp (FZ/T 51001-1998) and viscose-grade bamboo pulp (FZ/
T 51002-2006), the characteristics of bleached cornstalk kraft pulp were between
viscose-grade wood pulp and viscose-grade bamboo pulp, therefore, bleached
cornstalk kraft pulp could be used as cellulose materials for the preparation of
viscose. Because of the a-cellulose content of bleached cornstalk kraft pulp < 96%,
the bleached cornstalk kraft pulp belonged to low-alpha dissolving pulp.

3.4.1.4 Preparing High-Alpha Dissolving Pulp by Collaborative Effect
of Cold Alkali Extraction and Xylanase Treatment

Dissolving pulps can be divided into low-alpha dissolving pulps (a-cellulose: 90–
96%) and high-alpha dissolving pulps (a-cellulose: 97–98%) based on the standard
of Lenzing Group. Low-alpha pulps were used as cellulose materials for the pro-
duction of viscose, lyocell, and so on. High-alpha pulps were used as cellulose
materials for the production of acetate, nitrates, and ethers. The synergistic effect of
alkaline extraction and xylanase treatment could upgrade the paper-grade pulps to
dissolving pulps. Hyatt et al. utilized a sequence of caustic extraction, xylanase
treatment, and caustic extraction to remove most of the xylan for upgrading
paper-grade wood pulp to dissolving grade pulp which is suitable for use in the
preparation of viscose rayon, cellulose ethers and cellulose ester such as cellulose
acetate [131]. It was feasible to upgrade eucalyptus and birch paper kraft pulps to
dissolving pulps by combining alkaline extraction with xylanase and endoglucanase
treatments. These treatments were investigated and optimized on flax, hemp, sisal,
abaca and jute soda/AQ paper-grade pulps for the same purpose [121]. In this
chapter, cool alkali extraction and xylanase treatment were used to boost cellulose
levels and upgrade the cornstalk low-alpha dissolving pulp to high-alpha dissolving
pulp.

Alkaline extraction could be a feasible alternative to achieve lower xylan con-
tent. Special alkaline purification treatments can boost cellulose levels up to 98%
for the kraft process [122]. After cool alkali extraction, the cellulose content of
cornstalk dissolving pulp increased significantly from 93.10% to 96.20%, and the
hemicellulose, lignin and ash content all decreased future, which reduced from
3.96%, 0.46%, and 0.13% to 3.52%, 0.36%, and 0.11%, respectively. In addition,
after alkali extraction, the brightness increased from 78.70 to 81.69%, and the
dynamic viscosity decreased from 23.96 to 15.46 mPa�s. It indicated that alkali
extraction could increase the brightness of pulps and reduce the cellulose degree of
polymerization.

Cornstalk pulps were also subjected to a xylanase treatment for reduction of
hemicellulose content. It was seen from Table 3.18, the removal efficiency of
hemicellulose was low when only using xylanase to treat cornstalk dissolving
pulp. The removal efficiency of hemicellulose was high when the cornstalk dis-
solving pulp treated with alkali extraction followed by xylanase treatment and was
more than four times of that only using xylanase. It was also shown in Table 3.18,
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the xylanase used in this study contained the cellulase activity, and the cellulase
activity removed the cellulose with low degree of polymerization, which had the
reverse effect similar to hemicelluloses affecting the degree of swelling of pulp,
xanthation reaction, and other required characteristics in the viscose process [132].
As shown in Tables 3.15 and 3.17, after the synergistic effect of alkali extraction
and xylanase treatment, the resulting cornstalk pulp had a high a-cellulose content
up to 97.10%, low hemicelluloses, lignin and ash content (2.86%, 0.37%, 0.10%,
respectively), the brightness was up to 82.29%, and the dynamic viscosity was
decreased to 14.47 mPa�s. The a-cellulose content was up to 97.10%, therefore the
low-alpha cornstalk dissolving pulp was upgraded to high-alpha cornstalk dis-
solving pulp by the synergistic effect of alkali extraction and xylanase treatment.

The fiber cells surface morphology of the cornstalk pulps was studied by cool
field emission scanning electron microscopy (FE-SEM). The fiber cells surface of
bleached cornstalk kraft pulp appeared relatively rough and uneven, and the pri-
mary cell wall was not destroyed completely, only little secondary cell wall was
exposed. After alkali extraction, the primary cell wall of fiber cells was removed
almost, and the major part of the secondary cell wall was exposed. But there
showed a fibrillation from the surface in certain regions of the fiber cells. After
xylanase (containing cellulase activity) treatment, the fibrillar material was elimi-
nated completely. The secondary cell wall was exposed completely, and the
microfiber orientation parallelled to the fiber axis direction. This modified surface
let to a greater accessibility to reagents and therefore an enhancement of cellulose
reactivity [121].

The diffraction peaks of cellulose I appear at 2h about 16.3°, 22.6°, 34.8°, and
for cellulose II they appear at 2h about 12.1°, 19.8°, and 22.0° [129]. Cellulose I has
a parallel chain orientation, but the chains are antiparallel in cellulose II, which can
be converted from cellulose I by strong alkali treatment or by cellulose regenera-
tion. X-ray diffractograms were taken for cornstalk dissolving pulps with different
treatment. The bleached cornstalk kraft pulp and the alkali-treated cornstalk

Table 3.18 Components of degraded products from low-alpha cornstalk long fiber dissolving
pulp treated with alkali extraction and xylanase treatment (g/l)

Treatment Cellobiose Glucose Xylose Arabinose Removal
efficiency of
hemicellulose
(%)

Removal
efficiency of
total sugars (%)

X 0.0305 0.0740 0.1070 0 0.357 0.705

A–X 0.0654 0.1322 0.4649 0 1.550 2.208

Note X was the xylanase treatment; A–X was the cool alkali extraction followed by xylanase
treatment. Removal efficiency of hemicelluloses = (CXylose + CArabinose)/CPulp. Removal efficiency
of total sugars = (CCellobiose + CGlucose + CXylose + CArabinose)/CPulp. Cellobiose was the cellobiose
concentration (g/l). CGlucose was the glucose concentration (g/l)
CXylose was the xylose concentration (g/l). CArabinose was the arabinose concentration (g/l). CPulp

was the dissolving pulp concentration (30 g/l)
Reprinted from Ref. [58]. Copyright 2012, with permission from Elsevier
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dissolving pulp were also assigned to cellulose I, although they were both subjected
to alkali treatment (the alkali content was 2% in kraft pulping process, and 9% in
alkali extraction process), it inferred that the low concentration of alkali was not
enough to convert the cellulose crystalline types. But when the cornstalk dissolving
pulp was subjected to 17.5% alkali treatment (the first step for preparing viscose),
the cellulose I was converted to cellulose II.

The yields of cornstalk or cornstalk pulps at each step were listed in Table 3.15.
After steam explosion and water washing, 69.22% hemicellulose was removed. The
hemicellulose reduced and cellulose was concentrated in steam-exploded cornstalk,
resulting in the high yield of 57.66% kraft pulp in the kraft pulping process. After a
series of treatment, the yields of low-alpha cornstalk dissolving pulp and high-alpha
cornstalk pulp were 12.44% and 10.11% respectively. In comparison to the 30–
35% yields of wood dissolving pulp, the yield of cornstalk dissolving pulp was
lower. Therefore, the integrated refinery of cornstalk different fractions was nec-
essary. Many works about the conversion of cornstalk different fractions into
potential products industrially have been done by our group. For example, the
hemicellulose extracted from steam-exploded agriculture residues was used to
produce single cell protein, microbial oil, xylose, xylitol, and furfural. Acid pre-
cipitated lignin was used to produce adhesive without formaldehyde and replace
partial phenolic to manufacture phenolic resin. The short fiber fraction was used to
build sugar platform by enzyme hydrolysis, or produce cellulase by solid-state
fermentation. All these can increase revenue and reduce the production cost of
cornstalk dissolving pulp [26, 133, 134].

Due to the disadvantages of cornstalk as fiber materials to manufacture dis-
solving pulp industrially, such as poor homogeneity, and high hemicellulose and
ash content, the patented combination pretreatment technology of steam explosion
and mechanical carding was used to fractionate cornstalk long fiber. The cornstalk
long fiber is uniform with low hemicellulose and ash content, which can be used to
manufacture cornstalk dissolving pulp. The prepared cornstalk dissolving pulp has
high pure cellulose with high viscosity, which can meet the qualities of dissolving
pulps required for the different end products. The chapter provides a feasible
process to manufacture cornstalk dissolving pulp commercially.

3.4.2 Novel Two-Step Steam Explosion Improving
Fermentable Feedstock Utilization

The effects of inhibitors on subsequent fermenting microorganisms have become
one of the main bottlenecks for lignocellulose bioconversion processes. Effective
measures must be taken to reduce or to eliminate the inhibitors. A number of
detoxification methods have been proposed to transform inhibitors into inactive
compounds or to reduce their concentration [36]. For example, specific enzymes
(laccase and peroxidase enzymes) or microorganisms were used to perform
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oxidative polymerization of low-molecular-weight phenolic compounds [135].
Physical detoxification methods include vacuum drying enrichment, activated
carbon adsorption, ion exchange adsorption, and so on [36, 136]. Chemical
methods include the use of various alkali (e.g., NH4OH and NaOH) and excess lime
to treat hydrolysates [36, 136]. In addition, water washing of pretreated materials is
a simple and commonly used method for detoxification [137]. A combination of
two or more kinds of methods can achieve better detoxification effects [134, 135].

Additional detoxification steps will generally add cost burdens and complexity
to the process and generate additional waste products [135, 138]. Screening of
highly resistant strain, which promotes tolerance to high concentration of fer-
menting inhibitors, is regarded as a practical method [139–142]. Genetic engi-
neering is not a proposal based on the generation and nature of inhibitors, and it
could not prevent formation of inhibitors. Therefore, the most fundamental method
of reducing inhibitors is to optimize the hydrolysis process and control inhibitor
formation from the origin [36, 135].

Lignocellulosic material possesses the characteristics of a complex, heteroge-
neous, and multi-level structure. From the cell composition perspective, it includes
fiber cells and parenchyma cells (including catheters, thin-walled cells, and epi-
dermal cells). Different pretreatment conditions are required due to the differences
in structure and in morphology between the two cell types. Fiber cells, with high
degree of lignification and compact structure, have high heat and mass transfer
resistance and are hard to break. On the other hand, thin-walled cells are sensitive to
heat and mass transfer and are easily torn physically. Pretreatment conditions for
the different tissues and cells should be optimized accordingly to achieve the best
hydrolysis effect and to minimize simultaneously side reactions. This suggests
two-step steam explosion pretreatment, with the first step performed under mild
conditions to hydrolyze parenchyma cells and fiber cells, and the second step,
where just difficult-to-hydrolyze fiber cells from the first step is pretreated again
under normal conditions to increase the enzymatic hydrolyzation and reduce the
generation and concentration of inhibitors.

In literatures [140, 141, 143–145], two-step steam explosion pretreatment, with
the first step performed at low severity to hydrolyze the hemicellulose and the
second step, where the solid material from the first step is pretreated again, at higher
severity, can result in higher sugar yields than one-step steam pretreatment. In the
present study, two-step steam explosion combined with an intermediate separation
of fiber cells (ISFC) was proposed to optimize fermentation of corn straw hydro-
lysates. The conditions in the first pretreatment step were chosen to give a high
recovery of hemicellulose-derived fermentable sugars and a low conversation of
inhibitors in the liquid. In the second step, fiber cells from the first step with an
intermediate separation by a separation device were pretreated again under normal
conditions to enhance the enzymatic digestibility. The two-step steam explosion
combined with ISFC process was optimized with respect to the total inhibitor
conversion, enzymatic hydrolyzation of materials, and conversion ratio of
2,3-butanediol (2,3-BD).
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3.4.2.1 Feasibility Analysis of Two-Step Steam Explosion with ISFC
Process

The pretreatment conditions and utilization approaches of different tissues and cells
vary because of their heterogeneity in natural lignocellulosic materials [28]. In the
steam explosion process, the steam penetration (steam as solvent in
high-temperature cooking as well as power source for physical tearing) and tear
resistance of cells both affect the steam explosion. Except for external factors, such
as chip size and packing coefficient of materials, the cell wall thickness and size of
cell lumen are the main factors that affect steam infiltration. Cell wall thickness is
also a major factor in resisting cell tear. In view of the differences in morphology
and structure between fiber cells with thick wall and small lumen and thin-walled
cells with thin wall and large lumen, steam infiltration in parenchyma cells is easier
than that in fiber cells, and parenchyma cells are torn easily.

As is shown in Fig. 3.27a, in the holding pressure process, the rehydration
performance is different between fiber cells and parenchyma cells. The rehydration
capacity of parenchyma cells is larger than that of fiber cells because parenchyma
cells have a larger absorption amount and reach the equilibrium point earlier than
fiber cells. Figure 3.27b shows that the moisture content of materials pretreated by
steam explosion is different. The moisture content in parenchyma cells is higher
than that in fiber cells. Figure 3.27 shows that because of the differences in mor-
phology and structure between fiber cells and parenchyma cells, the steam infil-
tration varies. In addition, steam, the heat carrier, and power source in the steam
explosion process, will certainly affect the degradation and tear of fiber cells and
parenchyma cells. Therefore, in the case where the whole corn straw is considered
as raw material and the classification and heterogeneity of the tissues are not
considered, the raw material is bound to intensify steam explosion conditions,
resulting in high hemicellulose degradation yield, high increasing rate of the surface

Fig. 3.27 Comparison of the fiber cells and parenchyma cells rehydration rates in the steam
explosion process: a moisture content of fiber cells and parenchyma cells at different holding time
and b moisture content of fiber cells and parenchyma cells after steam explosion and ISFC process
[50]
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area, and low raw material entrainment yield. The parenchyma cells will be
excessively degraded in this situation, increasing the possibility of inhibitor
generation.

Therefore, fiber cells and parenchyma cells should be pretreated under appro-
priate steam explosion conditions to achieve the best pretreatment effect for both. In
Fig. 3.27, the steam explosion technology contributes to the uniform rehydration of
fiber cells and parenchyma cells. Jin and Chen reported that steam explosion helps
improve fiber cells and parenchyma cells separation. In the novel method proposed
in the present chapter, the first-step steam explosion under milder condition aims to
attain uniform rehydration [133]. Based on the principle of weight classification on
centrifugal air classifier, fiber cells with low moisture content can be separated from
parenchyma cells with high moisture content. The separated fiber cells will then be
pretreated under appropriate conditions by steam explosion. Through this new
method, enzymatic hydrolyzation of fiber cells will increase, and the parenchyma
cells will not be excessively degraded, which is beneficial not only to improve the
pretreatment effect but also to reduce inhibitor content. Therefore, the design of the
method is reasonable and practical.

3.4.2.2 Effects of Two-Step Steam Explosion with ISFC Process
on Inhibitor Content

As is shown in Fig. 3.28, the inhibitor content in parenchyma cells is larger than
that in fiber cells after the first-step steam explosion and ISFC process. The inhibitor
content in FSSEM with no ISFC process is in the middle, indicating that under the
same steam explosion conditions, the degree of degradation of parenchyma cells is
larger than that of fiber cells. Hence, the structural heterogeneity of lignocellulosic
material determines the difference and selectivity of its pretreatment conditions,
which also indicates the necessity of classification and selection of pretreatment for
the lignocellulosic material. In the second-step steam explosion, except for the
inhibitor content of 1.5 MPa in one group that is higher than the PCG (1.2 MPa/
8 min), the inhibitor content in the other groups are lower than the PCG, with the
lowest at 1.1 MPa. This result arises because fiber cells and parenchyma cells
achieve the best separation (the separation degree is shown in Fig. 3.29) at
1.1 MPa. In this situation, the content of the thin-walled cells of the materials,
which participates in the second-step steam explosion, is the lowest, resulting in the
lowest inhibitor content. From 0.5 to 0.9 MPa, the inhibitor content gradually
increases. Material degradation yield and the by-products increase with increasing
steam explosion strength. From 0.5 to 0.9 MPa, the fiber cells and the parenchyma
cells fail to achieve a good separation. From 1.3 to 1.5 MPa, although the fiber cell
and parenchyma cell separation is good, the intensity is too severe, thus increasing
the inhibitor content. Figure 3.28 and 3 show that under 1.1 MPa/
4 min-ISFC−1.2 MPa/4 min conditions, where the separation degree of the corn
stalks is 1.6, the inhibitor conversion is the lowest at 0.0397. In Fenske et al.
research, total phenols conversion of corn stalk was 0.11 by acid steaming
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pretreatment (180 °C, 1% (w/w) H2SO4, 1 min) [29]. Du et al. reported that total
inhibitor conversion of corn stalk were 0.067 and 0.0473 by 0.7% H2SO4 and wet
oxidation at 180 °C for 8 min, respectively [30]. The inhibitor conversions in their
works were higher than the two-step steam explosion with ISFC process, which
may be due to pretreatment conditions adopted by them were more severe than ours
and the materials were not fractionated.

3.4.2.3 Effects of Two-Step Steam Explosion with ISFC Process
on Enzymatic Hydrolyzation

As is shown in Fig. 3.30, the parenchyma cell enzymatic hydrolyzation is larger
than that of the fiber cells after the first-step steam explosion and ISFC process. The
enzymatic hydrolyzation of FSSEM with no ISFC process is in the middle, which
indicates that under the same conditions of steam explosion, the degree of degra-
dation of parenchyma cells is larger than that of fiber cells. In the first-step steam
explosion, from 1.1 to 1.5 MPa, the enzymatic hydrolyzation of all materials is
higher than that of the control group. In the second-step steam explosion, except for
the group with 0.5 MPa, the enzymatic hydrolyzation of the other groups are higher
than that of the control group. With the increase in steam explosion intensity, the
enzymatic hydrolyzation likewise shows an increasing trend. It can be seen from
Fig. 3.28–4 that the optimal condition for the steam explosion process is from
1.1 MPa/4 min-ISFC–1.2 MPa/4 min. In this case, the fibrous tissue can be mod-
erately degraded, whereas the parenchyma cell can avoid excessive degradation.
Inhibitors are consequently produced when the pretreatment reaches the lowest.
Compared with the PCG (1.2 MPa/8 min), the enzymatic hydrolyzation of MIP
under optimal conditions is 74.35%, which increases by 12.82%.

Fig. 3.28 Effects of different
steam explosion processes on
inhibitor conversion [50]
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3.4.2.4 Effects of Two-Step Steam Explosion with ISFC Process
on the Conversion Ratio of 2, 3-BD

As shown in Fig. 3.31, the inhibitor conversion is the lowest and the concentration
of 2,3-BD is the highest in the experimental group (1.1 MPa/4 min-ISFC-1.2 MPa/
4 min). Compared with the PCG (1.2 MPa/8 min), the inhibitor conversion in the
experimental group is lower by 33%, and the content of the fermentation product 2,
3-BD increases by 209%. Compared with the FCG, which employs glucose as the
sole carbon source, the content of 2, 3-BD in the experimental group is higher than
that in the fermentation control group. However, the 2, 3-BD content in the other
groups is lower than that in the FCG. Thus, the inhibitors generated (1.75 g/L)

Fig. 3.29 Degree of
separation of different steam
explosion conditions [50]

Fig. 3.30 Effects of different
steam explosion with ISFC
process on enzymatic
hydrolyzation [50]
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under the experimental group conditions do not inhibit the production of 2, 3-BD
but promote its conversion. Meanwhile, the inhibitors in all the other groups, which
contents are larger than 1.75 g/L, inhibit the conversion of 2, 3-BD.

The two-step steam explosion with ISFC process was developed because of
lignocellulosic materials with structural heterogeneity producing inhibitors for
fermenting microorganisms under uniform pretreatment conditions. This process is
beneficial not only in achieving a moderate degradation of fiber cells but also in
avoiding excessive degradation of parenchyma cells, where the generation of
inhibitors can be controlled from the origin and detoxification unit operations can
be omitted. In addition, the two-step steam explosion with ISFC process, which
separates the fiber cells from the parenchyma cells, provides a new way for
multi-level conversion of lignocellulosic resources.

3.4.3 Establishment of Fermentable Feedstock Refinery
Platform Based on Steam Explosion Technology

Due to heterogeneity of biomass and the limitation of steam explosion, it is hard to
effectively separate the three main components of biomass. At the component level,
steam-explosion-solvent extraction pretreatment technology was established for
fractionation of cellulose, hemicellulose, and lignin and other main component.
This technology includes steam explosion and ethanol extraction composed pre-
treatment, steam explosion and high boiling solvent composed pretreatment, steam
explosion and ironic liquid composed pretreatment and steam explosion and

Fig. 3.31 Effects of the
two-step steam explosion with
ISFC process on the
conversion ratio of 2, 3-BD
(1.1(4)-ISFC-1.2(4) is the
experimental group, and the
others are the control groups)
[50]

3.4 Novel Process of Fermentable Feedstock Refinery 135



alkaline hydrogen peroxide combined pretreatment. At the cellular level, steam
explosion and wet shattering combined pretreatment technology was established for
fractionation. At the organization level, the author combined two-step steam
explosion with combing technology for fractionation of fibrous tissue and par-
enchyma. All above technologies are composed pretreatment system based on
steam explosion. By combining the system and transformation of intermediates and
purification, we build a refining platform which takes SE technology as a core. And
through this platform, we developed a set of cost-effective biorefinery technologies
which can be adjusted to some different products like bio-based energy, bio-based
chemicals, bio-based material and other bio-based products.

According to the above theories, the author integrated technology and equipment
and multidiscipline to establish a poly-generation industrial chain which takes straw
as the raw material. The products cover bio-based energy, bio-based chemicals,
bio-based materials and other bio-based products, including butanol acetone and
ethanol. At present, the author has built a number of multiproducts refining industry
chains in Shandong, Jilin, Henan, Jiangxi, Hubei, and other places and
cost-effective and large-scale biomass industry which brought good economic and
social benefits to the local. These industry chains successfully verified the practical
guiding role of anti-seepage and verified the rationality and reliability of taking
biomass as raw materials to produce bio-based energy, bio-based chemicals, and
bio-based materials. In September 2010, the author collaborated with Jilin Laihe
limited company and installed a “300 thousand tons straw biomass refining industry
production line”. It is the world’s first large-scale production line with economic
benefits. The production line abandoned the traditional ideas which degraded the
straw into the reducing sugar and then be fermented into butanol. The author takes
advantages of the fact that fermentation strains of butanol can use pentose. This
technology makes full use of straw to produce butanol hemicellulose, and at the
same time, it also produced a new kind of raw material for high-purity lignin,
cellulose and other excellent biomass chemical or biological materials, finally
produced organic acid, furfural, pulp, polyether polyol, protein feed, microcrys-
talline cellulose and other products. The capacity of the production line is 50
thousand tons of solvent including butanol, acetone, and ethanol. Lignin and cel-
lulose in straw were separated by fractionation, which produces 30 thousand tons of
high-purity lignin (producing 20 thousand tons of phenolic resin adhesive) and 12
million tons of high-purity cellulose (producing 50,000 tons of bio-polyether
polyols). This created new straw refining industrial model which use steam
explosion technology to produce hemicellulose, long fiber, and lignin and use
multicellular enzyme to hydrolyze this carbon source. What is more, it broke
through the technical and economic problems that have hindered the biomass
industry for a long time.
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Chapter 4
Microbe and Multienzyme Systems
of High-solid and Multi-phase
Bioreaction

Abstract Biocatalysts (microbe and enzymes) are sensitive to environmental
factors. In high-solid and multi-phase bioprocess system, high-solid loading leads
to special colony structure and “microbial ecosystems”. It is necessary to screen
microorganisms and enzymes which have high osmotic tolerance and
substrate-capturing ability. In this chapter, based on feature of high-solid and
multi-phase process, suitable screening principles and methods of microorganisms
and enzymes are discussed. Clostridium acetobutylicum with high butanol pro-
ductivity is taken as an example to carry out the engineering practice of rational
selection of strains and construct the domestication microbial system and enzyme
catalysis systems.

Keywords Strain breeding � Microbial ecosystems � Heterogeneous enzyme cat-
alytic system

4.1 Microbial Breeding Methods

4.1.1 Special Requirement for Strain Breeding in High-solid
and Multi-phase Bioprocess System

Industrial strain breeding plays a vital role in the fermentation industry, which
determines the industrial values of the fermentation products and the economic
feasibility of the fermentation process. The rapid development of modern fermen-
tation industry is generally attributed to two main reasons. One is the update of the
fermentation technologies and fermentation equipment. The other is the develop-
ment of strain breeding technologies, which provides people with various mutants,
leading to new products including antibiotics, enzymes, amino acids, organic acids
and microorganism, nucleotide, hormones, pigments, alkaloids, unsaturated fatty
acids, and other bioactive substances. Therefore, strain breeding plays a significant
role in improving the quality and qualification of fermentation products and
exploring microbial resources and development of new fermentation goods.
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The strains used for industrial production should exhibit the following charac-
teristics: (1) High hereditary stability; (2) Easy to produce vegetative cells, spores,
or other propagules; (3) Pure strains; (4) Seeds grow fast and vigorously; (5) Short
production phrase; (6) The products are easy to be separated and purified;
(7) Exhibiting self-protection mechanism and good ability to resistant strain pol-
lution; (8) High economic feasibility; and (9) Stability in producing the targeted
product.

Strains with above characteristics can ensure the quality and quantity of the
fermentation production, forming the fundamental requirement of industrial strains.
However, the high-solid system possesses unique characteristics, which can be
summarized as “solid effect” and “absorbance effect”. In the following part, dis-
cussion will be carried out on the special requirements of the two characteristics on
strain breeding.

Due to the transfer limitation of high-solid and multi-phase fermentation, cells
were limited in particular space region, contributing to high level of cell activity.
Therefore, high concentration strain cells can be harvested and the dilute rate of
fermentation can be improved. High-solid and multi-phase system provides stable
environment for cell with nutrition.

Together with these advantages, high-solid and multi-phase system also supplies
special requirements for the cell breeding, including the low homogeneity of
transfer and high osmotic pressure. Therefore, cells in this system should be good at
capturing substrate and resisting high osmotic pressure.

In the following part, screening of high butanol producing strain for high-solid
multi-phase system is taken as example to set up the breeding strategies based on
the “special requirements”. The main object of this part is not to make an ency-
clopedic summary of the strain breeding methods, but to show improve strategies
based on unique requirement.

4.1.2 Strain Breeding

So far strain, breeding methods can be divided into three categories, including
artificial mutation, species domestication, and metabolic engineering [1].

4.1.2.1 Induced Mutation

Most of the strains employed for industrial production were adopted by induced
mutation. Even the gene-modified strains were usually obtained from the mutated
strains. Induced mutation has obvious advantages on easy operation and low
equipment requirement.

The main process of induced mutation includes (1) the selection of original
strains; (2) the preparation of pore suspension; (3) the determination of mutagenic
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agent and its dosage; (4) the mutation process; and (5) the purification of mutated
strains.

(1) The selection of original strains

The selection of original strains plays a key role in the determination of mutation
result. Long time study on strain breeding proves that it is essential to select the
suitable starting strain and obtain the adequate knowledge on the strain character-
istics, especially on the genetic background, stability, homogeneity, colonial mor-
phology, and physiological–biochemical characteristic. All these knowledge could
help to improve the mutation effect.

The requirement on the original strains includes the following: (1) Being sen-
sitive to mutant factors and showing high variation range and positive mutant, even
with low production ability; (2) Stable production ability during the industrial
fermentation process; (3) Showing beneficial characters (e.g., fast growth rate, low
requirement on the nutrition, and produces spores easily and with large number);
(4) Because some mutated strains can be more sensitive to other mutative solvent,
they can be used as the ideal original strains for further mutation; (5) Adopting the
“Mutator strains” which are more sensitive to the mutation treatment than the
original strains; and (6) When breeding the strains for production of nucleotide or
amino acid, it is better to choose the strains which can accumulate one or several
precursors and shows increase in the production after each round of mutation.

The treatment method is the first link should be paid attention to. The treatment
methods can be divided into single-factor treatment and multifactor treatment.
Single-factor treatment is that treating the strains with only one external factor. It is
generally thought that single-factor treatment is not as good as multifactor treat-
ment, which had been proved by many studies. However, if some mutation factor is
really effective for some strains, it also can be employed singly and generate
positive mutation. Multifactor mutation means induce mutation using two or more
mutation solvents at the same time. Different mutation factors own different
working mechanisms and different acting sites. Therefore, several solvents of
mutants can work together and produce a better result by synergy effects.

The multiple treatments can be divided into several methods as mentioned
below: (1) Two or more factors used at the same time; (2) Two or more factors used
by turns; (3) One mutation factor was used repeatedly; and (4) Mutation and
rehabilitation were carried out by turn.

To increase the mutation effect with multiple factors, it should pay adequate
attention to their synergistic effects. Generally, it is better to apply the violent
factors after the weak factors. Otherwise, the mutation rate will be decreased.
Therefore, the design of the mutant experiments should be based on preliminary
experiment or previous experience of the experiments.

Taking the breeding of high butanol producing strains as example, Qureshi N
et al. obtained a strain named C. beijerinckii BA101 by N-methyl-N-nitro-N-
nitrosoguanidine mutation treatment, which produced 19 g/L butanol and 29 g/L
total solvents [2]. Lee et al. [3] applied multi-mutation treatment on C.
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acetobutylicum ATCC 824 and obtained a strain named BKM19, whose butanol
production was increased by 30.5%. When cultivated in the airlift fermentation, it
produced as much as 10.7 g/L butanol and 21.1 g/L total solvents, which is the
highest level been reported so far. Table 4.1 [2–9] summarizes the mutation
methods and their working mechanism. It also should be noted that the induced
mutation method suffers from low mutation rate and hereditary stability of the
obtained strains. The mutation usually occurs randomly and heavily relies on
labors. In order to make up for the shortcomings, the induced mutation has been
developed into strain adaptation method.

4.1.2.2 Repetitive Domestication

Repetitive domestication is a method that enhances the production ability of tar-
geted strains through repetitively mutation and selection through artificial simula-
tion of the real environment in industrial production. It does not require the depth
understanding of the high-production mechanism and exhibits advantages of high
mutation rate and hereditary stability [10]. Until now, the repetitive demonstration
can be mainly divided into two kinds: continual demonstration and intermittent
demonstration. The continual demonstration is also called “soaking method”, where
the strains are cultivated in the demonstration conditions from the beginning to the
end [10]. Until now, the reports on the continuous demonstration were quite lim-
ited. It is mainly because that strains after mutation processing, even the positive
mutants, are always get hurt and need a good environment for rejuvenation. In the

Table 4.1 Artificial mutation methods and the working mechanisms

Mutation type Mutation method Working mechanism Reference

Physical
mutagenesis

Ultraviolet ray ① cause crosslinking between DNA and
protein
② DNA breakage
③ generating pyrimidine dimer

[4]

Ionizing radiation ① gene mutation
② chromosome aberration

[5–7]

Ion implantation ① chromosome Duplication, translocation,
inversion, missing

[5–7]

Chemical
mutagenesis

Base analog ① swapping between Pyrimidine and purine
② gene transfer;
③ frame shift
④ gene large deletion

[2–4, 8,
9]Alkylating agent

frameshift mutation
solvent

Other mutation
solvent

Biological
mutagen

Bacteriophage ① gene transduction
② transposo ectopia

[9]
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continuous demonstration cases, the strains tend to be killed because of no chances
for rejuvenation. Yu et al. [10] obtained a butanol-tolerant strain C. acetobutylicum
T64 through repetitive evolutionary domestications, which could withstand 4% (v/
v) (compared to 2% of the wild type) butanol and was accompanied by the increase
of butanol production from 12.2 to 15.3 g/L using corn meal as substrate.
Fermentation was also carried out to investigate the relationship between butanol
tolerance and ABE production, suggesting that enhancing butanol tolerance could
increase butanol production but unlikely improve total ABE production. These
results also indicated that the ABE would be an available and feasible method used
in biotechnology for enhancement of butanol tolerance and production. Yang also
obtained a high butanol producing strain named C. acetobutylicum JB200, which
could produce as much as 20 g/L [11].

Table 4.2 [10–16] summarizes the achievements in recent years on the strains
development on biomass bioconversion. Though the advantages of this method
have been proved by many researches, it also faces some challenges with screening
as the biggest one. In other words, screening method is the key of strain simulation.

4.1.2.3 Metabolic Engineering

The application of induced mutation is timing consuming because of the random
mutation direction. By contrast, metabolic engineering is very rational, which helps

Table 4.2 The researching process of repetitive domestication

Strains Strategies Improved strains/control Reference

E. coli KO11 Hydrolysates from ammonia
fiber expansion treated corn
stover

Ethanol yield: 0.51 g/g [12]

S. cerevisiae Y5 Hydrolysate of softwood Ethanol production: 20 g/L
Ethanol yield: 0.4 g/g

[13]

S. cerevisiae
(YYJ 003)

Exposing to furfural, phenol,
acetic acid

Tolerating 1.3 g/L furfural, 0.5 g/
L phenol and 5.3 g/L acetic acid

[14]

C.
acetobutylicum
D64

Exposed to butanol Tolerating 4% (v/v) [10]

C.
acetobutylicum
JB200

Exposed to butanol Butanol production: 20 g/L [11]

Saccharomyces
cerevisiae

Exposed to butanol Ethanol yield: 0.38 g/g hexoses [15]

P. guilliermondii Exposing to furfural, phenol,
acetic acid

Ethanol production: 35 g/L
Ethanol yield: 0.45 g/g

[16]
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to modify the strains exactly. Therefore, this method is widely employed. The
researches mainly focus on three aspects: (1) To guide the intracellular metabolic
flux, reducing power and energy for butanol biosynthesis, (2) To manipulate the
metabolic behaviors, and (3) To get deep insight in the working mechanism of
metabolite and reactions.

The main strategy for improvement of butanol production by metabolite flux
manipulation is to enhance the central carbon metabolism and inhibit the production
of by-products (Fig. 4.3). pta, ack, ptd,and buk are the most employed gene targets
for manipulation. Harries deleted the buk gene and improved the butanol production
by 42%, however, when the deletion of buk and expression of add gene had on
influence on the butanol production [19]. When deleting pta and buk simultane-
ously, the production of acetone was increased to 0.36 mol/mol glucose [20].
Increasing the production of acetyl-CoA and butyryl-CoA through manipulating
central carbon metabolism is also a very efficient method. By knockout adc gene of
C. acetobutylicum EA201, Jiang et al. [21] improved the butanol ratio from 70 to
80%. Similarly, by manipulation of the adhE1 and ctfAB gene to intensify the
metabolic flux among butanol biosynthesis pathway and enhance the transfer of
acetyl-CoA to acetate and butyrate, the butanol ratio was increased from 0.57 of the
wild strain to 0.84. Jiang et al. found that butanol biosynthesis efficiency from
acetyl-CoA and butyryl-CoA is higher than that from butyrate and acetate. They
deleted pta and buk genes and amplified adhE1, increasing the butanol production
to 18.9 g/L, and butanol ratio to 71%. 95% butanol was from the acetyl-CoA
pathway [20]. Table 4.3 [18, 22–24] summarized the latest research progress of
gene engineering on butanol modification (Figs. 4.1, 4.2, and 4.3).

Table 4.3 Reprinted from Ref. [1]. Copyright 2013, with permission from Elsevier

Strain Strategy Engineered strain/control Reference

C.
acetobutylicum
ATCC 824

SolR-inactivated, plasmid-encoded copy
of the aad gene

Butanol: 17.6/11.7 g/L
Acetone: 8.2/4.9 g/L
Ethanol: 2.2/0.7 g/L

[22]

C.
acetobutylicum
ATCC 824

Antisense RNA against adc Butanol: 8.7/10.3 g/L
Acetone: 2.9/4.6 g/L
Butanol/acetone: 2.34/
1.75

[23]

Antisense RNA against ctfB Butanol: 0.2/1.1 g/L
Acetone: 0.0/0.5 g/L

C.
acetobutylicum
ATCC 824

Promoters for enhanced adhE, thl
overexpression, and ctfB downregulation

Butanol: 13.2/13.0 g/L
Acetone: 3.5/6.3 g/L
Ethanol: 14.0/0.9 g/L

[24]

C.
acetobutylicum
2018(p)

Disruption of adc gene by TargeTron
technology

Butanol: 7.4/13.6 g/L
Acetone: 0.21/2.83 g/L
Ethanol: 1.66/2.7 g/L
Butanol/acetone: 35.2/4.8

[18]
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4.1.2.4 The Practice of Strain Breeding in Author’s Lab

The selection of breeding method must be based on metabolic characteristics of the
target strain.

(1) The determination of breeding method

It is not ideal for the results of the transformation of metabolic engineering
because the butanol metabolism involves three complex periods of acid synthesis,

Cell distribution in the
common fermentation system 

Cell distribution in the high-
solid-multi-phrased system

Fig. 4.1 Comparison of the distribution status of cells in different fermentation systems

Fig. 4.2 Illustration of repetitive domestication methods [17]
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solvent synthesis, and sporogenesis. Moreover, it is hard to control the bacterial
metabolism exactly through changing one point or one path due to the interaction of
different pathways at different times. The interactions between acid production
pathway and solvent pathway and four different physiological periods in
Clostridium are shown in Fig. 4.4.

Through the above analysis, strain domestication is the best way for excellent
strains at present, that is, to make up for its non-directional of artificial mutation.
Moreover, domesticated strains perform obviously superior to metabolic engi-
neering on bacteria stability and adaptability to the practical production (Fig. 4.5).

Therefore, determination was used to breeding a desired strain which was
operated as shown in Fig. 4.6.

(2) The design of objectives filtering

To determine Clostridium acetobutylicum selection marker, 200 single colonies
(randomly selected) were fermented separately. Bacteria reducing power, product, and
substrate utilization in fermentation broth were recorded at 24, 36, 48, and 96 h. These
butanol fermentation parameters and yield were analyzed by partial least squares
regression and the results are shown in Fig. 4.7. Partial least squares regression (PLS) is
a monitoring correlation analysis class with multiple linear regression, canonical cor-
relation analysis, and principal component analysis function [25].

As can be seen from Fig. 4.7, glucose utilization is the most important indicator
of the ability to characterize the metabolism of alcohol. For bacterial cells, the

Fig. 4.3 The metabolic pathway of C. acetobutylicum ATCC 824 for butanol fermentation.
Reprinted from Ref. [18]. Copyright 2009, with permission from Elsevier
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higher the speed of sugar utilization, the stronger the ability to synthesize butanol.
Reducing ability is determined by examining cell reassuring reduction speed.
Reassuring is a nontoxic blue dye which can pass through the cell membrane and
used as a redox indicator. The faster the reassuring color change indicates the
stronger the reducing ability of cells [26]. After entering into the production phase,
small molecule acids were converted into solvent, consuming reducing power.
Therefore, reducing power production is directly related to the concentration of the
solvent [27]. PLS shows that butanol yield at 48 h, the solution acid, acetic acid,
and pH are closely related. When the acid is accumulated to a sufficient concen-
tration, the cell cannot continue to maintain the pH concentration differential across
the membrane, resulting in cell growth stop [28]. The acids were converted into a
solvent to reduce the toxic effects of acid on bacteria [29, 30]. Thus, in production
phase, this behavior can be seen as a protective mechanism.

Acids at 48 h can be grouped into three functions: (1) at stage of acid produc-
tion, acid is accompanied by ATP synthesis and promotes cell growth [31–33];
(2) accumulation of acid could induce solvent synthesis [27]; and (3) acid is the
material for solvent synthesis [34]. Large amounts of acids accumulation lead to
“acid crash” phenomenon, resulting in fermentation failure [35]. OD values were
used to characterize the cell growth parameters and PLS showed that the higher OD
values were usually accompanied with the higher butanol production at 48 h, which

Fig. 4.4 Species breeding and technical route design of high yield Clostridium acetobutylicum in
high-solid and multi-phase system
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is consistent with results of Liu et al. [36]. Considering the complex parameters of
detection methods, glucose, pH, and reducing capability are the best screening
models. Additionally, for the longer incubation time, disturbance from outside
environment to the results of microplate culture becomes greater (e.g., serious
solution evaporation and contamination). Therefore, screening time was set at 48 h.

Fig. 4.5 Complexity of acetone–butanol–ethanol fermentation pathway. a–c show the relation-
ship between sub-pathways, d shows the life cycle of Clostridium acetobutylicum

Fig. 4.6 Schematic diagrams of bacteria domestication
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The relationship among parameters is very complicated, and not a single one of
the traits of high yield strain clearly differentiated because discriminant model must
be established according to these subtle differences selectable marker. Three most
popular methods for solving the problem, including nonlinear fitting, the feasibility
of artificial neural networks, and support vector machines, were investigated.

The real value of the 200 samples is connected into a curve from small to large in
Fig. 4.8, while splashes to the corresponding predicted values, where the accuracy
of three methods is support vector machine (79.8%), artificial neural network
(76.4%), and nonlinear fitting (56.3%) in the order.

Bu tan ol ¼ aðpH � bÞ2ð60� Glu cos eÞðc� RÞþ d ð4:1Þ

Nonlinear fitting is the most commonly used and is one of the simplest opera-
tions. The accuracy of this method depends on the selection of expression model.
Unfortunately, so far, there have been no unified standard methods used for the
expression of the model of optimization design. Combining with the filter data, a
prediction model was put forward (e.g., Eq. 4.1). The predictive results of the
method are not ideal. Strains of production capacity are very complex variables. Its
correlation with selection markers is very complicated, which cannot accurately
summarize with conventional formula.

Artificial intelligence is a hot topic in current researches, which has been widely
applied to materials [37], chemical engineering [38], automation, face recognition
[39], and many other fields. As a kind of adaptive nonlinear statistical data mod-
eling tool, the complex relationship between input and output can be excavated
automatically [40]. Through Fig. 4.8, the prediction results (76.4%) of artificial
neural network are significantly superior to that of nonlinear fitting (56.3%).
Additionally, compared with the neural network, support vector machine is more
suitable for small sample modeling, where strains of the predicted results also could
indicate the highest accuracy of support vector machine (79.8%).

Fig. 4.7 Correlation analysis
on fermentation parameters
with butanol production using
partial least squares method
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In order to validate the stability of the model, the trained model is applied to five
generations of continuous prediction. And with the emergence of new species, the
accuracy of the three models is dropped. One of the most obvious is the nonlinear
fitting, dropped from 56.3 to 38.5% at the beginning. Neural network and support
vector machine drop to 65.3% and 65.3%, respectively, indicating a better stability.
Above all, no matter in accuracy and stability, the support vector machine is the
best model for bacterial selection.

At present, biochemists try to use quantitative method to describe the bio-
chemical phenomenon and study biochemical problem in the category of “quanti-
tative” and “mathematics” [41–43]. Unfortunately, a lot of problems, including
strains filtration, are still staying in the qualitative description. For example, there
are no effective tools of converting biochemical phenomenon to digital information,
while the feasibility of image processing in the biochemical quantitative research is
proved in this chapter.

In order to improve the work efficiency, automatic equipment for screening is set
up (Fig. 4.9). This equipment is mainly composed of cabinet, industrial tablets, and
flat plate type of light and digital cameras. Cabinet and flat lamp provide a stable

Fig. 4.8 Prediction performances with different prediction models
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environment to avoid the disturbance of external light source. Digital cameras are
connected to the industrial tablets and directly controlled by computer operation,
which could strictly control the sample reaction time and effectively reduce the
human error. Industrial tablets are installed with automatic analysis program based
on Java language. The program mainly includes image, image preprocessing, color
information extraction, and test results report. Among them, the image prepro-
cessing image is integrated with automatic extraction algorithm, which could
automatically extract vision from samples (Fig. 4.10).

Table 4.4 shows the comparison of high-pressure gas chromatography method
and discoloration circle method [44]. Taking selection of 1000 strains, for example,
the traditional gas chromatography requires at least 10.5 days and works

Fig. 4.9 The screening procedure for high butanol producing C. acetobutylicum strain

Fig. 4.10 Schematic of the automated equipment used for strain screening [44]
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continuously (each sample testing time is about 15 min), consuming at least 3 L
hydrogen (0.2 mL/min), and 7.5 L nitrogen gas (0.5 mL/min). He et al. [44] had put
forward a way to screening of acetone butanol clostridium with color ring rapid
method. The method estimates the potential output of screening strains by detecting
the size of the color ring. This method includes many steps (e.g., production of plate
and holes, fermentation liquid transfer, and measurement of color ring) and labor
intensive. Therefore, the method proposed in this chapter has obvious advantages
with the help of automation process analysis. It takes only one hour when scanning
1000 strains, which is the 1/250 of HPGC and about 1/100 of discoloration method.

After seven gradients of butanol domestication, eventually pick out one indi-
vidual strain of good traits, named IPE-005, compared with the fermentation
character of the original strain, and the results are shown in Fig. 4.11.

It can be seen that there are obvious differences between IPE-005 and the
originals during metabolic process. The utilization of glucose has increased from
75.5 to 91.4%. Bacteria concentration increased from 2.2 to 3.5 g/L with 59.1%
increase. Final concentration of butanol increased from 6.1 to 10.9 g/L with 78.6%
increase, and total solvent increased from 13.4 to 17.5 g/L with 38.1% increase.
The results proved the accuracy of this screening method. Seven batches consec-
utively have been made to verify the stability of the IPE-005 strains, and the
fermentation results are shown in Fig. 4.12. The variation coefficient of the total
yield of IPE-005 and butanol production were 5.56% and 5.48%, respectively,
indicating that strain can be used as an original strain in further research with better
mitotic stability.

4.2 Microbial Selection Methods for Intensifying Inhibitor
Tolerance

Microorganism cannot survive or play a well function in an unsuitable environment
with inhibitors. In generally, inhibitors refer to both chemical and physical factors.
Chemical factors mainly refer to chemicals, which have a negative effect on
microbial growth. For example, high concentration ethanol inhibits yeast growth,
resulting in fermentation process to stop. Physical factors include osmotic pressure,
temperature, etc. High-solid and multi-phase bioprocess system is a typical system
with high osmotic pressure. Microbe in this system should have high osmotic

Table 4.4 Comparison of the existing methods for screening of 1000 butanol producing strain
[44]

Method Screening time Material consumed

GC 10.4 d 3L hydrogen, 7.5 L nitrogen

Color-changing circle 4 d Culture medium 12 L; Plate 200;

Ion beam implantation 1 h Indicator solution 0.6 L, Microwell plate 11
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Fig. 4.11 Comparison of IPE-005 and the parent strain for butanol fermentation [34]

Fig. 4.12 The validation of
IPE-005 for generation
stability [17]
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pressure tolerance. In fact, traditional breeding methods can be used to screen
desired microbes or enzyme. In later part of the chapter, a popular and efficient
method of enzyme directed evolution will be discussed.

4.3 Enzyme Directed Evolution Methods

4.3.1 Special Enzyme Requirements in High-solid
and Multi-phase System

Compared with the traditional chemical catalyst, enzyme preparations have the
incomparable advantages (e.g., high efficiency, substrate specificity, and mild
reaction conditions). Therefore, enzyme preparations gradually play an important
role in many fields. Enzyme is sensitive to external environment (e.g., pH and
temperature). Differences between the actual reaction conditions and the physio-
logical environment of organism easily result in enzyme inactivation phenomenon
in practical application. Therefore, characteristics of enzyme greatly limit its
industrial applications. Comparison of enzymes immobilization in the traditional
system and that in high-solid and multi-phase is shown in Fig. 4.13.

Enzyme in high-solid and multi-phase system has the following advantages:
(1) There is no need for the separation and purification of enzyme, reducing the
energy loss and total cost; (2) Multiple enzyme reactions can be done without
adding a cofactor. The immobilized cells cannot only play a role as a single enzyme
but take advantage of the bacteria in the composite enzyme system to complete a
series of catalytic reactions. (3) For cells, the original state of enzyme can maintain
and show a strong resistance to unfavorable factors.

However, new requirements on enzyme in the high-solid and multi-phase
include the tolerance of high osmotic pressure. At the same time, due to the

Fig. 4.13 Traditional enzyme immobilization and that in high-solid and multi-phase system
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uniformity of the system, mass and heat transfer are weaker than that of the tra-
ditional reaction system.

4.3.2 Directed Evolution of Enzyme

Directed evolution is an effective new strategy of protein molecules modification,
featured by stimulating natural evolution process in the laboratory. It is randomly
induced by mutagenesis of genes which code protein, guided by DNA reorgani-
zation, random recombination, and staggered extension methods to recombine
mutation gene in vitro. Design high-throughput screening methods to choose the
need of mutant strains through the methods of error-prone PCR and mutagenic
strain. This method not only can quickly produce new industrial useful enzyme, but
also can be significant to the study the relationship between of protein structure and
function.

With a long period of natural selection, countless proteins produced in nature
show an ideal biology function [45]. Most traditional industrial catalyst cannot be
compared to the catalytic efficiency and specificity of an enzyme, and thus enzyme
application is becoming more commonl in every field [46]. However, chemical
engineers that design industrial technology with enzymes have often encountered
problems. For example, enzyme could play very specific biological functions in
organism internal energy after hundreds of millions years of evolution while
unexpected features show outside the body [47]. Biological process usually requires
the following types of enzymes which could maintain stability of active enzyme for
long time, remaining highly active enzyme in extreme environments or accept
different substrates (including the substrate not existing in nature) [48]. Proteins
with new features and properties can be gained through two ways including finding
unknown species and transforming existing known proteins or enzymes in natural.
The later way may be more appropriate in selecting proteins without natural evo-
lution characteristics [49]. In early 1980s, protein-engineering technology arises
based on concept that analyzing three-dimensional structure of protein so as to find
out the relationship between the structure and function. Changing individual amino
acid residues to generate new traits of protein with site-directed mutagenesis
method. Therefore, this attempt is known as the rational design [46]. As the rela-
tionship of protein structure and function is very complicated, understanding of this
relationship is still very superficial at present. In fact, through different channels
(e.g., random mutagenesis screening), and a large number of successfully trans-
formed enzyme, some changes of amino acids are often outside the area according
to protein model prediction [46].

Fixed point mutation of proteins becomes helpless when the research is focused
on molecular structure [50]. Therefore, people begin to consider method-directed
evolution that seems to be irrational [51].
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4.3.2.1 Basic Ideas of Protein Directed Evolution

Natural evolution is one spontaneous slow process of reproduction and survival of
the whole organisms [49]. Evolution by natural selection contributes to the
developmental direction of biology. The diversity of environment and adjustment
mechanism of biology determine the diversity of the evolutionary direction. Key
steps of the natural evolution can be imitated in the lab including mutation,
recombination, and selection, and effectively transform protein and complete the
long evolution process in a short time [45], making it possible to meet the demand
of human beings. Unlike natural evolution, directed evolution strategy has a clear
goal that is usually the specific properties of a particular protein. Directed evolution
technique makes it possible for us to understand a few protein molecules, looking
for the needless function in natural environment. It is an irrational design because
the directed evolution does not require protein structure information.

The following features of proteins must be paid attention to when considering
experiment scheme. (1) Protein sequence space is usually huge. One protein
composed of 300 amino acids in series may have 20300 kinds of arrangements,
among which the vast majority of arrangements have no response function.
(2) Desired mutations are scarce and the combinations of beneficial mutations are
rare. The characteristics illustrate that completely random sampling way is hard to
get what we need. It is best to choose a character similar to the target protein.
Besides, the ideal state is that only a single amino acid mutation occurs once in
every protein sequence [45].

What directed evolution needs is to produce mutations library that contains a
large number of trace beneficial mutants that could express functions in vivo of
appropriate microorganisms (e.g., E. coli or yeast) [49]. Sensitive screening method
must be developed to cognize small increase of expected traits by a single amino
acid replacement [48].

Performance of directed evolution in solving particular problem greatly depends
on the state of the behavior modified by natural evolution. If a feature (e.g., catalytic
activity) has already been under pressure from natural selection for long time, the
probability of further change will be relatively small in the lab. In general, desired
performance which has not been selected by natural is easy to improve. Enzyme
activity of a natural substrate seems to be easily improved [49] when characteristics
of biological functions are never needed.

4.3.2.2 Conventional Methods of Protein Directed Evolution

The amount of mutant, the simplicity of establishment of mutation gene library, and
the operability of establishment of mutant gene library greatly affect the efficiency
of evolution. With irreplaceable advantages of the directed evolution technique than
other methods in the field of enzyme molecule modification, researchers designed a
variety of methods to establish a mutant gene library. According to different
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methods of creating mutant gene library, it can roughly be divided into the
non-recombinant and recombinant.

(1) Error-prone PCR

Error-prone PCR refers to the amplifying gene bases and induces mismatch
simultaneously, leading to random mutations. However, it is difficult to obtain
satisfactory results through one mutation, promoting development of sequential
error-prone PCR strategy. It is a PCR amplification where useful mutations are used
as the template of the next PCR amplification, accumulating small mutation and
obtaining desired mutations. Chen et al. used this strategy on directed evolution
activity of bacillus subtilis proteinase E in nonaqueous phase (dimethylformamide,
DMF). The results showed that catalytic efficiency of the mutant PC3 was 471 times
higher than wild enzyme in 60% DMF [50, 52].

Error-prone PCR method was designed and reported at the first time in 1985 by
Leung et al., and improved by Cladwell and Joyce in 1992 [53]. It is a method of
establishing non-recombinant mutant library. TaqDNA polymerase has no activity
of 3’–5’ excision enzyme. Some base mismatch inevitably occurs in the amplifi-
cation process. Changing the factors in the amplification system (e.g., Mg2+ con-
centration or using Mn2+ instead of Mg2+ as activation agent of DNA synthetase),
could increase the mismatch rate. In this method, the genetic changes just occur
within a single molecule, belonging to asexual evolution. The same type base
conversion is easy to appear when using this method. Error-prone PCR could only
make the original protein sequence of a small space mutation, thus applicable to
smaller segments (<800 bp). However, for new researchers in directed evolution,
error-prone PCR can be regarded as an effective and practical evolution method
indeed [54].

(2) DNA reorganization and exon reorganization

DNA reorganization, also known as sexual PCR, is to sexually recombine genes
at molecular level. The method was introduced to the protein directed evolution
process by Stemmer in 1994 and has successfully transformed dozens of protein
with industrial applications. Through altering the original nucleotide sequence of a
single gene or gene family, the method creates new genes and endow expression
product with new features. DNA reorganization strategy aims to create the mutation
in the gene group of parent as much combination as possible, leading to greater
variation and finally obtaining the best combination of mutation enzyme. It is
superior to “repeat oligonucleotide induced mutagenesis” and “continuous
error-prone PCR”. Through DNA reorganization, we can not only accelerate the
accumulation of beneficial mutations but also can make the enzyme endowed with
optimized properties of two or more.

Exon shuffling is similar to DNA reorganization where individual fragment
exchange occurs. However, exons reorganization relies on the same kind of
intermolecular introns homology while the DNA reorganization is not subject to
any restrictions and occurs in the entire history of the gene. Exon reorganization is
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more suitable for eukaryotes and makes sure that various sizes of random peptide
library be obtained.

With the deepening study, the DNA reorganization technology is also under-
going improvement [55]. At present, DNA reorganization has successfully evolved
coding b-lactamase, b-glycosidase enzymes, green fluorescent protein, alkyltrans-
ferase, benzyl lipase, and t-RNA synthetase single gene and the whole operon
encoding the arsenic acid salt or atrazine degradation enzyme. Two main disad-
vantages of DNA reorganization are stated as follows: (1) the reorganization
background clone recovers to the cloned child; and (2) higher sequence homology
of parent gene is demanded (usually no less than 90%). Family reorganization
technology [55–57] has been developed where single-stranded DNA is used as the
template, making up for the traditional shortcomings of DNA reorganization
method.

4.4 Construction of Microbial System High-solid
and Multi-phase Bioprocess

4.4.1 Features of Microorganism System in High-solid
and Multi-phase Bioprocess

High-solid and multi-phase system is featured by high-solid loadings. Interaction
between microorganism and matrix occurs through energy, matter and information
exchange, forming a unique community structure, and microbial ecosystems.
Efficient microbial reaction system can be built by recognizing the specificity of this
biological system and comprehensive utilization.

Although there are few related studies, broad predictions can be made that
high-solid and multi-phase systems provide the best growth environment because
diversity of colony microbes and the variety of metabolic types co-exist in the
system.

As shown in Fig. 4.14, the high-solid and multi-phase system has features of
concentrated substrate and high concentration of bacteria. To be specific, significant
adsorption effect on the surrounding culture medium makes the nutrients highly
enriched in the matrix and results in a “concentrated substrate” effect. Besides,
high-solid and multi-phase bioprocess limits microbe to a specific area, increasing
the effective removal of cells and substrates and accelerating the growth rate of
bacteria and then achieve high concentration of cell culture.

As shown in Fig. 4.15, differed from the traditional fermentation system, the
interaction between the bacteria in the high-solid and multi-phase system is more
intense with larger mass, energy, and signal flow. This interaction constitutes a
complete ecosystem with higher stability and catalytic conversion capacity.
Therefore, a hybrid microbial in high-solid and multi-phase system can be estab-
lished and applied to sewage treatment, biodegradation, and other occasions.
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4.4.2 Construction Method of Microorganism System
in High-solid and Multi-phase Bioprocess

“Domestication of microflora” is an effective method of constructing high-solid
biological reaction system. High-solid and multi-phase systems are complex and

Fig. 4.14 Two effects in high-solid and multi-phase bioprocess microorganism system: substrate
concentration and high concentration cultivation of bacteria

Fig. 4.15 The “ecosystem” formed by microbial–matrix interactions in high-solid systems
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bio-diverse micro-ecological systems. Biodiversity is the basis of domestication,
and acclimation conditions are the selection of microorganisms. The microorganism
which adapts to the environment will survive, while the others will be inhibited or
eliminated. In addition, the microorganisms in the high-solid heterogeneous system
can take the initiative to adapt acclimation conditions by phenotypic adaptation and
evolutionary adaptation. This is a process of redistribution and adjustment of the
microbial niche in the ecosystem, conforming to the principle of “selection and
adaptation” of ecology.

Diversity of microbial species in high-solid and multi-phase reaction system is
the base of domestication. In the process of acclimation, the biological diversity of
the system showed a decreasing trend. The more the extreme conditions of
domestication, the smaller the microbial diversity. Therefore, the high-solid and
multi-phase domestication aims to use desired condition for selecting the microbial
species. In the process of acclimation, the microbial community succession also
appeared in the high-solid and multi-phase microbial community. The dominant
species at low concentration will be replaced by another population at high con-
centrations. This should be caused by the abundance of functional microorganisms.
When a variety of microorganisms have the same metabolic function, the phe-
nomenon of dominant population substitution occurs.

4.5 Construction of Enzyme Catalysis System
in High-solid and Multi-phase Bioprocess

4.5.1 Specificity of Heterogeneous Enzyme Catalytic System

Most of the enzymes are proteins with a special three-dimensional conformation,
which catalyze extensive and specific reactions in vivo. In recent years, especially
with the development of biochemical technology, enzyme-catalyzed reactions,
especially catalytic asymmetric synthesis reactions, are increasingly used by
organic chemists. Optically active compounds or synthetic products have been used
in medicine, pesticides, food additives, spices, daily chemicals, and other fine
organic synthesis.

Different from the traditional enzyme reaction system, there is a complex
interaction (including enzyme–matrix, matrix–matrix, and enzyme–enzyme) in the
high-solid and multi-phase system. Since the enzymes are confined to a fixed
region, the high-solid and multi-phase system constitutes a natural complex enzyme
reaction system. Different enzymes can be added into high-solid system sequen-
tially. The product in previous reaction is used as the substrate for the enzyme, and
the reactions were connected in sequence, constituting a metabolic pathway or a
part. Synergetic function of the enzymes can enhance enzymatic hydrolysis
efficiency.
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Multienzyme complex catalytic system is easy to form in high-solid and
multi-phase enzyme. In vivo, many cascade enzyme reactions are carried out in the
form of highly ordered multienzyme complexes. Multienzyme catalytic complex
generally consists of three or more enzymes through the affinity of the composition
which is a certain configuration of the complex. At present, the channeling effect in
substrate has been found in many pathways of organism (e.g., the glycolytic
pathway [58], the tricarboxylic acid cycle [59], and the mevalonate pathway [60]).
In light of this phenomenon, the authors attempted to increase the reaction rate
in vitro by using some existed or artificially constructed multienzyme catalytic
complexes. Compared with intracellular reaction, the advantages are concluded as
follows: (1) Reaction system is easy to control; (2) Higher product yields can be
achieved in vitro synthesis, where some new multienzyme catalytic systems can be
constructed; (3) In in vitro synthesis, there is no cell membrane obstruction, con-
tributing fast mass transfer and improving reaction efficiency; and (4) The in vitro
multienzyme catalytic system can withstand some toxic intermediates and the
reaction condition is not as severe as it in vivo [61]. Obviously, the high-solid and
multi-phase enzymatic reaction system also has similar advantages.

Figure 4.16a shows the catalytic effect of three synergistic enzymes.
Figure 4.16b shows the distribution of three catalytic enzymes in the conventional

Fig. 4.16 Comparison of the enzyme-catalyzed system in high-solid and multi-phase system and
that in conventional enzyme-catalyzed system
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catalytic system. The three enzymes were randomly distributed and could not form
a good synergistic reaction, and there is a long distance between enzyme and
substrate, resulting in low catalytic efficiency. Figure 4.16c, d reflects the distri-
bution of the enzyme in the high-solid and multi-phase system. Strong adsorption
effect exits in high-solid and multi-phase for the being of solid, fixing the enzyme in
a certain region and increasing effective contact between enzymes and the substrate.
Therefore, a number of independent catalytic units are formed and play their roles
synergistically in the high-solid and multi-phase system.

4.5.2 Construction of High-solid and Multi-phase
Enzymatic Hydrolysis System

High-solid enzymatic system has many similar characteristics with single immo-
bilized enzyme methods. Structure and function of each enzyme should be taken
into account. Reasonable protective measures should be taken to maintain the
highest overall enzyme activity.

Establishment of high-solid and multi-phase enzymatic system could be sum-
marized as follows: (1) Choosing the varieties of enzyme according to the main
functions; (2) Optimizing proportion of individual enzyme in compound and pro-
viding physical and chemical conditions; and (3) The unit volume of matrix in
high-solid and multi-phase system should be calculated according to the dose of
enzyme.
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Chapter 5
Periodic Intensification Principles
and Methods of High-solid
and Multi-phase Bioprocess

Abstract High-solid and multi-phase bioprocess is an interactive process among
microorganism and environmental factors. Various environmental stimulations will
affect microbial growth and metabolism in high-solid and multi-phase bioprocess.
In this chapter, periodic intensification principle is proposed based on microbial
physiology and biochemistry properties. Novel periodic intensification methods
such as periodic peristalsis and gas double dynamic (GDD) were used in high-solid
and multi-phase bioprocess to improve microbial performance, and mechanisms of
the two intensification methods are systematically analyzed. Based on the analysis,
it is concluded that periodic peristalsis and gas double dynamic can effectively
intensify microbial growth and target products formation.

Keywords Periodic intensification � Periodic peristalsis � Gas double dynamic

5.1 Principle of Periodic Stimulation in High-solid
and Multi-phase Bioprocess

5.1.1 Universality of Periodic Phenomena

Cyclical phenomenon is very common. Periodic rotation of cosmic objects, periodically
running of the sun, the moon, and the earth causing seasonal changes in temperature,
light, circadian turnover. Atmospheric gravity, laser ray ionization, ultrasonic radiation,
and geomagnetic field result in month and day rhythm of organism reaction. Flowering,
migratory birds, and fish are all biological circadian rhythm. Long-term cyclical
organisms adapt to external environmental stimuli, and rhythmic oscillation occurs in
individual cell, organs, constitution, and even molecular level, such as animal digestive
EEG activity, electrocardiographic glycolytic, and molecule cell cycle change structure
phenomena. Farmers make plant listen to music can promote growth. From the
viewpoint of systems biology, genome replication and division, cell proliferation, and
growth all occur with cyclical changes; the cycle of protein phosphorylation and
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translation and eventually be degraded. Because of autocatalytic and allosteric effectors
cyclical effect of the plasma membrane transport, oscillate always occurs in cell
metabolism. Take Chinese medicine theory as an example, course of medication
treatment is equivalent to a periodic intensification treatment, and the improved con-
dition is a response to the stimuli; acupuncture in different parts of body the dredge
meridians through periodic blood circulation. Systems biology and traditional Chinese
medicine theory taught us to consider from the whole because the whole is often greater
than sum of its parts [1].

Nature microbial species are widely distributed and easy to breed fast variation
in environmental. They show a different response to the cyclical stimuli. Even in
extreme environments, there are various extremophiles bacteria. Porous surface
soil is the compound of liquid, gas, and solid matter. During microbial solid-state
fermentation, periodic changes of airflow on the soil surface accelerate heat
transfer, resulting in change of oxygen and CO2 partial pressure, contributing to
microbial metabolism. Less microbial species exist in deeper of the ground with
inactive metabolism. This provides biomimetic basis for the periodic gas
double-dynamic solid-state fermentation (GDDSSF) reactor. Organism with the
long-term external stimuli has an inherent rhythm, which should be able to take
place in the external force changes. For example, flowers under the lights come
out early.

5.1.2 Periodic Oscillations in Biological System

In the natural sciences, a gap has always existed between the life sciences and
nonlife sciences, entropy increase principle of Kelao Hughes and natural evolution
of the law divided the nature law into two opposing camps: one proposes a
unordered nature and the other is tend to an ordered nature. In 1940s, Schrodinger,
one of the pioneers in quantum mechanics, wrote a book to explore the essence of
life and presented the concept of negative entropy cybernetics in open systems. The
formation of information theory and systems theory thought in the late 40s is the
bridge established over the gap. The bridge was finished until the early 1970s when
dissipative structure theory was proposed. Based on nonequilibrium thermody-
namic theory, dissipative structure theory rigorously proved that in an open system
which is far from thermodynamic equilibrium, complex nonlinear characteristics of
the process can naturally form stable self-organizational behavior, and an ordered
structure can be evolved from disordered space and time. In early 1980s, chaotic
dynamics was co-founded by a group of mathematicians and physicists, which
further proved that the conversion between disorder and order at different levels is
the universal law of the nonlinear and complex process in nature. Periodic oscil-
lation behavior is a typical example.
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5.1.2.1 Calcium Oscillations in Biological Cells

Biological cells calcium oscillations are important biological rhythms phenomenon
at a cellular scale. Calcium is also known as the “life and death signal” because it
plays an important role in the numerous processes. It is well known that Ca2+ in cell
solution is an important second messenger substance of cell [2, 3], transient release
of Ca2+ is a major cellular response to bail signal, this change can exhibit strong
spatiotemporal organization, and it is often in intracellular Ca2+ oscillations in the
form of calcium called oscillation [4]. Cell solution of calcium oscillations plays an
important role in information transmission between cells and the regulation of
intracellular and in which the transmission of information and the regulation of
many physiological processes are closely related, for example, muscle contraction,
cell fertilization, and gene expression.

The mechanism of calcium oscillation is related to cell type. For excitable cells,
it generally considered that cells calcium oscillations are related to the cytoplasmic
membrane depolarization and channel of voltage-dependent Ca2+. For non-
excitable cells, such as liver cells, calcium oscillations occur regularly after stim-
ulation by agonist but no spontaneous calcium oscillations occur. At present, the
theory of the calcium oscillation mechanism which is more favorable is that:
intracellular Ga subunit of the G protein is activated after agonist binding to the G
protein-coupled receptors on the cell membrane in the extracellular, which further
activate phospholipase C; the activated phospholipase C catalyzed hydrolysis of
membrane lipid inositol diphosphate into inositol triphosphate and diacylglycerol;
then inositol triphosphate bond to specific receptors in the endoplasmic reticulum
membrane, leading to intracellular calcium Ca2+ channel opening, causing large
amount of Ca2+ release from calcium pool and higher cytosolic Ca2+ concentration;
Ca2+ release at initial stage can promote open of Ca2+ channel on the plasma
membrane, causing inflow Ca2+ influx of extracellular; Ca2+ channels are blocked
when Ca2+ concentration in cytosolic rises to a certain extent; and Ca2+ in cyto-
plasm is pumped out of the cell by calcium pump located on the plasma membrane
or pumped into the Ca2+ pool in the endoplasmic reticulum, resulting in decrease of
cytosolic Ca2+ concentration. This periodic change of Ca2+ in cytoplasm is called
the Ca2+ oscillations. However, there are still many unknown aspects of this theory.
For example, how the Ca2+ channel on the plasma membrane is opened at the initial
stage of Ca2+ release, the characteristics of the channel and intracellular channels
regulation mechanism need further study.

5.1.2.2 Glycolytic Oscillations

Another typical example is the reaction of biological oscillations glycolytic oscil-
lations. The process that glucose and fructose-1,6-diphosphate by
3-phosphoglycerate degrade pyruvate and ATP generation is called glycolysis.
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Under certain conditions, many glycolytic intermediate compounds during the
reaction process and the concentration of enzyme involved may vary with the time
period. In 1964, Chance et al. [5] observed oscillation of metabolic intermediates in
yeast cell under the condition of limited oxygen and glucose. At the same time, the
researchers found their glycolytic oscillations in cell extracts. When glucose is
added to the extract at a steady rate, glycolytic intermediates oscillation with a
certain frequency can be observed.

Regardless of cell or cell extraction, there is the same phase difference in oscillation
glycolytic intermediates with phosphofructokinase as the core of oscillation, and the
oscillation before and after the intermediate product has 180° phase angle difference.
AMP is a conformational change in the regulator, and glucose-6-phosphate there is
oscillation phase angle difference of 90°. High AMP concentration was accompanied by
high phosphofructokinase activity, resulting in accumulation of fructose-6-phosphate
and the consumption of fructose-1,6-diphosphate. On the contrary, fructose-1,6-
diphosphate will be consumed and fructose-6-phosphate been accumulated.

5.1.2.3 Characteristics of Biological System

Essential difference between biological response to conventional chemical reactions
is that the living organisms have sensitivity to the external environment,
self-adjusting, and adaptive capacity, which are the natural properties of nonlinear
complex systems. When the application period stimulation, biological experience
self-adaptive adjustment, if repeated for a long term, this new adaptation will enter
the genetic memory of the organism, to the next generation. In the above example,
advanced plants and animals were studied everywhere. Many normal activities of
organisms are cyclical characteristics, such as feeding and respiration. From
complex systems engineering cybernetics perspective, fixed point is effective for the
optimal control of linear systems but not for nonlinear systems. Nonlinear dynamic
response cycle in regulation system to achieve optimal control strategy in the
chemical system also began to gain attention. Biological reaction system at the
cellular level, this adjustment period should be a universal input of optimization
control. This stimulation cycle may be temperature, concentration, pressure, light,
electricity, magnetism, and sound. For example, plants grow in nature and may be
subject to various external stimuli such as mechanical strength, light, sound waves,
and the growth and metabolism of organisms to external stimuli, and these relations
have been the issue which physicists and biologists are concerned.

With a large value of V, stochastic simulation method is close to deterministic
limit, and the system is still in the steady state (Fig. 5.1a; when the size of the
system is very small, in a dominant position within the noise in the system, chaotic
oscillations Fig. 5.1c); and if the system is in a medium size, the system shows
random Ca2+ oscillations (as shown in Fig. 5.1b). Due to internal disturbances,
Ca2+ can continue to maintain the oscillation in a wider range of parameters.
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In order to quantitatively describe the random oscillatory behavior,
signal-to-noise ratio was defined [6]. Since the noise level is proportional to 1/√v,
therefore, the dependency of signal-to-signal noise ratio to cell volume is showed in
Fig. 5.2, i.e., signal-to-noise ratio and the dependence of the noise. A similar

Fig. 5.1 Time sequence of
[Cacyt] with different
volumes. (a V = 106 lm3,
b V = 104 lm3, c V = 102
lm3)

Fig. 5.2 Relationship
between SNR and cell volume
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resonance behavior is showed, that is, system size resonance behavior. In a limited
volume within the dominant noise signal-to-noise ratio is small. The signal-to-noise
ratio increase with increased V and reaches the maximum when V is 103.7 lm3.
The volume of real-life in vivo cell volume and the same order of magnitude,
indicating that the system of life has learned how to optimize the use of internal
noise Ca2+ oscillatory behavior. Finally, as a further increase in volume,
signal-to-noise ratio reduced, indicating that if the size of the system is very large,
the noise inside the system is difficult to induce random oscillations. In a certain
amount of excitation agonists, calcium oscillation does not occur even in a deter-
ministic system, the cells will be automatically adjusted by internal disturbances
induced calcium oscillations, and thus the signal transfer.

5.1.2.4 Theory Analysis of Metabolic Periodic Oscillations:
Nonequilibrium and Nonlinear Theory

Nonequilibrium and nonlinear theory in chemical reaction can be used to explain
biological oscillations, biological chaos, and self-organized phenomena in biolog-
ical systems. Wang et al. [7] reviewed biological temporal oscillation analysis
methods and characteristics, which are based on dissipation structure and temporal
oscillations, emphasizing advance of enzyme oscillation, calcium oscillation, and
the oscillation of glycolysis in cellular metabolism analysis.

In nature, snow and other ordered crystal structure are balanced structure. It can be
maintained even in the isolated environment and under equilibrium conditions without
exchange energy with the environment and material, which can be explained by
Boltzmann principle. However, the macroscopic spatiotemporal structure, such as
biological system, must be maintained by energy and matter exchange with the sur-
rounding environment in an open nonequilibrium conditions. In fact, cells of living
creature can only survive by continuous exchange materials with the environment to
get nutrient supply. Order structure showed by living body in an open and nonequi-
librium condition cannot be explained by Boltzmann principle, because the cells are not
only the organic molecules which could be synthesized in the laboratory but also a
highly organized whole with a clear spatiotemporal organization. Even the formation of
a particular protein molecule with one hundred amino acids (all kinds of amino acids)
will take more than 3 � 10116 years according to the probability formula. Why does
the highly complex and macroscopic ordered structural in biological system which is
spontaneous formed exist? Nonequilibrium thermodynamics [8], which was proposed
by Prigogine, is a big leap in human understanding. For life activities, cells must
generate an unbalanced situation in their environment, and open and nonequilibrium
conditions are necessary for life generation and all life sustaining. In addition, the
biological order is not only reflected in the space ordered but also in the time ordered.
The generation, development, reproduction, and death of living organisms occur in a
time order. In cellular metabolism, glycolysis reaction, clock, brain waves, and other
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biological oscillations are all examples of time ordered behaviors. Spatiotemporal order
is the primary nature of biological systems.

Organism is a highly complex, self-renewing, and highly self-autonomous
system. Its structure has clear boundaries, such as semipermeable film which
enables the organism to connect outside in an unimaginable way. Organisms absorb
low entropy ordered protein, fat, and starch from outside and excrete high entropy
disordered water and CO2. The introduction of negative entropy flow from the
outside can offset its own entropy production so that the total entropy of the system
gradually reduced from small biological systems to highly ordered structure with
long-term sustainability, even to a more complex and orderly evolution and
development.

Living organisms maintain life in a “steady state” through metabolism, which is a
nonequilibrium state. Life processes in nonequilibrium state is an irreversible process.
Because the irreversible process of nonequilibrium state is represented by the generated
entropy, the relationship between the force and flow is linear or nonlinear.

When there is a system in thermodynamic force X (temperature gradient, con-
centration gradient, potential gradient, and reaction affinity driving force), there will
be an irreversible process and the introduction of entropy production. The total
entropy production rate of thermodynamics stream (heat flow, material flow, charge
flow, and chemical reactions) produce under these thermodynamic forces should be
as follows:

S
: ¼ diS

dt
¼

X
k

JkXk [ 0: ð5:1Þ

There is a linear relationship between the force and flow in equilibrium or near
equilibrium in nonequilibrium zone

Jk ¼
X

LklXi; ð5:2Þ

where Lkl is phenomenological coefficient [9].

S
:
[ 0;

diS
dt

\0;

diS
dt

¼ 0:

ð5:3Þ

If the system is an isolated system, the force and flow in the system tend to zero
after a free development and eventually reach a steady equilibrium state. If some
restrictions are imposed on the system, the system will eventually reach a
nonequilibrium state which cannot change with time. When the system is steady,
the entropy production rate is minimal.
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When the system is in a steady state, where perturbation or fluctuation occurs
and steady state departs from the minimal entropy production rate, the entropy of
the system spontaneously reduces until returning to the original state.

Therefore, in a nonlinear region of the nonequilibrium state, the system never
can be transferred into a new steady state and ordered structures cannot form. In
contrast, it tends to destroy any orderly but increase in disorder.

If the system is far away from equilibrium thermodynamic, the function of flow
and force is expressed in Taylor style, and the balance state is used as a reference
state:

Jk ¼ Jkð0Þþ
X @Jk

@Xl

� �
0X1 þ 1

2

X @Jk
@XlXm

� �
0XlXm þ � � � ð5:4Þ

Showing a nonlinear relationship between the force and flow, the system is in a
nonequilibrium nonlinear region. It is not necessarily being a minimum value for
entropy production at this steady state.

Deterministic view is that, under constant control conditions, a chemical reaction
system experienced a long enough time and finally reached an ultimate state which
cannot be changed with time and space. However, people have long known that
chemical components concentration change and show oscillation in some auto-
catalytic or self-organized chemical open system.

5.1.3 Biological Periodic Rhythm and Regulation
of Metabolic Network

5.1.3.1 Effect of Biological Periodic Rhythm and External Stimuli
on Biological Periodic Rhythm and Regulation of Metabolic
Network Biology

Plants grow in nature subject to a variety of external environment, including
mechanical stress stimulation, so the relationship between growth and stress has
been an issue which biologist and physicist are concerned. It has long been rec-
ognized that mechanical intensification has a significant effect on plant growth. The
most obvious examples are climbing plants, which recognize the environment and
stretch along a path through contact-sensitive stems, petioles, tendrils, petioles, and
roots. In addition, people also observed the following phenomena: (1) some plants
are struck by thicker stems shorter; (2) the plant stem synthesizes ethylene affected
by friction, then the stem becomes thicker shorter; and (3) the root growth will be
hampered within a few hours after being struck. In addition, it was found that the
cyclical vibration caused by the wind had a significant effect on plant morpho-
genesis. In general, vibration can make the stem thicker and shorter, thus to resist
vibration.
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In addition, as a special form of alternating stress, strong sound waves have a
significant impact on plant growth. Many scientists at home and abroad have
studied the impact of music on plant growth. They found that a certain intensity of
music stimuli can significantly promote the growth of certain plants. All of these
results showed that the mechanical stress signal has a certain influence on plant
growth and development. Sun et al. [10] studied the effects of alternating stress on
tobacco callus cells, using the strong acoustic generator to generate alternating
stress field, and using differential scanning calorimetry to study changes of ther-
modynamic phase behavior of tobacco cells after alternate stress with different
intensities and frequencies. The results showed that the effect of the alternating
stress was closely related to the frequency and intensity of the stress. The alter-
nating stress in the range of frequency and intensity can reduce the phase transition
temperature of the plant cell obviously, while the high-frequency stress stimulus
increase cell transformation temperature. Cell thermodynamics phase transition
reflects the cell wall membrane fluidity, and low phase transition temperature
indicates increased cell wall membrane fluidity, which is related to the growth and
division of cells provides a convenient condition. Therefore, it is a meaningful
attempt to study the effect of alternating stress on plant growth and development
from the cellular and molecular level and its mechanism.

The importance of physical forces in regulating the macroscopic growth of
tissues has been recognized in scientific research. Recent studies showed that,
in vitro, direct mechanical disturbances can alter the metabolism of many cells with
different types [11]. The cytoskeleton system provides a molecular pathway for cell
conduction and integration of mechanical signals [12]. The rapid growth and
proliferation of tumor cells make the cytoskeleton depolymerization, polymeriza-
tion, and other functional activities. Stimulating tumor cells with mechanical
intensification and analyze its effect on growth behavior of tumor cells, which is
meaningful to understand the regulation of tumor proliferation.

5.1.3.2 Mechanism of Biological Periodic Rhythm

From the 1970s, people began to reveal the mechanism of spontaneous oscillation
(periodic rhythm) molecular loop in cells with genetic and molecular biology
methods, and what is the role of light, temperature, and other external signals in
molecular oscillator.

The present experimental method is able to screen the mRNA expression pat-
terns of all rhythm-related genes at genomic level. It is found that about 10% of the
genes of mRNA in higher eukaryotes can be accumulated with rhythm.
Fluorescence or bioluminescence probe imaging techniques allow people to
observe the operation of the self-oscillating oscillators at the single-cell level.
Periodic oscillations are common in single cell. However, these rhythmic oscilla-
tions have noises, i.e., their periods are not strictly constant, but are fluctuating from
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one cycle to the next [13]. With the absence of cell–cell interactions, these cellular
rhythms are non-synchronized and exhibit rhythm disorders at the population level.
On the other hand, a sufficiently strong oscillating coupling action counteracts this
chaos and ensures the synchronization of cell population.

5.1.3.3 Biological Periodic Rhythm and Regulation of Metabolic
Network

Microorganisms are generally single-celled organisms, and microbial growth, cell
metabolism, and reproduction have a fixed cycle, which is closely related to
biosynthesis. In general, single-cell algae breed one generation every 3–6 h, 2–4 h
for yeast, and 0.5–1 h for bacteria. Microbial growth curve is divided into lag,
exponential, stable, and decay phases. This is the periodic rhythm of microbial
population growth.

Lag phase. When the cells were introduced into the fresh liquid medium, the
volume of the cells increased rapidly in the initial culture stage, and the synthesis of
the inducible enzymes was increased. The protoplasm of the cells was homoge-
neous, but the cell concentration did not change significantly, the curve is gentle.
Cells in this period are in the new physical and chemical environment of the
adaptation period, and are preparing for rapid growth and reproduction. The
duration of the lag phase change with microbial species or strains and culture
conditions. The practice proved that the delay can range from a few minutes to
several hours, days, or even months. If there is a long lag phase, it will lead to lower
utilization of equipment, water consumption resulting in increase of production
costs and lower labor productivity, and economic benefits. Only shorten the delay
period can improve economic efficiency. Therefore, it is very important to be aware
of the formation mechanism of lag phase and provide theoretical basis for short-
ening or lengthening the lag period, which is very important for its application in
industry, agriculture, medicine, environmental microbiology, and its application.
Therefore, in the practice of microbial applications, strong strains usually in rapid
growth and reproduction state should be taken.

Exponential phase. In the logarithmic growth phase, due to strong metabolism,
rapid growth, generation stability, individual morphology, chemical composition,
and physiological characteristics are more consistent. Therefore, in microbial fer-
mentation production, using logarithmic phase cells as the seed can shorten the lag
phase and improve labor productivity and economic benefits. Cell in logarithmic
growth phase is also the excellent material for studying microbial growth, meta-
bolism, and genetic regulation of biological basic characteristics. The growth rate of
exponential growth phase is affected by environmental conditions (composition of
culture medium, culture temperature, pH value, and osmotic pressure), which is
also a reflection of the genetic characteristics of microbial strains under certain
conditions. In general, prokaryotic microbial cells grow faster than eukaryotic
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microbial cells and smaller eukaryotic microorganisms grow faster than the larger
eukaryotic microorganisms.

Stationary phase. In this period, there must be some factors inhibit cell growth
and reproduction. In general, the main factors which restrict the logarithmic growth
are as follows: (1) the depletion of essential nutrients in the medium or the con-
centration cannot meet the needs of maintaining the growth of the index to become
growth limiting factor; (2) large cell effluent in the medium of inhabit the growth of
bacteria; and (3) changes in the physical and chemical environment inside and
outside the cell caused by above two main factors, such as the ratio of nutrients, pH,
and redox potential changes. Although these factors do not occur at the same time,
once one factor exists, cell growth rate will be reduced, affecting the combined
effect of growth factors. And then, cell death and growth achieve balance, which is
the stable period of population growth. During the stable phase, the number of cells
does not fluctuate greatly, and the growth rate constant is substantially equal to
zero. At this point, the cells grow slowly, and some even die, but energy meta-
bolism and a number of other biochemical reactions continue. Storage substances,
such as glycogen, heterochromatin granule, and adipose granule, accumulate in the
cells at stable phase, and most of the spore-forming bacteria also form spores at this
stage. The number of viable bacteria reaches the highest level at stable growth. At
the stable phase, the accumulation of metabolites began to increase, and gradually
reach to the peak.

Decay phase. When microorganisms reach the stable growth stage, the cell
death rate gradually increased in the population due to the continued deterioration
of the growth environment and the shortage of nutrients, so that the number of dead
bacteria gradually exceeded the number of new bacteria. Abnormal cell shape and
size appear in the decay phase. Many intracellular metabolites and intracellular
enzyme release to external. Growth curve of microorganisms reflects growth and
reproduction and death of the law in a certain environment (such as test tubes, shake
bottles, fermenters). It can be used as a theoretical research index to investigate
effects of nutrient and environmental factors on growth and reproduction, and can
also be a basis for regulation of the growth and metabolism of microorganisms and
guide the practice of microbial production. In the microbial metabolic process,
various metabolites will produce, which can be divided into primary metabolites
and secondary metabolites according to the relationship between metabolites and
microbial growth and reproduction. Primary metabolites are essential metabolites
generated by the microorganisms for their growth and reproduction, such as amino
acids, nucleotides, polysaccharides, lipids, and vitamins. In different microbial
cells, the primary metabolite products are basically the same. In addition, the
synthesis of primary metabolites happened during all the fermentation process, any
obstacles to product synthesis will affect the normal microbial life activities, and
even lead to death.

Secondary metabolites refer to the microbial growth at a certain stage. Their
chemical structure is very complex and has no obvious physiological function, or is
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not necessary for microbial growth and reproduction of substances such as
antibiotics, toxins, hormones, and pigments. Different microorganisms produce
different secondary metabolites. They may accumulate in the cell or be released to
the external environment. Among them, antibiotic is a class of organic compounds
with function of specific inhibition and bactericidal effect. The commonly
used antibiotic are streptomycin, penicillin, and erythromycin and tetracycline.

The period of generation and accumulation of different metabolites is different. For
example, the primary metabolites of microorganisms are synthesized in large amounts
during the lag phase, while large amounts accumulate in the logarithmic phase. Strong
division of cells produced more primary metabolites because the primary metabolites of
microorganisms provide material basis for microbial growth and development. The
secondary metabolites of microbes are synthesized and accumulated in stable phase,
and the yield changes with time, in order to remove the product feedback inhibition,
monitor, and isolation of the product in real time should be done.

The growth of certain microorganisms and the conditions required for fermen-
tation products are different; in the early stages of fermentation, appropriate con-
ditions should be provided for microbial growth and microbial mass reproduction.
And then, the products are synthesized in new environment. In addition, the
external signal stimuli can also change the microbial cell cycle, such as shorten or
extend the life stage of the accumulation of metabolites. By the external factors on
the role of microbial cells, intracellular metabolic network flow changes in different
ways, thereby increasing the carbon source to the target product flow accumulation
and reducing the flow of by-products to obtain more target products. From the view
of complex system engineering control theory, the optimal control of fixed point is
only effective for linear system and not for nonlinear system. The periodic control
of the nonlinear reaction power system is achieved, and the chemical reaction
system has been paid more and more attention. For a bioreactor system at the
cellular level, this periodic input adjustment should be a general optimization
control. Such periodic stimuli can be temperature, concentration, pressure, light,
electricity, magnetic, sound and other physical factors. In addition, it can also be
substrate, product concentration, and other chemical factors. Microbial cells
exposed to external stimuli factors, that is, impose a new cycle of perturbation to the
cell cycle. The use of cell rhythm oscillator adaptability and plasticity to change the
metabolic circuit or biological clock, by the transcription level, translation level or
phosphorylation cycle response to strengthen the inherent cycle of the cell rhythm
or produce a new rhythm oscillation phenomenon, regulation of intracellular
metabolic network so that it is beneficial to the fermentation engineering practice
for biochemical reaction engineering, which has broad prospects for development.

5.1.3.4 Propose of Periodic Intensification in High-solid
and Multi-phase Bioprocess

Based on the above analysis, it was assumed that the fermentation process to
improve the microbial biomass by periodic external stimulus to accelerate their
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metabolism in the fermentation process is line with the law. Microbes are highly
adaptive, appropriate intensification cycle will magnify fermentation efficiency and
enable the microorganism to play a quick and efficient role and service humanity.
Our practice has proved that the application of periodic intensification in bioreactor
design showed a great advantage.

The living organism itself, called cell factory should be optimal bioreactor
structurally. Since ancient times, humans have used this natural gift along with
many limitations. Now, biotechnology requires more efficient way to produce large
quantities of the desired biological products, which is the object of study biological
reaction engineering. Although advances in genetic engineering for the construction
of the plant cell have been made great progress, people have not totally controlled
the modified microbes. People still need to adjust the external environment to
achieve goals that genetic engineering cannot achieve. Build an excellent artificial
bioreactor is not easy in bioprocess engineering. At present, the mechanical stirred
tank is commonly used. However, damage caused by mechanical mixing tank on
cells is always difficult to solve, and it is difficult to be scale up industrially.
Therefore, more ideal new artificial bioreactor has become one of the modern
biotechnology industry research major research directions.

From modern bioreactor engineering literature, it can be easily found that the
contents of the bioreactor, the theory, and method almost simply transplant general
chemical reactor theory. However, in vivo, biological response is a complex net-
work system simultaneously nonlinear material, energy and information conversion
differences on the molecular level with a level of a chemical reaction with the
conventional. So simply transplant chemical reactor theory and method may not
work. Li [6] proposed to strengthen bioreactor rate and mass transfer principles by
periodic external stimuli based on new developments in the life sciences, mathe-
matical sciences, such as dissipative structure theory and chaotic dynamics theory.
Based on the principle, an airlift loop bioreactor and GDDSSF bioreactor have been
designed, and achieved good results, showed a broad development vision of uni-
versal significance.

Reconsidering theory and methods of liquid–solid mass transfer in modern
chemical industry, it is the basic means to enhance the relative movement of the
two-phase liquid–solid interface between mixed. In either two-film theory, pen-
etration theory, or surface renewal theory, tangential friction momentum transfer
and mass transfer strengthen on the interface. In nonbiological systems, this
maximum tangential force cause damage to solid phase, which is benefit to the
reactivity. However, in terms of the living organism, increasing the shear force
will affect cellular metabolism and cause injury and even death. Therefore, tan-
gential force (in traditional chemical liquid–solid mass transfer of methods and
tools) cannot fully meet the requirements of living cells culture. Based on this
understanding, we propose concept and methods that strengthen mass transfer by
normal force.

5.1 Principle of Periodic Stimulation in High-solid and Multi-phase Bioprocess 185



Biological cell is a hierarchy with basic reproductive ability. Cell membrane
separates the cell from outside environment, and the structure and function of the
cell membrane are still the most cutting-edge areas of biological research today. The
most representative model of fluid mosaic model proposed by Singer et al. [14] was
that a two-dimensional solution globulin and lipids orientation. Membrane lipids
and membrane proteins are constantly lateral movement. Cells and the surrounding
environment through the cell membrane continuous exchange of substances, modes
of transport have to wear membrane transport and membrane package transport.
Microbial cells are different from animal cells, cell wall outside the cell membrane,
and have a unique shape to withstand high osmotic pressure within the cell. Due to
the high concentration of internal metabolites, causing the osmotic pressure of up to
20 atmospheres. Cell walls are macromolecules with more tough and slightly
flexible bags, and cells shrink in hypertonic solution and enlarge in a hypotonic
solution, which is related to toughness and flexibility of the cell wall. If artificially
increasing external pressure, making it much more than the body pressure that
exceeds the tolerance range of the cell wall will rupture the cells to achieve the
purpose of sterilization.

In the bioreactor, there are three important processes, namely, thermodynamics,
kinetics, and microstructure transfer process. The former two has nothing to do with
zoom in theory. However, with the change of reactor size, momentum transfer
within the system change, especially stirrer shearing of biological cells increased
with the increase of reactor size, not only affects the dispersed state of the cells,
such as flocculation suspension and forming clumps, but serious cases will lead to
shear cell injury.

Transfer process is significantly affected by system size, which should be the
core issues of enlarged reactor. In the transfer process in the bioreactor, it depends
on two factors: convection and diffusion. Secondary phenomenon related to this,
namely, mixed fluid shear, mass transfer, heat transfer, and the macroscopic reac-
tion rate, may be important factors in the amplification process. Internal rules of the
bioreactor system and its influencing factors, focused on solving related to mass
transfer, momentum transfer and heat transfer problems, in order to maintain the
growth rate of biological cells as possible in the amplification process of the reactor,
the rate of formation of metabolites, which would be object the of enlarged
bioreactor [15].

There is a long history although the bioreactor engineering disciplines are
relatively new. In ancient, European filled cow stomach with milk, and microbes
in cow stomach converted milk into cheese. This is original artificial cow
stomach bioreactor. Production of Chinese wine began in the Zhou Shang
Dynasty; airtight container of wine is an early bioreactor [16]. Bioreactor major
innovation occurred in the 1940, it would have been a chemical reactor knowl-
edge transplanted to the fermentation industry. A deep mechanically stirred
bioreactor for fermentation production of penicillin has been developed to
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achieve pure mass culture (50–150 m3). Three transport and one reaction theory
in traditional chemical engineering have been used in following 30-years
research, and bioreactor did not change fundamentally. Since the development of
genetic engineering and cell engineering in 1970s, fermentation engineering is
not simply a natural microorganism, but involving the bacteria, animal and plant
cell culture genetic engineering. This demands new efficient diverse and
large-scale requirements.

Our previous works focused on nonlinear dynamics properties of the principles
in life and living cells enzymatic reaction network system, which affect the structure
of the functional properties of the membrane material and information transfer.
Gradually clear understanding should be based on the normal cell cycle to force a
power source, to increase the rate of cell membrane bioreactor mass transfer rate.
“Strengthen the mass transfer rate by outside periodic stimulation” in bioreactor
design was proposed and a (kinetics of biological reaction) structural framework of
“four transfer” (momentum, quality, energy, information) in biological reaction
engineering was formed. With the principle, a 100 m3 double loop airlift bioreactor
for glutamate production and a 100 m3 GDDSSF reactor have been successfully
developed [17].

5.2 Analysis of Bioprocess Principle of Periodic
Intensification for High-solid and Multi-phase System

5.2.1 Macro-Effect of Periodic Intensification
on Fermentation Process

5.2.1.1 Effect of Periodic Gas Intensification on Solid Medium

Li [18] observed solid medium in gas double-dynamic system. QuickCam ® 8.0
camera and industrial endoscope were used as image acquisition device. The
observed sample was placed on the material support inside the reactor. After
adjusting light source and the focal length of the camera, the reactor was closed and
the air pulse program was run. At the same time, the material change was recorded
under air pulse. The range of air pressure pulsation used in the test is 0–0.2 MPa.

No obvious movement of normal fermentative solid medium (steam-exploded
straw (4): wheat bran (1)) was observed during air pulsation. However, intensive air
flow in solid medium can be felt (Figs. 5.3, 5.4 and 5.5).

The volume of compressible objects in the reactor changed significantly. In this
section, the morphological changes of a large block of foam in GDD were observed.
Observations showed that the volume decreased as the pressure increases and
returns to its original size when the pressure decreased.
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The strength of GDD was observed by using small mass and low-density
objects. The materials used were ion exchange resins, foam particles and cotton
fibers. The results showed that the tangential force of the gas phase intensification is
very weak, and it cannot make the tiny resin particles and the fine cotton fibers
move while normal force is strong, which can make obvious compression defor-
mation of the foam granules.

The effects of gas phase intensification on the liquid were observed. Also, as an
incompressible material, no appreciable change in water was observed under
GDDSSF.

Fig. 5.3 Solid medium in high pressure

Fig. 5.4 Solid medium in low pressure
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5.2.1.2 Effect of Magnetic Field on Microbial Growth

Magnetic field effects on organisms are multilayered and have been reported at the
cellular, with a primary focus on animal and microbial cells.

The first study about the role of magnetic field on the biological start from the
microorganisms, there have been reports in the magnetic field culture of bac-
teria, yeast, filamentous bacteria, colony that no major changes occur. Later,
people extend the study of microorganisms to a variety of biological and
magnetic fields and found different phenomena when studying the relationship
between microbe and magnetic field. Microorganisms are mostly single-celled
organisms, and the role of magnetic field on microorganisms can be seen as a
direct role of the magnetic field on the typical cell. Therefore, in the study of the
relationship between cells and the magnetic field, the microorganism is the best
material.

In view of the wide range of microorganisms, the role of the magnetic field
effects is not the same. With the advancement of applied physics, the application
of superconducting materials in electromagnetic fields has made it possible to
produce high magnetic fields (100,000 times of the geomagnetic field). Biologists
have begun to notice the effects of high magnetic fields. A new technique of
controlling the biological response using a high magnetic field is proposed. The
most recent results are the increase in the amount of cells in the initial logarithmic
growth of E. coli at T7 under the high magnetic field. This facilitation is more
obvious in the heterogeneous 5.2–6.T magnetic field, and the amount of E. coli

Fig. 5.5 Change of foam under GDDSSF
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cells increased by two- to threefold, making it possible to increase the yield of the
product in E. coli.

The physiological and biochemical indexes including growth curve and enzyme
activity between the treatment group and geomagnetic control group were com-
pared to study the effect of dynamic magnetic field on microorganisms. It was
found that the growth of two strains of bacteria was affected by dynamic magnetic
field. In the treatment group, B. subtilis was inhibited in the exponential phase, the
alkaline protease activity increased, the activity of neutral protease was decreased,
and the protease expression was not different. The dynamic magnetic field treatment
group of Salmonella typhimurium delayed the lag phase.

5.2.1.3 Effect of pH Pulsation on Microbial Growth

Huang et al. [19] optimized fermentation performance using pH pulsation.
The researchers found that the composition of the by-products were significantly

different when producing 1,3-propanediol via Klebsiella pneumoniae fermentation
using glycerol at different pH. The main by-product of lactic acid when the pH was
7.1–8.0 while the main by-product was 2,3-butanediol when the pH was 5.0–6.0.
Aimed at the different stress effects of cell metabolism on the outside, the regulation
strategy of pH fluctuation was adopted in the feeding process. The pH of the
fermentation broth was controlled between 6.3 and 7.3 by controlling the ratio of
glycerol to ammonia and the flow rate. Two control schemes (A and B) were
adopted. The fluctuation periods of the two regimens were different. The protocol A
was 4 h and the protocol B was 8 h (Table 5.1).

The final concentration of 1,3-propanediol in the final fermentation broth
reached 70 g/L, which not only effectively inhibited the production of
2,3-butanediol and lactic acid but also reduced the conversion rate of the two main
by-products. The concentration of residual glycerol in the final fermentation broth
reduced the difficulty in the separation and extraction of 1,3-propanediol.

5.2.1.4 Effect of Ultrasonic Wave on Microbial Fermentation

Ultrasonic wave is a kind of physical energy. Under the low intensity and proper
frequency, its special cavitation forms turbulence and vortex-type ultrasonic action,

Table 5.1 pH regulation
strategy and fermentation
performance

A B

Period of fluctuations/h 4 8

Time/h 28 72

Propylene glycol concentration/(g.L−1) 55 70

Propylene glycol yield/(mol.mol−1) 0.63 0.60

Convert rate/(g.L−1.h−1) 1.96 0.97

Residual glycerinum concentration/(g.L−1) 1.1 0.5
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which caused the local temporary to be the negative pressure area and produce
unstable vacuoles. Ultrasonic wave propagated in the medium, making the particles
enter the vibration state of the media, which occurs mainly in the interface layer,
membrane or cell wall in the vicinity and in the cell fluid. Ultrasound can increase
the biofilm and cell wall mass transfer speed. Liquid circular motion around the
bubble is benefit to the mass transfer of, substrate into the active site of the enzyme
and the product into the media, thereby enhancing the rate of biological reactions
[20].

Ultrasound in biochemistry in the earliest application is to crush the cell wall to
release its content. However, with the application of ultrasound in life science, it
was found that low-intensity ultrasound can accelerate the growth of microbial cells
and promote the synthesis of beneficial metabolites. Gao et al. [21] found that, with
the frequency of 32.5 kHz, power of 30 w ultrasound irradiation of beer yeast, cell
growth rate increased in the logarithmic phase, indicating that the appropriate
frequency and intensity of ultrasound can improve the cell growth.

5.2.2 Effect of Periodic Intensification on Expressed
Proteins in Microorganism

5.2.2.1 Effect of GDD Periodic Intensification on Microbial Proteins
in Solid-State Fermentation

Fu et al. [22] studied the effect of GDDSSF on the expression of microbial proteins
in solid-state fermentation. FPA activity, CMCase activity, and b-glucosidase
activity were determined after extracting the protein from the static solid-state
fermentation and gas double-dynamic solid-state fermentation. Comparison of the
protein quality extracted from dry mass (Fig. 5.6), FPA activity (Fig. 5.7), and
CMCase activity (Fig. 5.8) during the 7 d fermentation cycle of the two fermen-
tation modes) and b-glucosidase activity (Fig. 5.9).

Figure 5.6 shows that the amount of protein extracted from per unit dry mass was
the highest in the 7 d fermentation cycle, and the amount of protein produced at 6 d
fermentation was the highest. The mass of the extracellular protein extracted from the
dry mass of the microbes after 6 d of solid-state fermentation was 5.31 mg and
9.09 mg, respectively, which were 34.63 and 17.75% higher than those obtained
from static conventional fermentation. So the GDDSSF improved the quality of the
fermenting microbial protein. The microorganisms extracted from the gas
double-dynamic solid-state fermentation for 5 days had the same quality as those
extracted from the solid-state fermentation for 6 days. The GDDSSF improved the
fermentation condition and shortened the fermentation cycle.

Figures 5.7 and 5.8 show the same enzyme activity trend in the two fermentation
systems. The results showed that the activity of extracellular protein was increased,
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Fig. 5.6 Effect of GDD
stimuli on microbial protein
quality of solid-state
fermentation

Fig. 5.7 Effect of GDD
stimuli on FPA activity of
solid-state fermentation

Fig. 5.8 Effect of GDDSSF
on CMCase activity
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but the activity of intracellular protein was slightly decreased. The activities of
extracellular FPA and CMCase of the dry mass of the enzyme were 104.34 IU∙g−1

and 6575.52 IU∙g−1, respectively, and the activities of intracellular FPA and
CMCase activity were 14.7 IU∙g−1 and 383.52 IU∙g−1, respectively. The activity of
the extracellular protein in GDDSSF at 5 d was similar to that in the static
solid-state fermentation at 7 d. And it increased by 21.17% at 6 d compared with the
former one. In addition, the determination of the enzyme activity verifies that the
protein extraction and purification methods are feasible.

Figure 5.9 shows that b-glucosidase activity is higher than that of extracellular
in the fermentation. The b-glucosidase activity in gas double-dynamic solid-state
fermentation was higher than the conventional static solid-state fermentation. At
sixth day, the intracellular and extracellular b-glucosidase activity of the dry mass
of the enzyme was 13.586 IU/g and 3.99 IU/g, respectively. However, the intra-
cellular and extracellular b-glucosidase activity per unit mass of the conventional
static solid- The activity of extracellular b-glucosidase was 8.54 IU/g-1 and
3.34 IU/g, respectively, and reached the highest level at the seventh day of fer-
mentation, which were 10.77 IU/g and 3.89 IU/ g.

SDS-polyacrylamide gel electrophoresis (SDS-PAGE) is an economical, rapid
and reproducible method for the quantification, comparison and characterization of
proteins. SDS-PAGE analysis of proteins before and after purification (see
Fig. 5.10) was performed to compare the difference between the purified solid-state
fermentation microbes and GDDSSF microbes, and the SDS-PAGE electrophoresis
curves were used to calculate the molecular weight size.

It can be seen in Fig. 5.10, compared with the control group, microbial protein
composition changes in GDDSSF reduce the relative molecular mass of about
80,400 components, but increase the relative molecular mass of about 28520
components.

Fig. 5.9 Effect of GDDSSF
on b-glycosidase activity
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Changes in the external environment may promote the proteins in the body to
spontaneous assemble, such as rotation to change its original conformation, or
spontaneous generation of the corresponding stress proteins to adapt to changes of
the external environment. For example, heat shock proteins (HSPs) were stress
protein induced by high temperature, hypoxia, starvation, heavy metal ions, and
other adverse environmental factors. They are very important in cell signal trans-
duction. Under adverse conditions, both bacteria and humans can induce the syn-
thesis of some proteins to protect cells from further damage.

Under the two different fermentation modes, the microbial protein changed in
the yield, the enzyme activity and the composition. Compared with the conven-
tional static solid-state fermentation, the GDD becomes a different periodic inten-
sification source. In order to adapt to this different cycle of stimulation, the
composition of the protein in microorganisms changed. Some protein synthesis may
be inhibited, reflected by decreased activity of intracellular protease, and some
specific proteins were induced synthesis, reflected by increased activity of intra-
cellular protease. However, from the increase of fermentation yield, it can be seen
that the induced protein by this intensification was beneficial to the growth of
microorganisms and the fermentation yield is improved. SDS-PAGE also confirmed
the differences in protein components between the two fermentation methods.
However, the specific properties and functions of these differential proteins still
need further studies.

Fig. 5.10 SDS-PAGE image of protein (1. protein in static culture after purification, 2. protein in
GDDSSF after purification, 3. protein in static culture before purification, 4. protein in GDDSSF
before purification, and 5. standard protein)
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5.2.2.2 Effect of Dynamic Magnetic Field on Microbial Protease
Expression

The effect of dynamic magnetic field on protease expression during the cultivation
of Bacillus subtilis was investigated. The effect of dynamic magnetic field on the
growth of Bacillus subtilis was studied based on the static magnetic field generated
by the superconducting magnets. The growth curve, sprouting rate, protease
expression, and protease activity were studied by static magnetic field microbial
traits. The results showed that the strong magnetic field could affect the spore
formation rate of Bacillus subtilis and inhibit the death of the vegetative body. The
content of protease and the activities of alkaline protease and neutral protease were
measured, and it was found that the protease content change did not occur before
and after magnetic field treatment. The activity of alkaline protease in the treatment
group was significantly higher than that in the control group, while the activity of
neutral protease was lower than that in the control group.

5.2.3 Effect of Gas Double Dynamic on Key Enzyme
in Microorganism

Glucose glycolysis occurs in the first step catalyzed by hexokinase, which is the
first enzyme in sugar metabolism and has a strong impact on the metabolism of
microorganisms [23]. Li et al. [24] studied the relationship between hexokinase
activity and lincomycin biosynthesis rate. The results showed that with the increase
of hexokinase activity, the rate of product synthesis increased gradually. At the later
stage of fermentation, the activity of the enzyme began to decrease and the synthesis
of the product began to decrease with the aging of the cell and the decrease of the
cell concentration. Thus, the hexokinase maintained a high activity during the
synthesis of the product and kept the pentose phosphate metabolism in a higher
metabolic flux, which is conducive to product biosynthesis.

Biological cells have corresponding sensory, regulatory and adaptive mecha-
nisms for external stimuli and environmental stresses [25, 26]. Previous studies
showed that ATPase plays a key role in the process of microbial perception of the
environment [27], while ATPase hydrolyses ATP to produce energy, producing
transmembrane proton gradients and ion gradients that provide the driving force for
cell growth, transmembrane transport, such as sugars and amino acids [28]. Heat
shock proteins, which are commonly found in biological cells, are responsible for
cellular resistance to stress conditions during microbial cell adaptation to external
stimuli. The heat shock protein and ATPase activity changes also have some
obvious relationship [29].
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5.2.3.1 Effect of Gas Double Dynamic on Hexokinase Activity

It can be seen from Fig. 5.11 that the effects of gas double-dynamic culture on
hexokinase and microbial respiratory metabolism were similar: at the initial stage of
fermentation, samples in the gas double-dynamic solid-state fermentation and the
static fermentation had higher enzyme activity. However, with the fermentation
progressed, the activity of hexokinase of Trichoderma viride cultivated in GDDSSF
decreased rapidly after maintaining for a while; while the activity of hexokinase of
Trichoderma viride was decreased significantly, there was a remarkable recovery
stage. The reason of this recovery may be that the statically cultured microorganisms
use cellulase to obtain new fermentation substrate in the later stages of fermentation,
while the gas phase double-action is that the microorganisms can use these substrates
in the early and middle stages of the fermentation. The determination of reducing
sugar concentration in culture medium also showed that the concentration of reducing
sugar in the medium of gas double-dynamic culture was lower, taking the high
activity of cellulase in pulsating culture medium and the ability of producing reducing
sugar into consideration. As a matter of fact, it is known that under the pulsation
culture condition, the uptake ability of the microorganism to the reducing sugar in the
culture medium is stronger than that in the static culture.

In addition, the high frequency of intensification also has a greater impact on
hexokinase of Trichoderma viride. At the end of the incubation, the enzyme activity
was measured immediately after extraction. The results showed that the activity of
hexokinase was increased to 0.034 IU/ mg, and the amplitude increased by 30.7%
compared with the static culture in short time.

Fig. 5.11 Effect of culture time in GDDSSF system on hexokinase activity and reducing sugar
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5.2.3.2 Effect of Periodic Stimuli on ATPase

(1) Effect of GDD on ATPase in T. reesei

Although short time (1–2 h) cultivation has a light effect on microbial metabolism,
Fig. 5.12 showed that longtime cultivation in GDDSSF had significant effects on
ATPase activity. Results showed that the changes of ATPase activities were com-
plicated and different during the fermentation process. During the period of 6 days
cultivation, ATPase activity under static state cultivation went down continuously
from the first day to the end. And the final ATPase activity was low to 2.23 IU/mg
with the initial value of 25.5 IU/mg. During the period from the first to the third day,
the ATPase activity under GDDSSF decreased to the nearly identical value of 5.7 IU/
mg compared with static SSF. However, the activity changed to rise strongly at the
third day, and the ATPase activity was up to the level of 14.16 IU/mg at the fifth day.
Then the ATPase activity decreased. The period from the third to the fifth day was the
stationary phase of microbe, but there appeared to be an increase of ATPase activity
during GDDSSF. It indicated that GDDSSF helped stimulate the metabolism of T.
reesei YG3 in the stationary phase, regarding the increase of ATPase activity at the
day of third to fifth. Then, the microbial key enzyme activity of ATPase has declined
fundamentally to the degree of initial. The stationary phase during the microbial
growth was the main period when the amount of microbe reached to the peak, and
numerous intracellular metabolites accumulate. Meanwhile, the ATPase plays sig-
nificant roles in hydrolyzing ATP to produce energy for synthesis and regulating
metabolism. As a result, the increase of ATPase activity may strengthen metabolism
activities like the cellulase production.

(2) Relationship between ATPase and weight loss

In the fermentation process, the accumulation of cellulase and the weight loss of the
medium were also detected. As shown in Fig. 5.13, the periodic gas intensification

Fig. 5.12 Effect of GDDSSF
on ATPase activity of T.
reesei YG3
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had a significant effect on the accumulation of cellulase during the fermentation.
The cellulase activity of Trichoderma viride reached the highest value at the fifth
day of fermentation. Cellulase activity increased obviously at the sixth day, and the
highest activity was 82% higher than that of the static culture under the gas
double-dynamic solid-state fermentation. However, the effect of double-dynamic
gas on the weight loss of fermentation medium was not regular. Obviously, the
relationship between the weight loss rate and the change of ATPase activity in the
fermentation process was observed after the weight loss data is transformed into
weight loss rate. Figure 5.14 showed a linear relationship between ATPase activity
and weight loss rate in two different fermentation modes, which was more obvious
during pulsation culture. Loss of weight basically reflects the amount of CO2

produced by microbial metabolism during fermentation, and the weight loss rate is
the rate of CO2 production, representing the metabolic rate of microorganisms. The
fact that the linear relationship between the weight loss rate and ATPase activity
was significant, suggesting that the gas phase intensification exerted an influence on
the metabolism of Trichoderma viride to some extent, which was mediated by the
ATPase system.

5.2.3.3 Effect of Intermittent Ventilation on Key Enzyme Activities
in Microorganism

Cao et al. [30] studied the effects of intermittent ventilation on key enzymes and
coenzymes in the production of 1,3-propanediol from Klebsiella pneumoniae.
Researchers of Tsinghua University designed three kinds of ventilation to investigate
the effect of intermittent ventilation on Klebsiella pneumouniae key enzyme activity.

Results showed that the activity of glycerol dehydrogenase was promoted by air
in the early stage of fermentation. The activity of glycerol dehydrogenase increased
by sevenfold in the first 4 h of air exposure in the experimental group, while the
control group increased by only 1. The glycerol dehydrogenase enzyme activity in

Fig. 5.13 FPA of cellulase
weight loss of the medium in
GDDSSF (0–0.2Mpa,
20 min, 2.5 m/s) and static
culture system
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the shake flask was 2.5 times higher than that in the control, and the intermittent
access to air could not only inhibit the glycerol dehydrogenase enzyme activity of
glycerol anaerobic fermentation (dioxyacetone) system. It greatly promoted the
fermentation of glycerol dehydrogenase in the early stage of fermentation but was
not obvious at the end of the fermentation. The glycerol dehydrogenase activity of
the control group was higher than that in the control group after long-term adap-
tation to anaerobic environment. The activity of 1,3-propanediol oxidoreductase
was significantly decreased after air exposure, but the enzyme activity could be
recovered within 4 h. The activity of 1,3-propanediol oxidoreductase was 14%
higher than that before ventilation and increased by 18% compared with the control
group after the first ventilation. At the end of the second pass, the 1,3-propanediol
oxidoreductase activity in the flasks was higher than that in the control group at the
end of the second pass, indicating that the 1,3-propanediol oxidoreductase had
some adaptability to intermittent air. Through the metabolic regulation, the cells
could reduce and rapidly repair the oxygen and the activity of 1,3-propanediol
oxidoreductase was decreased by 48 h at the end of fermentation. The activity of
1,3-propanediol oxidoreductase was reduced to 50% after air exposure for 1 h.

5.2.4 Effect of Periodic Stimuli on Microbial Respiration

Microbial respiration in fermentation process is the overall performance of
microbial metabolic activity. O2 is an important substrate in aerobic fermentation
process. The supply of O2 in liquid fermentation determines the fermentation
performance [31]. During the solid-state fermentation, the supply of O2 is not the

Fig. 5.14 Effect of ATPase activity and weight loss of medium in the solid-state fermentation
(a GDDSSF and b static culture)
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decisive factor of fermentation, but the consumption of O2 could also reflect the
growth rate and metabolic activity of the microorganism. CO2 is the end product of
respiration and catabolism, and almost all of the fermentation produces large
amounts of CO2. Dissolved CO2 in the fermentation broth affects the synthesis of
on the amino acids, antibiotics and other fermented. The CO2 production curve is an
accurate and sensitive indicator of microbial metabolic activity. Saucedo-Castaneda
et al. [32] developed the automatic control system of tail gas in packed bed
solid-state fermentation reactor. It was concluded that effective microbial physio-
logical state information can be obtained by real-time analysis of exhaust. During
the cultivation of aerobic microorganisms, the specific growth rate of the microbial
growth can be estimated from the measurement data of the exhaust gas
concentration.

5.2.4.1 Respiration Characteristics of Microorganisms in Forced
Ventilation Solid-State Fermentation

The process of produce cellulase by solid-state fermentation of Penicillium obliquus
was first used to study microbial respiratory metabolism. Medium with different
dosage was incubated with spores and cultivated in GDDSFB. The temperature was
set at 30 °C and the air flow rate was 0.5 L/min. The results showed that con-
centration changes of O2 and CO2 in exhaust have an inverse tendency, but are
different in detail (Fig. 5.15).

After a brief lag at the beginning of the fermentation, Penicillium obliquus
entered into the logarithmic growth phase which lasts for 25 h. After logarithmic
growth phase, the microbial respiratory strength began to decline and the subse-
quent changes in the process began to slow down, during which cellulase begins to
accumulate. A long time in this process can accumulate a large number of cellulase,
but also have a negative impact that the fermentation process is extended. Load
factor is low in solid-state fermentation, and the reactor production capacity will be

Fig. 5.15 Exhaust curve of
force ventilation
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significantly reduced, reducing production economy if the fermentation cycle is
extended.

Figure 5.16 shows the concentration of the exhaust in the fermenter with dif-
ferent loading factors in the fermenter. The results show that the logarithmic time of
the fermentation process increased with the increase of the culture medium, which
can be obtained from Fig. 5.17. Although the overall respiratory intensity is basi-
cally the same, there are significant differences in the emergence of peak and late
respiratory strength under different loading factors. In the case of high loading
factors, the peak appeared late, but in the later stages of enzyme production, the
respiration rate was relatively low. Microbial growth in solid-state fermentation was
an asynchronous process, which could be concluded from the data of respiration
intensity.

Fig. 5.16 Concentration of
the exhaust in the fermenter
with different loading factors

Fig. 5.17 CER of
Penicillium obliquus with
different medium loading
factors
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5.2.4.2 Respiration Characteristics of Microorganisms in GDDSSF

Figure 5.18 shows the exhaust carve in GDDSSF system, which is different from
Fig. 5.15. The concentration of CO2 in the exhaust has a periodic fluctuation in the
course of gradual increase, and the O2 also has a periodic recovery in the process of
gradual decline.

CO2 release can be calculated according to the data. Figure 5.19 is the com-
parison of force ventilation, GDDSSF, and periodic air exchange. The results
showed that gas double dynamic was obvious benefit to microbial respiration which
could be reflected by CO2 release rate. CO2 release rate was 5.48 mg/g/h in
GDDSSF while 2.52 mg/g dry medium/h and 1.2 mg/g dry medium/h were
obtained in force ventilation and periodic air exchange system, respectively. The
CO2 release rate curve in gas double-dynamic solid-state fermentation decreased
rapidly after reaching the peak value, while the curve in periodic air exchange
solid-state fermentation and force ventilation solid-state fermentation showed flat
peak and double peak. The appearance of flattened peaks and bimodal peaks
indicated that the unsynchronized phenomena in solid-state fermentation are more
serious. There is no means to increase mass transfer as that in GDDSSF due to lack
of stirring in the latter two fermentation modes. Microorganisms cannot enter into
deep solid medium when the process reaches a certain level, resulting in a lower
peak intensity of respiration and a longtime respiratory intensity after reaching the
peak.

The three curves in Fig. 5.19 were processed by integrating so as to obtain the
total production curve of CO2. The results are shown in Fig. 5.20. It can be seen
that growth rate of the curve is different at 15 h. At the end of 70 h fermentation,
the total amount of CO2 production was 220 mg/g dry medium in GDDSSF,
230 mg/g dry solid medium in force ventilation, and 78 mg/g in periodic air
exchange.

Fig. 5.18 Exhaust carve in GDDSSF
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5.2.4.3 Effect of GDDSSF on Microbial Respiration Intensity

(1) Trichoderma viride

Figure 5.21 showed the effect of varying the pulsation amplitude of the GDD
process on the CO2 production rate. It can be seen that the choice of fluctuation
amplitude is important, and the effect of pulsation amplitude on the CO2 production
rate curve has two main aspects: first, the amplitude of the pulse had influence on
the peak value of the curve, 0–0.1 MPa, 0–0.2 MPa, and 0–0.3. And the peak at
0.3 MPa was 3.15, 5.39, and 4.47 mg/h/g dry medium, respectively. Moreover, the
shape of the curve also changed significantly. When the pulse amplitude was
0.1 MPa, the respiration intensity reached the peak rapidly, and then maintained at a
relatively high position until the end of the fermentation, which was similar to the
curve of periodic air exchange solid-state fermentation and respiration rate was

Fig. 5.19 Comparison of
respiration intensity of
different fermentation
strategies

Fig. 5.20 Comparison of
total CO2 of different
fermentation strategies
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higher than the latter. It can be inferred that the reason for this curve is that the
growth of microorganisms quickly reached the substrate limit level although more
substrate is not used due to medium agglomeration, particle radius, and other
factors. Increasing the amplitude of the pulsation favors the use of the substrate, and
still did not achieve the optimum conditions. As the pulse amplitude increased from
0–0.2 MPa to 0–0.3 MPa, the respiration intensity of the microorganisms began to
decrease, reflected by the total amount of produced CO2 (Fig. 5.22), the difference
was also significant, while the observed peak time of the postponing and loga-
rithmic growth rate of slowing. This phenomenon and the emergence of microor-
ganisms on the high pressure is not suited to the appropriate GDD to stimulate the
metabolism of microorganisms, which make the microorganisms have an adaptive
process, while there is a limit to adapt.

Fig. 5.21 Effect of amplitude
of pressure pulsation on CO2

release rate

Fig. 5.22 Comparison of
total CO2 with different
amplitudes in GDDSSF
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Figures 5.23 and 5.24 show the effect of pulsation cycles on microbial respi-
ratory metabolic intensity. As can be seen from the figure, pulsation cycle and
pulsation amplitude microbial respiratory metabolism to some extent have a certain
degree of similarity. Increasing the pulsation amplitude and decreasing the pulsa-
tion period are the intensities of the pulsation operation. Here, the intensity is
understood as the energy required for the GDDSSF operation. Then, the product of
the pulsation frequency (the reciprocal of the pulsation period) and the pulsation
amplitude (gauge pressure) was the same.

(2) Mortierella ramanniana

Peng et al. [33] compared respiration intensity (in terms of the increase of CO2

concentration in the exhaust gas) during gas double-dynamic solid-state fermen-
tation and static fermentation. Static air-displacement static fermentation was

Fig. 5.23 Effect of pulsation
cycles on microbial
respiratory metabolic intensity

Fig. 5.24 Comparison of
total CO2 with different
pulsation cycles
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carried out in a solid-state fermentation tank. Figure 5.25 shows the change in CO2

concentration (respiration rate) during static fermentation by GDDSSF s and air
displacement. It can be seen that the maximal respiration (respiration intensity) was
0.32%, while the latter was 0.21%. The intensity of respiration decreased rapidly
after the GDDSSF reached the maximum, while the static fermentation call inten-
sity reached its maximum value. The decrease of respiration intensity was relatively
stable, which indicated that the microbial metabolism was enhanced under the
GDDSSF, which enhanced the respiration and shortened the fermentation cycle.
The production of polyunsaturated fatty acid remained basically unchanged, indi-
cating that in the GDDSSF, the metabolic pathway of lipid accumulation was not
changed.

(3) Sclerotium sp.

The exhaust analysis in the fermentation process was carried out using the online
monitoring and control system of ExxonMaxhak (Beijing) Instrument Co., Ltd., and
the carbon dioxide and oxygen concentration of the exhaust in the reactor were
automatically recorded by the industrial control software. The change of CO2

concentration in the fermenter can be recorded in real time by computer.
Figure 5.26 shows the trends of CO2 (a) and O2 (b) in the growth of Sclerotium

sp. under in GDDSSF cycle and periodic air exchange without high-pressure pulse.
It can be seen that in GDDSSF, the CO2 production of Sclerotium sp. reached the
maximum at 42 h which was the highest respiratory metabolic intensity, and then
decreased rapidly. However, the CO2 production of Sclerotium sp. was slower than
that of Sclerotium sp. and reached its maximum at 72 h and then decreased slowly.
Figure 5.27 shows the effect of pressure intensification on Sclerotium sp. respira-
tory metabolism.

The amount of CO2 produced within 20 min was obtained by subtracting the
CO2 concentration at the end of atmospheric pressure from the initial concentration
of atmospheric pressure. Since CO2 produced in the reactor and the consumption of

Fig. 5.25 Respiration
intensity curve in GDDSSF
and static fermentation
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Fig. 5.26 Exhaust curve in different culture systems. a GDDSSF; b periodic air exchange

Fig. 5.27 Respiration
intensity curve in GDDSSF
and static fermentation
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O2 were almost the same for most of the time, the CO2 produced at this time also
reflected the metabolic activity of the microorganisms within 20 min. Figure 5.27
compares the change in CO2 concentration during the metabolic process of
Sclerotium sp. in a pressure pulsating solid-state fermentation reactor under both
GDDSSF intensification and air exchange only. In the two modes, the CO2 pro-
duced by Sclerotium sp. was the same, and reached the maximum at the second day
of fermentation. However, the concentration of CO2 in the two modes was different.
In GDDSSF, CO2 concentration was about 66%, while the static air replacement
fermentation condition was about 25%. However, in GDDSSF, the CO2 concen-
tration began to decrease after a short time when the CO2 concentration reached its
maximum, while under the static culture, the CO2 concentration remained stable for
about 6 days. GDDSSF may stimulate the growth of microorganism and enhance
its metabolism, thus increasing the concentration of CO2, while shortening the
fermentation cycle of the bacteria.

(4) Aspergillus niger

Zeng et al. [34] studied the respiration characteristics of Aspergillus niger under
periodic gas stimulation. The changes of O2 and CO2 concentration in gas
double-dynamic solid-state fermentation and conventional solid-state fermentation
were investigated. The gas circulation in the fermenter was detected by an exhaust
detection system. The results were shown in Figs. 5.28 and 5.29.

As shown in Fig. 5.28, the O2 concentration gradually decreased during the
initial phase. The concentration of O2 in the solid-state fermentation of GDDSSF
was lower than that of static solid-state fermentation. After 48 h fermentation, the
lowest O2 concentration in the solid-state fermentation was 20.4881%, which was
0.3881% higher than that in the traditional static solid-state fermentation (20.1%).
In Fig. 5.29, the CO2 concentration increased with the fermentation time before
48 h, but the CO2 concentration in GDDSSF was smaller than that of the traditional
static solid-state fermentation. At 48 h of fermentation, the maximum CO2

Fig. 5.28 Variation of O2

concentration in GDDSSF
and static solid-state
fermentation
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concentration reached 0.21% in gas double-dynamic solid-state fermentation sys-
tem, which was 0.34% lower than the traditional static solid-state fermentation
(0.55%).

Figures 5.28 and 5.29 showed that, despite the O2 depletion due to bacterial
growth, CO2 was reduced and the concentration of CO2 is reduced, and the
GDDSSF solid-state fermentation facilitates the rapid exchange of gas from the
fermentation tank with the outside air, reducing the concentration of O2 and CO2

concentration changes. It indicated that GDDSSF can provide more O2 than con-
ventional static solid-state fermentation, and more CO2 produced by the strain
during the fermentation process can be released effectively Moreover, the GDDSSF
can greatly improve the O2 and CO2 transfer during the fermentation process.

In GDDSSF, the respiration rate at different GDD cycles was calculated by
subtracting the CO2 concentration at the beginning of the cycle from the CO2

concentration at the end of the cycle. In traditional static solid-state fermentation,
the same method is used to calculate the respiration rate in the same fermentation
cycle.

As shown in Fig. 5.30, before 40 h, the respiration intensity increased with the
increase of the fermentation time, and then decreased gradually, which was con-
sistent with the growth status of the strain. Figure 5.29 showed that microbial
growth in GDDSSF is better than that of conventional static solid-state fermenta-
tion, because the intensity of respiration can be used to represent the strength of the
metabolism. That is to say, the GDDSSF greatly promoted the growth of the strain.
Both of the GDDSSF and the conventional static solid-state fermentation have a
wave-like respiratory intensity curve, which may due to the periodic regularity of
the growth and metabolism of microorganisms. This phenomenon needs further
study.

Fig. 5.29 Variation of CO2

concentration in GDDSSF
and static solid-state
fermentation
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5.3 Mechanism Analysis of Periodic Stimulation
in High-solid and Multi-phase Bioprocess

5.3.1 Principle of Fermentation Process Optimization

New biological products development and more economical production mode are
two main aims of biotechnology research, and the latter is vital to biotechnological
industrialization and creating social value further. The key factors which restrict the
industrialization process of fermentation products are desired product yield, the
target product productivity, and the rate of consumption of the substrate because
high products yield is benefit to products extraction while a high productivity is
advantageous to reduce raw material costs. Based on a clear knowledge of
microbial metabolic mechanism, process optimization techniques could reach the
uniform of high yield, high productivity, and high production intensity of the target
products by changing and optimizing microbial physiological function. Therefore,
it is of great importance for industrial biotechnology with the core of fermentation
engineering.

The aim of fermentation process optimization is to simplify the complex inter-
action among cell physiological adjustment, cell environment, reactor features,
technological condition, and reactor operation, so as to fit the fermentation process.
However, microorganisms are living creatures, and microbial behavior could
change a lot, resulting in process parameters are difficult to be detected. Therefore,
combining modeled conception and basic question of microbial physiological has
been one of the main focuses of process optimization research.

Based on nonlinear dynamics properties of biological cells in vivo enzymatic
reaction network system, it is the base and direction of periodic process opti-
mization to use the periodic force to strengthen the role of genetic expression. In
terms of microbial requirement in biology and physical, periodic strategies cover
periodic material supply, cultural environmental strengthen or weaken, and variable

Fig. 5.30 Respiration
intensity in GDDSSF and
static solid-state fermentation
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environmental stimulating. All the technological operation covers several factors
which affect microbial metabolic flow. Establishment of mathematical model
among those factors and the common target products is important to process
optimization.

5.3.2 Periodic Process Optimization Covers the Following
Research Aspects [35]

(1) Cell growth process: understanding the physiological and biochemical char-
acteristics of intracellular microbial cells, a clear knowledge of microbial
nutrient intake, as well as the whereabouts of nutrients through the metabolic
pathway transformed from a nonbiological nutrient medium, and the distribu-
tion of different environments metabolites.

(2) Chemometrics in microbial reaction: the advantages of chemometrics of micro-
bial reaction were that the probable optimization method could be established
without microbial metabolic documents by applying metabolic flow method with
the chemometric relationship.

(3) Bioreaction dynamics: studying the relationship between bioreaction rate (in-
trinsic dynamics) and influential factors (concentration of substrate, tempera-
ture, and solvent).

(4) Bioreactor engineering: bioreactor and parameters detection and control. Style
and structure of the reactor, operation mode, material flow and mixing status,
and transfer features are important influence factors which could affect
macrodynamics of bioreaction. Parameters detection and control are the basic
methods in fermentation process optimization. Timely detection and adjust
substrate concentration ensure a favorable environment for bioreaction.

In terms of periodic stimulating process, a clear knowledge of microbial phys-
iological and biochemical characteristics is the premise of process optimization.
Based on perceptual knowledge about periodic stimulating, combining chemo-
metrics and reaction dynamics of microbial reaction, we establish mathematical
model between process parameters and target metabolites, which could be guidance
for process optimization.

5.3.3 Periodic Operation Optimization Based on Substrate
Requirement

Multi-period and fed-batch fermentation also called repeatedly fed-batch fermen-
tation refers to in the cultural process, removing a volume of culture medium, while
adding an equal volume of medium in the same time interval. In this way, the
culture, the culture fluid volume, and dilution rate will undergo periodic changes in
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the specific growth rate and metabolism as well as other relevant parameters.
Compared with traditional fed-batch fermentation, repeatedly fed-batch fermenta-
tion has the following advantages:

(1) Remove substrate, production, and catabolite repression.
(2) Reduce the viscosity of the fermentation broth which is caused by rapid

microbial growth because of rich nutrient.
(3) Increase the proportion of spore germination.
(4) To be the research method and provide experimental basis for favorable auto

control.

For an industrial strain and its cultivation stage, it is necessary to give the
necessary nutrients for growth, including carbon source, nitrogen source, inorganic
salt, and auxin. In addition, various special nutrients which act as precursors and
accelerators must be given for products formation. Especially, for
nongrowth-coupled fermentation, medium compositions are different during the
main stage of growth and product formation. For example, the production of
antibiotic should be the main stage, the special substrate which inhabits antibiotics
formation must be strictly controlled (such as auxin) so as to obtain more antibiotics
and the ideal component.

5.3.3.1 Periodic Supplement of Carbon and Nitrogen Source

Reducing carbon compounds are usually used to culture cells and form products.
Apart from glucose, other natural organic compounds (ethanol, glycerol and lac-
tose) can be used as carbon sources for microbial growth and metabolites pro-
duction. Carbon source concentration in the culture medium is very important. If
the carbon source concentration in the medium exceeds by 5%, the growth of the
bacteria begins to decline due to dehydration of the cells. Yeasts or molds can
tolerate higher glucose concentrations, up to 200 g/L, due to their low water
dependency. Also, at a given concentration, the carbon source blocks one or more
enzymes responsible for the synthesis of the product, which is termed carbon
catabolite repression. One approach to avoid catabolite repression is to make the
rate of the carbon source equal to its rate of consumption, and another approach is
to use non-repressive carbon sources such as monosaccharides, oligosaccharides,
polysaccharides, or oils other than glucose. Nitrogen source includes peptone,
soybean meal, peanut cake, corn steep liquor, yeast extract and urea, and other
organic nitrogen sources.

It is important to select the appropriate feed time after determining the contents
of the feed. For example, during the production process of glutathione by fer-
mentation of baker’s yeast, sugar was added 4 h after the fermentation, and the final
cell concentration and intracellular glutathione were 0.878 g/L and 136 mg/L,
respectively. The total amount of glutathione in the solution reached 1194 mg/ L,
and the cell conversion rate was 0.335 g/g. The fermentation process of all the
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indexes was significantly improved compared with before or after feeding. It can be
seen that the timing of sugar supplement has a great influence on the products yield.
Early sugar supplementation will stimulate the growth of the cells, thereby accel-
erating the utilization of sugars. The yield of the fermentation product at the same
saccharide rate was significantly lower than that of the appropriate sugar addition
time. The timing of sugar supplementation cannot be simply based on the culture
time, but also according to the basic medium carbon source type, dosage and
consumption rate, pre-fermentation conditions, strain characteristics and seed
quality, and other factors. So, it is favorable to make the judge according to
metabolic changes such as residual sugar content, pH, and hyphal morphology. In
determining the time after the start of sugar supplement, the way sugar and control
indicators also should be paid attention to. For example, in the process of glu-
tathione fermentation, when the initial sugar concentration is lower than 12 g/L, the
cell can keep high glutathione synthesis ability for a long time while it keeps
growing. However, as long as the total sugar concentration is more than 25 g/L,
regardless of whether the sugar, glutathione production will decline.

Ja et al. [36] studied the effect of supplemental glucose on the production of
pristinamycin by Streptomyces pristinaespiralis XC 416 in shake flask and 5 L
fermentor. The results showed that the initial glucose concentration was 40 g/ L, the
biomass could be increased by 23–31% by addition of 20 g/L glucose in the
logarithmic growth phase, and the yield of pristinamycin could be increased by 20–
36%; the addition of 20 g/ L glucose in the stationary phase has little effect on
biomass, but it can significantly enhance the ability of bacterial synthesis of
antibiotics, and the yield of pristinamycin increased by 56–76%. In the middle and
late growth stages and the stabilization period, by addition of 10 g/L of glucose
twice, the yield of pristinamycin was increased by 1.92 times. Results of 5 L
fed-batch fermentation showed that in the logarithmic growth phase and the initial
synthesis of antibiotics in the first three times, a total of 36 g/L glucose not only
effectively extends the synthesis of antibiotics but also improves the antibiotic
synthesis of bacteria capacity and product yield. And the yield of pristinamycin was
increased by 1.02 times. Zhao et al. [37] studied the b-glucosidase preparation via
liquid fermentation of Aspergillus niger. The amount of feeding and the number of
feeding affect the b-glucosidase secretion. After adding 1% sterile bran dry powder
for four times, the b-glucosidase activity in fermentation broth increased from 1.72
to 5.07 U/mL, which was nearly three times higher. Moreover, the addition of bran
extract can achieve the same effect.

5.3.3.2 Periodic Supplement of Mineral Salts

Inorganic salts are indispensable substances for microbial growth and metabolism.
Its main function is to constitute the bacterial component, as part of the enzyme,
enzyme activator or inhibitor, regulating osmotic pressure, pH value, and the redox
potential. Sulfate, phosphate, chloride and potassium, sodium, magnesium, and iron
compounds are common inorganic salts which are needed for the growth of
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microorganism. Copper, manganese, zinc, molybdenum, iodine, and bromine are
trace elements for microbial growth. Little inorganic salts are required by
microorganisms, but they have a great impact on the cell growth and product
formation.

Phosphorus is the most important element in the synthesis of nucleic acid,
phosphoric acid, some important coenzymes (NAD+, NADP+, and CoA) and
high-energy phosphate compounds (ADP, ATP). In addition, phosphate is the
composition of the buffer solution, which has a great impact on pH adjustment of
the environment. Phosphorus required by microorganisms is mainly from inorganic
phosphorus compounds, such as KH2PO4 and K2HPO4. Phosphorus concentration
has great influence on glutamic acid fermentation. High phosphorus concentration
leads to the synthesis of valine while low phosphorus concentration results in worse
growth of cell.

Magnesium is the constituent of the chlorophyll of certain bacteria. Although not
involved in the composition of any cell structure material, magnesium ionic is the
activator of many important enzymes, such as hexose phosphorylase, isocitrate
dehydrogenase, and carboxylase. Low magnesium ion content affects the oxidation
of the substrate. Sulfur in the protein of the cell is a constituent of sulfur-containing
amino acids. Sulfur is the active group of some enzymes [38].

Most metal ions, especially inorganic phosphates, repress the biosynthesis of
several secondary metabolites. In phosphate biosynthesis of pseudocillin, phosphate
represses at least one enzyme, p-aminobenzoic acid synthase [39].

5.3.3.3 Periodic Supplement of Special Nutrient Content

Many microorganisms require special nutrients and growth factors that they cannot
synthesize, such as amino acids, purines, pyrimidines, vitamins, and biotin, which
are essential to the growth of many yeasts and molds [39].

Growth factors are necessary trace organic compounds for microbial regulation
of normal metabolism, which cannot be synthesized by microorganism. Various
microorganisms require different growth factors. In general, growth factors include
vitamins, amino acids, purines and pyrimidines and their derivatives, porphyrins
and their derivatives, sterols, amines and fatty acids. The main function of growth
factors is to provide microbial important chemical substances (proteins, nucleic
acids and lipids), cofactors (coenzyme and prosthetic) components and participate
in metabolism. All kinds of microorganisms need different growth factors, as well
as the dosage. The addition of certain components of the fermentation medium
helps to regulate the formation of the product without promoting the growth of
microorganisms such as precursors, suppressors and promoters (including inducers
and growth factors). Precursor refers to certain compounds added to the fermen-
tation medium, which can be directly bond to the product molecules by microor-
ganisms in the biosynthesis process. The product yield increases due to adding of
precursor while its own structure and did not change much. Precursor must be
added in some amino acids, nucleotides and antibiotics fermentation system in
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order to obtain higher yields. Some substances such as phenylacetic acid, propionic
acid, and other high concentrations of the bacteria will produce toxic. At the same
time, bacteria also have the ability to oxidative decomposition of precursor.
Therefore, in order to reduce the toxicity of the production and increase the utilization
of precursors, the precursor should be added often with small dosage. The total
amount of each product can be added into the molecule, the number of precursor
molecules, according to the amount of such substances calculated the amount of
precursor in the total amount of calculation should also take into account the part of
the cell oxidative decomposition precursor [38]. For example, phenylacetic acid
showed stronger toxicity in acidic environment (pH5.5) (at this time phenylacetic
acid in the fermentation broth is not dissociated), it must be added into penicillin
broth 12–15 h after inoculation when pH slightly increased. Penicillin-producing
bacteria oxidation of phenylacetic acid quickly, phenylacetic acid should not be too
much but continuously. The optimum concentration is usually 0.08–0.1%. Generally
start with 0.05%, after every 12 h added 0.05–0.1 or 0.2% per day, which is a small
number of times or continuous flow way to add. In addition, when two precursors are
present, sometimes strong precursors preclude the action of the weak precursors,
sometimes with the aid of a synergistic effect. For example, phenylacetic acid lauryl
alcohol vinegar is superior to phenylacetic acid, but has slow hydrolysis of the
characteristics of the release of precursors which leads to the lack of phenylacetic
acid. 1.2% of phenylacetate lauryl alcohol vinegar and 0.1% phthalide amine mixture
can make a substantial increase in penicillin fermentation units [40].

Promoter or stimulant is the matter which could improve fermentation perfor-
mance. For example, in the fermentation process of enzyme preparation, adding
some inducers, surfactants, and some other enzyme-producing accelerator can
greatly increase the amount of enzyme production. The addition of a small amount
of the promoter to the medium can greatly increase the yield of certain microbial
enzymes. Commonly used promoters are some surfactants (detergent, Tween 80,
and phytic acid), ethylenediaminetetraacetic acid, soybean oil extract, ferrocyanide,
and methanol [38].

5.3.4 Periodic Intensification in Microbial Fermentation
Environment

5.3.4.1 Variable Pressure Operation

Pressure intensification can affect heterogeneous catalytic reactions in at least two
ways. For porous medium and gas or gas–liquid systems, pressure intensification
can increase the mass transfer rate within the structure, which is more obvious when
both the gas and liquid phases are present. Therefore, for mass transfer-limited
reaction systems, pressure intensification is very important. This is the first and
most important application of pressure intensification. The second effect is
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important in situations where the catalyst contains close active sites, while the
adsorbed reactants and products are strongly inhibited. The following are several
practical examples of industrial application cycle operation. When the supply of H2

and N2 is switched over in the cycle of several seconds, the synthesis rate of
ammonia is increased by a factor of a thousand, in the case of ammonia synthesis
using a ruthenium catalyst. When air and water are present, SO2 is oxidized on an
activated carbon catalyst. If the high-frequency switch operates the inlet valve, the
oxidation rate of SO2 is increased by 50% relative to constant flow. In the reaction
of propylene with acrolein partially oxidized with Sb-SnO as catalyst, the pro-
duction rate of acrolein is doubled if the feed of air and propylene is switched in
different proportions.

Many biochemical reactions, particularly microbial fermentation, occur in the
flocculent structure, and the process of mass transfer through the flocculent struc-
ture is a limiting step in the enzymatic reaction. Thus, increasing the mass transfer
rate through the flocculent structure without having an impact on the flocculent
structure has a very large attraction. Experimental results showed that the rate of
bioreaction can be greatly increased by pressure modulation at sub-acoustic fre-
quencies. The increase rate depends on the air contained in the mycelium.

Li et al. [18] studied internal temperature and humidity changes in gas
double-dynamic solid-state fermentation bioreactor. The results showed that the
temperature and air humidity in the reactor are changed periodically with the
fluctuation of air pressure. The amplitude of the pressure fluctuation was signifi-
cantly correlated with the pressure amplitude of the pulsation. The pressure fluc-
tuation range is 0–0.2 MPa, the variation of the air temperature in the reactor
reaches 4–5 °C, and the variation of the air humidity is RH 20%. The changes of
temperature and pressure have an important effect on biological process strength-
ening, and this study provides an important database for future model research.
Effect of periodic gasification, forced ventilation, and GDDSSF on microbial res-
piratory metabolism has also been compared. The results showed that the gas phase
had a significant effect on the respiratory metabolism of microorganisms. The ratio
of CO2 respiration intensity was 1: 2.1: 4.57, and the ratio of total CO2 production
was 1: 1.45: 2.82. The analysis of the respiratory quotient also showed that the state
of the gas phase had an effect on the status and peak of the respiratory quotient
curve. Periodic gas stimulus not only strengthened the heat and oxygen transfer
increase of oxygen but also changed the metabolic pathways of microorganism. In
addition, the effect of pressure intensification on cell membrane permeability and
the activities of key enzymes in the metabolism of two microorganisms have been
studied, and the following conclusions were obtained: (1) periodic intensification
source used in GDDSSF for microbes was moderate. The air pressure cycle
intensification of 0.2 MPa had no significant effect on cell membrane permeability
of Trichoderma viride. (2) The activity of hexokinase was increased by 30.7% after
a short period of high-frequency gas phase stimulation. But no significant effect of
long-term gas phase double-dynamic culture on hexokinase was observed. This
indicated that the microorganisms are adapted to this periodic stimulus under
long-term GDDSSF [18].
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Tao et al. speeded transport into Bacillus by GDDSSF with the beer grains as
raw materials. The results showed that it can effectively improve the virulence
potency of biological pesticides [41]. GDDSSF was also used to stimulate the
production of acid protease of Aspergillus niger with the pressure range of 0.05–
0.25 MPa, low pressure maintained for 5 min and high pressure maintained for 10–
60 min. The results showed that the GDDSSF could stimulate the activity of the
acid protease [42]. The effect of GDD on the microbial protein in solid-state fer-
mentation was studied by Fu et al. The protein extracted in GDDSSF cycle was
improved compared with the protein extracted from the microorganism without
stimulated by the periodic stimulation. The activities of FPA and CMCase were
increased by 17.175%, 60108% and 21.117%, respectively, while the activities of
FPA and CMCase were reduced by 38% and 34%, respectively. The enzymatic
activity of microbial extracellular protein in the 5d solid-state fermentation was
similar to that in the static solid-state fermentation for 6 days, and the fermentation
cycle was shortened. GDDSSF changed the composition of the protein, reducing
the fraction of the molecular weight of about 80,400 but increasing the molecular
weight of about 28,520 components [22]. Xu et al. produced cellulase in a 50 L gas
double-dynamic solid-state fermentation with a reactor. Compared with the tradi-
tional solid-state fermentation, enzyme activity can be increased by 1 times, the
cycle shortened by 1/3. The results showed that the microbial growth of the upper,
middle, and lower layer of 9.0 cm layer was uniform; the substrate was loose; and
the microorganism entered the rapid growth phase in a short time. In gas
double-dynamic solid-state fermentation system, spore was produced at third day,
and the enzyme activity was 20.36 U/g while in static solid-state fermentation
system, spore was produced at fourth day, and the enzyme activity was 10.82 U/g
[43–47] Xu et al. [48] cultivated Beauveria bassiana in a 20 m3 gas
double-dynamic reactor. Results showed that fermentation cycle of Beauveria
bassiana can be shortened by 28%, and the amount of sporulation increased by
65%, to 20 billion/g. Industrial production of Beauveria bassiana by GDDSSF
reactor is feasible. GDD has a positive effect on promoting the metabolism of
Beauveria bassiana.

5.3.4.2 Variable Temperature Operation

Because of the exponential relationship between reaction constants and tempera-
ture, periodic temperature intensification is also attractive to researchers. In 1960s
and 1970s, this type of incentive has been the concern of researchers. For reactors
operated below 500 °C, if the temperature can vary cyclically over a range of 10 °C,
the average reaction rate increases by 7.4% for a chemical reaction with an acti-
vation energy of 83.6 kJ/mol. For a reaction with higher activation energy (418 kJ/
mol), the average reaction rate increases by 266%. If the amplitude is increased to
20 °C, the average reaction rate in the above activation energy range will increase
by 30-2300%. Early periodic temperature intensification experiments were not
successful because of the thermal inertia of the catalyst bed or reactor. With the
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emergence of micro-reactor, study of periodic temperature intensification comes
back again. In addition, a significant increase in reaction rate observed in the
three-phase drip bed reactor of the interrupted liquid phase flow is now considered
to be due to the cyclical variation of the temperature. In conclusion, the theoretical
analysis and simulation all agree that the periodic temperature excitation will
increase the yield obviously, but need further experimental support. Fortunately,
with the advent of new reactors such as micro-reactors, above expectations are
likely to arise [18].

For nonfilamentous fermentation, the maximum rate of its product formation
period is in the exponential phase, i.e., cell growth is the main behavior before the
end of the exponential growth. Products formation rate reached the maximum value
in and part growth coupling microorganism reach to the maximum, while the
growth coupling type did not start to produce the product until the cell growth was
negative. Therefore, the optimal temperature should be determined according to the
different fermentation stages of the enzyme characteristics. The optimum temper-
ature and optimum pH value of the enzymes synthesized from cell material of cell
synthesis and fermentation product could be different, reflecting different optimum
temperatures and optimum pHs for the main stage of fermentation process and the
main stage of product formation. Therefore, the optimum temperature should be
determined separately for each fermentation stage. The optimum temperature for
the main growth stage maximizes the specific growth rate so as to facilitate the
rapid growth and reproduction of the cells. The optimum temperature for the
production of the product should be the temperature that maximizes the rate of
product formation. This temperature will advantageously result in faster and more
product formation. One of the required fermentation conditions to maintain the
microbial growth and process is temperature. Both microbial growth and product
synthesis are carried out at suitable temperatures.

1. Effect of temperature on product synthesis
In process optimization, it should be aware that the effect of temperature on
growth and production is different. In general, increasing the fermentation
temperature can improve enzyme reaction rate, accelerated metabolism and
shorten production. However, the enzyme activity will be reduced due to
overheating, which is reflected by the aged microorganism and shortened fer-
mentation period, affecting the final yield. Temperature not only affects reaction
rate in system but also the physical properties of the fermentation broth (such as
the solubility of oxygen, substrate mass transfer rate, and nutrient decomposition
and absorption rate) which indirectly affect product synthesis. Temperature also
affects the direction of biosynthesis. For example, chlortetracycline can be
produced during tetracycline fermentation of Streptomyces aureus. Below 30 °
C, Streptomyces aureus has the strong ability of synthesis of chlortetracycline.
The proportion of tetracycline increased with increasing temperature, and
tetracycline is the only product at 35 °C.
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2. Choice of optimum temperature
Optimum temperature of different strains, culture conditions, and growth stage
are not the same. Only one optimum temperature is not necessarily good for the
whole fermentation period. The temperature which is suitable for bacterial
growth is not necessarily suitable for the synthesis of the product. The choice of
temperature should also refer to other fermentation conditions neatly. For
example, the effect of increasing the erythromycin fermentation temperature in
corn steep liquor medium is not as good as in soybean meal flour medium, since
the temperature is favorable for the assimilation of soybean meal [39].

5.3.4.3 pH Adjustment

pH is also one of the main fermentation parameters. With the determination of
optimum temperature, the determination of the optimum pH should also be carried
out on the basis of the kinetic principle of the enzyme action, that is, the optimum
pH value for the major enzymes of the different fermentation stages. The optimum
pH value of different enzymes may be different, and different fermentation stages of
the best pH may also be different. The optimum pH for the main phase of growth is
the pH which maximizes the growth rate, and the optimum pH for the main phase
of the product formation is the pH that maximizes the conversion [40].

Changes in the pH of the fermentation broth will have a significant effect on the
fermentation. (1) It will lead to changes in microbial cell protoplast membrane charge.
The protoplast membrane has a colloidal property, and the protoplast membrane can
be positively charged at a certain pH, while the protoplast membrane is negatively
charged at another pH. This change in charge can also cause changes in the ion
permeability of the protoplast membrane, thus affecting the absorption of nutrients
and metabolites in the culture medium, and impede the normal metabolism of the
metabolism, such as Penicillium chrysogenum cell wall thickness decreased with
increasing pH, and the mycelium diameter is 2–3 lm at pH6.0 and is 2–18 lm at
pH7.4. (2) pH changes also affect the direction of cell metabolism. In the case of
recombinant human serum albumin produced by the genetic engineering Pichia
pastoris, protease production is the least desirable. At pH5.0 or lower, the protease
activity increased rapidly and was superior to the albumin production. When the pH
value was above 5.6, the activity of protease was very low, which could avoid the
loss of albumin. Moreover, the change of pH will affect the activity of various
enzymes and the utilization rate of bacteria on the substrate, which will affect the cell
growth and the synthesis of the product. Therefore, in industrial fermentation to
maintain growth and product synthesis, the optimal pH is one of the key parameters
to the success of the production. (3) pH change affects the synthesis of metabolites.

Zhang et al. [49] investigated the effect of intermittent pH adjustment on
hydrolysis and acidification of steam-exploded cornstalks by microbial community.
Owing to lower degradation rate of steam-exploded cornstalk, the concentrations of
water-soluble metabolites were lower with intermittent pH adjustment to 6.0 or
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10.0, and acetate and propionate were also found to be the major water-soluble
metabolites at pH 7.0, 8.0, and 9.0. The total concentrations of acetate and propi-
onate reached peak values after 84 h of fermentation, which is increased accom-
panied by the pH increase, from 1.86 g/ L (pH 7.0), 2.04 g/L (pH 8.0) to 3.32 g/L
(pH 9.0). Interestingly, the concentration of acetate after 84 h of fermentation
increased as pH increases from 7.0 to 9.0, which was opposite to that of propionate.
In addition, compared with that only initial pH adjustment, the total concentrations
of acetate and propionate increased by 33% with intermittent pH adjustment to 8.0,
respectively. After fermentation for 84 h, both concentrations of acetate and pro-
pionate decreased at all pH levels, which might be consumed by the obtained
microbial community itself. During the fermentation process, the concentrations of
other water-soluble metabolites such as ethanol, butyrate, glucose, and lactate
remained at low levels. Based on the above results, it was found that intermittent pH
adjustment was effective to enhance the acidification of SEC and regulate the
distribution of organic acids.

The results of DGGE analysis showed that pH had remarkable effects on shifts in
microbial community structure, which might further result in the change in fer-
mentation patterns. Intermittent pH adjustment was considered to be a useful way to
enhance hydrolysis and acidification of lignocellulose and regulate the distribution
of organic acids by the enriched microbial community.

5.3.4.4 Variable Rate of Oxygen Supply

From the perspective of microbial growth and oxygen dynamics, the change of
oxygen during growth depends on the oxygen consumption or oxygen uptake rate
and the amount of dissolved oxygen. Oxygen changes during the production process
also depend on oxygen consumption and oxygen dissolution. The oxygen con-
sumption in the growth stage depends on the number of bacteria and bacterial res-
piration. In the exponential phase, the specific growth rate was the largest, as well as
the respiratory intensity and the number of cells increased in a geometric progression.
In the stable phase, the specific growth rate is almost equal to zero and the number of
viable cells no longer increase, so the unit cell weight per unit of time in the oxygen
consumption (breathing intensity) is basically unchanged. Since the consumption of
oxygen by bacteria are different at different stages, in order to meet the needs of cell
reproduction and production of products, the provision of dissolved oxygen should
also be different. For example, the critical oxygen concentration in the growth phase
of the production of the taxamycin is greater than the critical oxygen concentration of
the product formation phase which are 13% and 5%, respectively, whereas the
growth of the ampicillin producing stage is less than the critical dissolved oxygen
concentration, which are 5% and 10%–20%, respectively.

Oxygen consumption is not only different at different fermentation period but
also in different stages of the same period. For example, citric acid produced by
Aspergillus niger in the 3 days before and after the acid absorption of oxygen is
about 3: 2. In the cell growth stage of the fermentation process, the number of
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bacteria is constantly changing (curve growth), and the oxygen consumption
changes are more complex, but always gradually increasing. Therefore, in order to
meet the oxygen consumption needs of bacteria in different stages of different
periods, oxygen should be adjusted timely. The oxygen balance (oxygen demand
rate, NA) was in equilibrium with the dissolved oxygen per unit volume of culture
medium (OTR). The dissolved oxygen concentration at this time is the optimum
dissolved oxygen concentration selected.

When the concentration of dissolved oxygen is below the critical value in the
growth phase, oxygen is the limiting growth factor, and if it is above the critical
value, the growth proceeds smoothly and reaches the maximum rate. According to
the linear relationship between oxygen transfer driving force (oxygen partial pressure
difference between gas phase and liquid phase) and the microbial, it can be seen that
microbial growth is accelerated and finally reached the maximum specific growth rate
with the increase of dissolved oxygen concentration which is the best dissolved
oxygen concentration (critical value). Only the concentration of dissolved oxygen in
the fermentation broth is always maintained at the optimal concentration or critical
concentration in each period, so that the growth rate or product formation rate can be
maximized. For example, cephalosporin C is produced with Acremonium versicolor,
and the oxygen concentration for of the product formation is 20% of the saturation
value. Below this value, the accumulation of intermediate penicillin N (PENN) and
the formation of repressive cephalosporin C were caused, whereas a higher con-
centration of dissolved oxygen in the culture medium produces more cephalosporin
C, with a maximum of cephalosporin C at the critical value [40].

5.3.5 Periodic Intensification Optimization Based
on Environmental Stress

The traditional fermentation process has become increasingly difficult to meet the needs
of modern fermentation engineering, forcing people to improve the fermentation pro-
cess with new methods. Therefore, people began to explore the effect of some physical
quantities (such as light, electricity, and heat) on biological characteristics of the fer-
mentation process (such as enzyme activity) [50]. There are two periodic action modes
of the physical factors in the fermentation process: one is the periodic intensification of
the constant field, and the other is the continuous action of the high-frequency field.

5.3.5.1 Principle and Optimization of Periodic Effects of Low-Speed
Ultrasound

(1) Principle of ultrasound on fermentation process

Ultrasound used in biological fermentation engineering can be divided into power
ultrasonic and ultrasonic detection. Power ultrasound is mainly used to improve the
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fermentation process or to improve the fermentation process. The mechanism of
action is divided into heat, cavitation and mechanical mass transfer, the strength of the
role and the frequency and intensity of ultrasound. The thermal effect is mainly used
for sterilization while cavitation and mechanical mass transfer can promote cell cycle
mass transfer. Cavitation is the propagation of ultrasonic waves in the medium, the
average distance of molecules in the liquid changed with the molecular vibration.
When it exceeds the role of maintaining the liquid critical molecular spacing, the
cavitation is formed. At macroscopic level, cavitation is reflected by growth, shock,
and collapse of a series of microbubbles in liquid (often called the cavitation of the
nucleus).

From the perspective of cell stress, ultrasound is a periodic longitudinal wave, in a
vibration cycle, the biological pressure on the moment changes according to a certain
law. Forces imposed on cells can be divided into normal component and tangential
component. Part of the normal force enters into the cytoplasm through the cell
membrane, and the other part forms a normal pressure. The pressure will produce the
normal direction of deformation because the cell membrane is an elastomer. Two
effects can be caused by the deformation which are increased area and compressed
cell volume. The former stretched the cell membrane to reduce the local thickness,
which squeezed the cell body to increase its internal pressure. Displacement of cell
membrane in tangential direction is caused by tangential force, which has no impact
on cell volume. However, it will make local cell membrane become thin and increase
microporosity, which increases the permeability of the local cell membrane and
accelerate the exchange of material on both sides of the cell membrane. At the same
time, the cell membrane plays an important role in the life activities such as cell
division, differentiation, and metabolism regulation, in addition to maintaining the
stability of intracellular environment, regulating the transport of internal and external
substances, cell recognition, transmembrane transmission, and cellular immunity.
Changes in permeability are bound to affect cell life activities [20].

Ultrasonic applied to the fermentation process is usually low-intensity ultrasound,
relying on mechanical vibration and steady-state cavitation effect of the mass transfer
boundary layer thinning, and to accelerate the movement of solute particles, which
reacts into the enzyme or active site and product. The low-intensity ultrasonic waves
applied to plant and animal cells will produce intracellular microfluidic, endoplasmic
rotation, and eddy current movement, and improve the cell membrane and cell wall
penetration. These effects can improve the cell’s metabolic function.

(2) Process optimization with ultrasound

There are two aspects to optimize the ultrasonic stimulation. One is the nature of the
ultrasound which is closely related to the fermentation effect, and the most
important parameters are the intensity (frequency) and the timing of the ultrasonic
wave. Changes in other parameters of the fermentation environment (such as
changes in optimum pH and temperature) are caused by ultrasound. Through
optimization of these parameters, the yield of the product can be improved
significantly.
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5.3.5.2 Principle and Optimization of Periodic Effects of Alternating
Magnetic Field

There is a very close relationship between magnetic and biological original life. On
the one hand, magnetic exist in various materials, life activities in the electron
transfer, and ion motion will produce a weak biological magnetic field.
Biomagnetism and the interaction of magnetic field and external magnetic field
produce various effects on the organism. The biological effect of magnetic field not
only occurs at the biological, tissue, and cellular level but also at molecular level
and ion level in vitro experiments. Therefore, it is possible to combine the magnetic
theory and explore the mechanism of the biological magnetic effect [51].

Magnetic field strengthwork when the intensity reach to a certain threshold.
There is some biological sensitivity to the distribution of the magnetic field.
Therefore, the magnetic gradient and magnetic field and gradient product on bio-
logical impact research have got attention. In addition to the threshold, cumulative
effect also exits in biological and magnetic fields. In some biological magnetic
effect, exposure to the magnetic field irradiation will produce biological response in
a long time although the magnetic field strength is not high.

Most of the microbial cells are single-cell organisms, and the role of magnetic
field on microorganisms can be seen as a direct role of the magnetic field for the
typical cell. Microorganisms are the best material to study the relationship between
magnetic field and cells.

5.3.5.3 Alternating Electric Field

Environmental electric field of biological substances in the microbial body influ-
ence distribution arrangement and movement of the charge, thus affecting the
biological activities of life. In addition, the electric field also affects physical and
chemical properties of the medium (e.g., water) (such as refractive index, con-
ductivity, dielectric constant, surface tension, viscosity, and infrared absorption
spectra), thereby affecting the biological organism reaction process.

Periodic steady electric field and continuous high-frequency electric field are two
main electric intensification strategies for fermentation process. The results showed
that the two strategies both improved microbial growth and metabolic process.
Alternating electric field improved cellulase production with when lignocellulose
was used as the fermentation substrate, and the electric field was enhanced by
electric field of 2.86 V/cm. The change period of the electric field direction was
12 h, and the cellulase activity could be increased by 10%. In the process of
fermented bean curd, salt water on the role of mucor protease inhibition. Li et al.
[52] found that within a certain range of high-frequency electric field activation of
the role of protease, protease solution by the electric field strength of 10 V/cm (the
frequency of about 2500 Hz, 5 min) and the enzyme activity increased 20%. In

5.3 Mechanism Analysis of Periodic Stimulation … 223



addition, it was found that high-frequency electric field can passivate the enzyme.
The fermented bean curd fermented with fermented bean curd was treated by
high-frequency electric field. It was found that the high-frequency electric field did
have some ripening effect, which could shorten the post-fermentation period by
25%, but the total content of amino acid in fermented bean curd decreased, and its
composition changed. This indicated that the effects of high-frequency electric field
on the microbes and enzyme systems of post-fermentation were complex and may
activate certain microorganisms or enzyme systems within the selected electric field
treatment range while inactivating other microorganisms or enzymes.

At present, the application of electric field in the fermentation process is less, but
the above research shows that the high-frequency electric field of suitable intensity
has obvious effect on the fermentation and post-fermentation process, but its
mechanism is still needed to be further studied. As an effective optimization
operation mode, long period electric intensification will undoubtedly promising.

5.4 Novel Methods of Periodic Intensification
of High-solid and Multi-phase Bioprocess

5.4.1 Periodic Peristalsis: A New Strategy for Process
Enhancement of Butanol Fermentation

It has been reported by Doremus et al. [53] that the agitation rate plays a significant
role in controlling the metabolism of C. acetobutylicum because agitation favors
butyric acid productivity during the acid phase and hinders the butanol biosynthesis
in the solvent phase. It has been proved by Lamed et al. [54] that agitation can
dramatically affect the level of dissolved hydrogen gas and solvent ratio by
Clostridium thermocellum. Most of the research verified that the effect of agitation
on butanol was inhibition rather than promotion due to the adverse effect of agi-
tation [53, 55]. Therefore, new agitation type with less shear force is urgently
required for the biofuel engineering [56], which can be achieved only by full
understanding of the undergoing agitation-associated mechanism.

The concept of periodic peristalsis agitation was derived from the illumination of
stomach and intestine. By expanding and contracting periodically, stomach and
intestine can mix the food and digestive juices (mostly digestive enzymes) effi-
ciently. This process is usually called “periodic peristalsis”, which has great
potential in fermentation process enhancement.
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5.4.1.1 Metabolite Profiles Comparisons Among Periodic Peristalsis
Group, the Traditional Rushton Impeller Group,
and the Stationary Group

Metabolites are direct indication of the fermentation process. Xia et al. [57] have
compared metabolites difference in PPG, TIG, and SG. Table 5.2 shows the result
of Student’s t-test of metabolites in the three groups, which indicates there is
obvious difference in cell growth, substrate utilization, and product synthesis of
IPE-005.

The fermentation process of ABE can be divided into two phases: the acidogenic
phase and solventogenic phase [58]: the acidogenic phase was observed during the
first 60 h when cell biomass was rapidly produced (Fig. 5.31). During this period,
biomass in PPG and TIG was 2.75- and 1.47-fold of that in SG, suggesting agitation
could promote cell growth in this phase. During 96–120 h (the solvent-producing
phase), however, biomass in the TIG decreased sharply, and obvious cell autolysis
was observed. It should be noted that butanol concentration in TIG was only 6.4 g/
L (2.1 g/g biomass), which is much lower than the threshold (16.2 g/L) of cell
tolerance [59]. Therefore, the cell autolysis in TIG was probably mainly the result
of hydrodynamic mechanical stress. Strain in PPG consumed the most glucose in
the media at 110 h. However, there were 9.4 and 15.3 g/L glucose remained in TIG
and SG until the end of the fermentation (120 h), indicating periodic peristalsis
could promote glucose utilization. At the same time, production profiles under
different agitation types were quite different: PPG produced more butanol and
acetone while TIG had higher concentration of butanol, lactate, butyrate, and
acetate.

5.4.1.2 Comparison of Shear Force in Different Agitation Systems

Eddy length is the most commonly used criterion to scale shear stress in bioreactor,
which is based on the classical effect of agitation on cell growth. Figure 5.32b
shows the relationship between eddy length with agitation rate in TIG and peristole

Table 5.2 Metabolite
profiles comparisons between
periodic peristalsis group
(PPG), the traditional Rushton
impeller group (TIG), and the
stationary group (SG) by
Student’s t-test [57]

Materials P values

PPG-SG* PPG-TIG* SG-TIG*

Biomass 0.00051 0.0016 0.89

Glucose utilization 0.00025 0.00072 0.15

Acetone production 0.00011 0.00019 0.00085

Butanol 0.0067 0.0107 0.0187

Butyrate 0.00062 0.10 0.019

Lactic acid 0.48 0.00036 0.000032

Ethanol 0.00027 0.00055 0.0014

Acetic acid 0.11 0.00026 0.00093

Hydrogen 0.00020 0.00080 0.021
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rate in PPG. It can be found that the inhibition effect of agitation on cell growth gets
more severe with the decreasing eddy length. The critical point of the eddy length is
120 lm for C. acetobutylicum ATCC824, below which the damage becomes vis-
ible. In our experiment, the eddy length in PPG is 128 lm and is 95.4 lm in TIG,
indicating that the shear force in PPG is only 74% of that in TIG. Figure 5.32c and
d show the relationship of eddy length with turbulence intensity and velocity. In the
case of same eddy length, PPG always owns higher turbulence intensity (more than
20-fold of that in TIG in the whole range) and lower velocity (less than 60% of that
in TIG in the whole range). This characteristic makes periodic peristalsis agitation
different from the existing agitation methods. It enhances mass transfer by high
turbulence intensity instead of high velocity, in other words, running under a mild
condition. Therefore, this novel agitation causes less hydrodynamic damage to
cells.

Fig. 5.31 Time course profiles of key fermentation parameters (dry cell weight, glucose, butanol,
acetone, ethanol, lactate, butyrate, acetate, and pH) from PPG, TIG, and SG. PPG represents
periodic-peristole group, TIG represents traditional Rushton impeller agitation group, and SG
represents stationary culture group [57]
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5.4.1.3 Analysis of Metabolic Flux in Periodic Peristalsis Group,
the Traditional Rushton Impeller Group, and the Stationary
Group

(1) Embden–Meyerhof–Parnas (EMP) pathway

Glucose was first converted into G6P and channeled into the EMP pathway and the
PPP at this branch point. Then, 90% of the glucose was further converted into
pyruvate through the EMP pathway. At 48 h (Fig. 5.33), the EMP pathway showed
a flux toward pyruvate in PPG and TIG to 84.2 and 88.5%, respectively, compared
with that in SG, suggesting that this flux contributed to increased cell growth
through the PPP [60]; however, at 96 h, the EMP pathway showed a flux toward
pyruvate in PPG and TIG to 154.6 and 229.3%, respectively, compared with that in
SG, implying that the EMP pathway flux was significantly stimulated by agitation.

Fig. 5.32 Hydrodynamics parameters in periodic-peristole agitation group and traditional
Rushton impeller group. a shows the relationship between eddy length and cell growth
enhancement rate. Cell growth enhancement rate was calculated by dividing biomass in the
reference group (stationary culture group) by that in the experimental group at 120 h; b shows the
relationship between eddy length and agitation velocity; c shows the relationship between eddy
length and turbulence intensity; and d shows the relationship between the eddy length and the
maximum velocity [57]
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The EMP pathway was the main source of ATP and NADH [60]. As shown in
Fig. 5.34, the EMP pathway of cells in PPG and TIG generated 1.25-fold and
2.41-fold ATP, respectively, compared with that of SG at 96 h. Furthermore, the
NADH generation rate from the EMP pathway of cells in PPG and TIG was
1.22-fold and 1.56-fold, respectively, than that of SG. These results indicated that
cells produced more ATP and NADH through the EMP pathway following both
types of agitation in the solvent-producing phase.

Fig. 5.33 Flux distributions at 48 h from three cultivation models. Abbreviations: AKG,
a-ketoglutarate; OAA, oxaloacetate; BA, butyrate; Eth, ethanol; LA, lactate; AA, acetate; AcCoA,
acetyl-CoA; X5P, xylulose-5-phosphate; S7P, d-sedoheptulose-7-phosphate; E4P, d-erythrose-4-
phosphate; FDP, d-fructose-1, 6 bisphosphate; G6P, glucose-6-phosphate; ICIT, isocitrate; CIT, citrate;
PYR, pyruvate; PEP, phosphoenolpyruvate; 2GP, 2-phospho-d-glycerate; 1,3GP, 3-phospho-d-glyceroyl
phosphate; 3GP, 3-phospho-d-glycerate; GAP, glyceraldehyde-3-phosphate; R5P, d-ribose-5-phosphate;
ACE, acetone; D6PAH3U, d-arabino-6-phospho-hex-3-ulose; and Ru5P, d ribulose-5-phosphate [57]
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(2) Pyruvate metabolism

After the EMP pathway, the flux enters the pyruvate metabolic pathway. Pyruvate is
a key intermediate in cellular metabolic pathways. The glycolysis flux is converted
to lactate or acetyl-CoA and CO2 through the pyruvate node. Acetyl-CoA is further
converted to other end products such as butyrate, butanol, and acetate. It was clear
that phosphoenolpyruvate (PEP), pyruvate, and acetyl-CoA form three main key
nodes in the flux distribution. PLS analysis showed that butyrate, lactate and acetate
inhibited butanol production (Fig. 5.35).

Fig. 5.34 Flux distributions at 96 h from three cultivation models. Abbreviations: AKG,
a-ketoglutarate; OAA, oxaloacetate; BA, butyrate; Eth, ethanol; LA, lactate; AA, acetate; AcCoA,
acetyl-CoA; X5P, xylulose-5-phosphate; S7P, d-sedoheptulose-7-phosphate; E4P, d-erythrose-
4-phosphate; FDP, d-fructose-1, 6 bisphosphate; G6P, glucose-6-phosphate; ICIT, isocitrate; CIT,
citrate; PYR, pyruvate; PEP, phosphoenolpyruvate; 2GP, 2-phospho-d-glycerate; 1,3GP,
3-phospho-d-glyceroyl phosphate; 3GP, 3-phospho-d-glycerate; GAP, glyceraldehyde-
3-phosphate; R5P, d-ribose-5-phosphate; ACE, acetone; D6PAH3U, d-arabino-6-phospho-
hex-3-ulose; and Ru5P, d ribulose-5-phosphate[57]
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The inhibition effect of butyrate might be because of the competition for the
precursor, butyryl-CoA. There are no significant differences in the levels of butyrate
among PPG, TIG, and SG at 48 h. However, at 96 h, the flux toward butyrate
biosynthesis (2 AcCoA + 2NADH ! BA) in PPG and SG was −6.5 and −2.2%,
respectively, suggesting that butyrate was being absorbed for butanol synthesis
[61]. By contrast, butyrate in TIG continued to be produced at a flux rate of 13.3%,
competing for butyryl-CoA with butanol biosynthesis [62].

The difference in the flux distribution of acids (acetate, butyrate, and lactate)
among the three groups may be strongly associated with the intercellular energy
state. Acids producing pathways (acetate, butyrate, and lactate) and substrate-level
phosphorylation form the main sources of ATP generation [63, 64]. In the
solvent-producing phase, the accumulation of butanol inhibits glucose uptake, thus
inhibited energy generation, which is compounded by an independent drop in
intracellular ATP levels [64]. To compensate for the ATP shortage, cells usually
increase the flux toward acids synthesis.

(3) TCA cycle

In our MFA model, oxaloacetate (OAA) and a-ketoglutarate (AKG) are the key
metabolites that contribute to biomass production [60, 65]. Strikingly, they are listed as
the most unfavorable metabolites for butanol synthesis (VIP of AKG and OAA were
−9.3 and −3.8, respectively). In the solvent—producing phase, the flux toward AKG in
PPG and TIG was 0.85- and 1.62-fold, respectively, that of SG at 96 h. The inhibition
effect of these two metabolites is likely probably due to the consumption of acetyl-CoA
competing with butanol biosynthesis. Based on previous studies [61], cells should cease
to grow in the solvent-producing phase and distribute the flux toward butanol synthesis,
just as seen with SG. Therefore, understanding this abnormality required further
investigation into the metabolic network. It is known that the TCA cycle can provide
the low redox potential of the internal anaerobic environment of C. acetobutylicum, as
well as generate ATP [66]. Lee et al. [62] found that C. acetobutylicum M5 facilitates
the biosynthesis of amino acids by altering the flux in the TCA cycle. Hence, the
increased TCA flux in cells likely compensated the energy and amino acid pool.

(4) Amino acids metabolism

Amino acids are key metabolites that reflect the intercellular energy status. Studying
on amino acids may aid our understanding of cell behavior. Therefore, intracellular
amino acids from the three agitation modes were dynamically detected, as shown in
Fig. 5.36.

Figure 5.36a shows the synthetic pathway for amino acids. From Fig. 5.36c, d, it
was evident that in TIG, the availability of some amino acids was exhausted during
the solvent-producing phase, including isoleucine, tryptophan, and histidine. Given
the energetic costs for amino acid biosynthesis (shown in Fig. 5.36b), these amino
acids are the most energetically expensive ones. This further indicates that a
reduced availability of metabolic energy might be involved in the reduced supply of
the “expensive” amino acids [67]. To validate our hypothesis, intracellular
NADPH/NADP+, NADH/NAD+, and ATP were detected (as shown in Table 5.2).
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The intracellular concentrations of NADPH/NADP+, NADH/NAD+, and ATP at
96 h in TIG were 48.4, 19.5, and 37.6%, respectively, of those in TIG at 48 h, and
were 48.3, 40.0, and 57.6%, respectively, of those in PPG at 96 h. These findings
confirmed the “energy starvation” status of cells in TIG during the
solvent-producing phase.

The “energy starvation” status may strongly correlate with the solvent-resistance
mechanism and agitation. In the presence of solvents, Clostridia increase
branched-chain amino acids and branched-chain fatty acids to improve membrane
structure stability, a process known as “homeoviscous adaptation” [68, 69].
Simultaneously, the hydrodynamic damage of the cell membrane caused by agi-
tation also triggers the synthesis of tolerance protein [56, 70]. This process requires
high quantities of ATP because amino acid synthesis is energetically expensive. To
maintain a high-energy status, which is also one of the central requirements for

Fig. 5.35 The VIP plots of the PLS model for butanol biosynthesis. Abbreviations: AKG,
a-ketoglutarate; OAA, oxaloacetate; BA, butyrate; Eth, ethanol; LA, lactate; AA, acetate; AcCoA,
acetyl-CoA; X5P, xylulose-5-phosphate; S7P, d-sedoheptulose-7-phosphate; E4P, d-erythrose-4-
phosphate; FDP, d-fructose-1, 6 bisphosphate; G6P, glucose-6-phosphate; ICIT, isocitrate; CIT,
citrate; PYR, pyruvate; PEP, phosphoenolpyruvate; 2GP, 2-phospho-d-glycerate; 1,3GP,
3-phospho-d-glyceroyl phosphate; 3GP, 3-phospho-d-glycerate; GAP, glyceraldehyde-
3-phosphate; R5P, d-ribose-5-phosphate; ACE, acetone; D6PAH3U, d-arabino-6-phospho-
hex-3-ulose; and Ru5P, d ribulose-5-phosphate [57]
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cellular metabolism [71], cells have to rearrange their metabolism (acid biosyn-
thesis in our study) toward enhanced ATP synthesis [72].

(5) Fatty acids metabolism

Fatty acids have long been recognized as signaling molecules that have the capacity to
trigger profound physiological responses [73]. Table 5.3 shows the dynamic profiling
of fatty acids during the fermentation process. TIG possessed a high level of total
unsaturated fatty acids, 0.15-, 0.3-, and 0.6-fold higher than that of PPG at 48, 96, and
108 h, respectively. However, the total amount of saturated fatty acids in TIG was

Fig. 5.36 The comparison of the intracellular amino acids under traditional and normal stirring
groups. a Was the synthesis pathways of the amino acids; b the energetic costs for amino acid
biosynthesis; c–d were the heat map visualizing the intracellular amino acids contents during
fermentation from normal and traditional groups. The color code indicates an increased (green) or
a decreased (red) availability under the two conditions as compared to the reference process as
indicated by the color legend as aside the graph. The full amino acid data set is given in the
supplementary material 3. Availability for each amino acid was calculated as ratio of the
concentration to that at reference group. The data given reflect a period of 12 * 120 h [57]
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lower than that of the other groups, being 106.3, 66.1, and 41.3% of that in the PPG
and 101, 72.1, and 39.1% of that in the SG at 48, 96, and 108 h, respectively.

The cell membrane is a flexible structure composed of a lipid bilayer and pro-
teins, and its fluidity is determined by the fatty acid composition. When under
agitation, cells adjust fatty acid metabolism to resist the adverse effects of shear
force by improving cell membrane fluidity. Bhagyalakshmi et al. [74] found that
endothelial cells activate phospholipid turnover and enhance the biosynthesis of
arachidonate under fluid shear stress. In our study, the high levels of unsaturated
fatty acid in TIG may arise for a similar reason: during the acid-producing phase,
shear forces may upregulate the synthesis of unsaturated fatty acids to increase cell

Table 5.3 The dynamic changes of the important metabolites [57]

Time (h) 36 h 48 h 96 h 108 h

NADH/NAD+ 0.16 ± 0.056a 0.24 ± 0.079a 0.1 ± 0.026a 0.07 ± 0.012a

0.12 ± 0.017b 0.17 ± 0.069b 0.06 ± 0.01b 0.05 ± 0.020b

0.15 ± 0.037c 0.21 ± 0.092c 0.04 ± 0.02c 0.02 ± 0.011c

NADPH/NADP+ 4.2 + 1.5a 10.32 + 1.8a 5.67 + 1.6a 2.21 + 1.83a

3.45 + 0.98b 7.64 + 2.91b 3.46 + 1.79b 1.14 + 0.31b

3.98 + 1.7c 5.65 + 1.79c 2.74 + 1.49c 0.67 + 0.38c

AcCoA** 1.37 ± 0.68a 2.10 ± 0.14a 1.90 ± 0.26a 0.07 ± 0.02a

1.06 ± 0.42b 1.65 ± 0.11b 2.33 ± 0.17b 0.11 ± 0.03b

1.34 ± 0.69c 2.17 ± 0.19c 1.84 ± 0.43c 0.03 ± 0.02c

ATP** 3.54 ± 0.82a 3.86 ± 0.23a 2.34 ± 0.14a 1.45 ± 0.15a

4.27 ± 0.17b 2.88 ± 0.47b 1.93 ± 0.13b 1.11 ± 0.10b

3.31 ± 0.21c 3.59 ± 0.56c 1.35 ± 0.09c 0.863 ± 0.16c

27.2 ± 1.9a 28.5 ± 2a 39.8 ± 2.8a 25.3 ± 1.3a

Oleic acid** 25.7 ± 1.8b 25.7 ± 0.8b 32.4 ± 2.6b 27.2 ± 2.1b

34 ± 2.4c 35.2 ± 1.4c 49.9 ± 2.5c 46.2 ± 3.6c

23.6 ± 0.9a 35.1 ± 2a 31.8 ± 2.2a 28.3 ± 1.4a

Stearic acid** 25.5 ± 1.3b 36.7 ± 1.9b 29.4 ± 1.2b 29.9 ± 2.1b

26.1 ± 0.8c 37.2 ± 1.6c 21.2 ± 1.9c 11.7 ± 1.6c

Linoleic acid** 35.9 ± 0.6a 15.7 ± 0.9a 18.3 ± 1.1a 19.4 ± 1.4a

32.9 ± 1.0b 13.4 ± 0.4b 15.5 ± 0.5b 15.9 ± 0.8b

32.8 ± 0.9c 13.8 ± 1.1c 21.6 ± 1.5c 23.5 ± 1.2c

Arachidonic acid** 42.1 ± 1.5a 38.5 ± 1.5a 30.1 ± 1.2a 23.3 ± 1.3a

34.8 ± 2.1b 41.4 ± 2.1b 35.6 ± 1.3b 33.3 ± 1.8b

45.4 ± 3.6c 46.2 ± 2.8c 43.1 ± 4.4c 41.5 ± 4.5c

Note
*Stands for the formation rate at the corresponding time point, (mol/L)
**Stands for the specially concentration at the corresponding time point, (mol/g); which is
calculated by the concentration/biomass
aStands for the normal force model
bStands for the stationary culture model
cStands for the shear force model
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membrane fluidity. Because suffering more serious shear force than the other two
groups, cells in TIG own the highest content of unsaturated fatty acids. However, in
the solvent-producing phase, the accumulation of solvents, especially n-butanol,
began to disrupt the phospholipid bilayer of the cell [75], a phenomenon enhanced
by shear stress. To exacerbate this, cells in TIG were unable to synthesize saturated
fatty acids rapidly enough to inhibit the flow of organic solvent into the cell because
of “energy starvation”, leading to autolysis. By contrast, in PPG, the hydrodynamic
damage was not as pronounced as in TIG because the relatively higher energy status
enabled cells to redistribute their flux and initiate the tolerance mechanism
efficiently.

5.4.1.4 Mechanism Analysis of Periodic Peristalsis Strategy
for Enhancing Butanol Fermentation

The effects of agitation on metabolic distribution in C. acetobutylicum are sum-
marized in Fig. 5.37. Based on our findings, we proposed a possible mechanism by

Fig. 5.37 Effects of agitation on metabolic distribution of IPE-005 and the corresponding
enhancement strategy for butanol production [57]
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which C. acetobutylicum cells respond to agitation. The high mixing efficiency in
PPG enhances the PPP flux, providing more precursors for nucleotide synthesis and
promoting both cell growth and butanol tolerance. Furthermore, the high reducing
power and increased carbon flux promote butanol biosynthesis. By contrast, tra-
ditional agitation leads to higher levels of hydrodynamic damage on cells. To resist
shear forces, cells increase the levels of unsaturated fatty acids and amino acids to
modulate membrane fluidity. To achieve this, cells rearrange their metabolism
toward enhanced ATP synthesis, which results in enhancing the flux through gly-
colysis and acid synthesis at the expense of the pentose phosphate pathway. This
effect of hydrodynamic damage is intensified by the chemotropic effects of solvents
on the cell membrane.

In conclusion, the enormous differences impacted by agitation are obviously
associated with three issues, which result in significant changes in cell metabolic
behaviors: first, a rebalanced redox status; second, the energy (ATP) acquirement
and consumption; and third, the tolerance mechanism of the cell for survival of
solvent (homeoviscous adaptation).

5.4.2 GDDSSF for Process Enhancement of Solid-State
Fermentation

Solid-state fermentation has been considered as the technology with the charac-
teristics of backward, low level, and hard to be scaled up. Since the mid cen-
tury of 20th, especially in 1970s, when the concept of biochemical proposed,
scholars have done great attempts to tackle the problems, and many solutions have
been proposed. Scholars in Institutes of Process Engineering, Chinese Academy of
sciences have focused on solid-state fermentation reactors research since 1984.
They concluded that for better performance of the reactors, thoughts for reactor
design must be changed from the basic theory. In 1991, GDDSSF technology was
proposed, which based on the new principle of reactor design that intensifies
transfer of the mass and thermal in and outside of the cells by periodic intensifi-
cation and the normal force as the power source.

In traditional chemical industry, mass and heat transfer of the solid substrate is
generally resolved through mechanical stirring (shear force) with the purpose that
the particles are mixed well, accelerating the reaction between the gas phase
molecules or solid matter and changing molecular diffusion into convective diffu-
sion around the solid particles. Mechanical stirring is easy to be realized and can
make the gas phase well mixed. However, mechanical stirring results in mycelium
damage and restrict microbial growth. In addition, mechanical stirring has the
disadvantages of energy-extensive consumption, complex structure, microbiologi-
cal contamination, and agglomeration. Moreover, mechanical stirring cannot make
mixed scale of the solid particles as that in liquid phase because mass inside of the
particle is not affected by macro-stirring. Therefore, mechanical stirring shows no
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function in microscale and cannot realize homogeneous of temperature, humidity,
and oxygen supply in the solid-state fermentation system [76].

5.4.2.1 Mechanism of GDDSSF

GDDSSF is static in terms of solid particle while it is dynamic in terms of gas
phase. Gas has the advantage of better capability of pervasive. Increasing pressure
in reactor change the gas molecular from molecular diffusion into convective dif-
fusion at the particle level, getting the thermal and humidity mixed in microscale
and enhancing oxygen supply and dioxide emission. In the pressure discharge
process, gas phase inside of the particle expansion due to pressure of the solid
particles contributes to loosen the matrix bed, which is favorable for mycelium
growth because of adequate oxygen supply and the large population of mycelium
expansion space. Therefore, the fermented mycelia are very plump inner and outer
of the matrix. Microorganisms must live in moisture surroundings both in a liquid
medium and in a solid because matter, energy, and information exchange occur in
moisture through the cell membrane, and then, exchange occurs among solid, gas,
and liquid phase. Bacteria are stretchable pouch-like living body. Gas pressure
pulsation cycle will soon cause a variety of methods to force the liquid film layer.
Since the liquid film is thin, this method boosts the transfer rate quickly and more
sensitively [76].

Reactor with GDDSSF has the advantages of simple mechanical structure, easily
sew, less sterile air, and low energy consumption (power of circulating fan and air
consumption are 10 and 20% of that required for mechanical stirring). Solid
medium is generally 2–5 cm in shallow tray fermentation system in which the
temperature and humidity are easy to be controlled and scaled up. Matrix tem-
perature can be adjusted by circulating air while the humidity was adjusted by
controlling pulsation frequency. Application of solid-state fermentation reactor
GDDSSF cellulase fermentation, pressure pulsation two to three times higher than
the constant pressure operation, and fermentation time can generally be shortened 1/
3. Riboflavin fermentation can be shortened from 12 to 7 days. Live fermented
bassiana spores reach to more than 50 billion/g.

5.4.2.2 Variable Pressure Pulsation Frequency Optimization in Gas
Double-Dynamic Solid-State Fermentation

Carbon dioxide is important indicator reflecting microorganism growth. Zhao et al.
[77] investigated microbial metabolism characteristic by carbon dioxide evolution
under different pressure pulsation frequencies in GDDSSF. The experimental
results showed that when the frequency increased from 1/30 to 1/20 min−1, the
carbon dioxide evolution increased apparently, demonstrating that the microbial
metabolism was enhanced. While the frequency continued to increase from 1/20 to
1/10 min−1, the carbon dioxide evolution became less especially at the beginning of
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the fermentation. The lag phase of Penicillium decumbens JUA10 under the fre-
quency of 1/10 min−1 prolonged for nearly 10 h than that under the frequency of 1/
20 min−1, which may owe to that the microbes required more time to adapt the
unnatural environment with high frequency, high pressure. Previous literatures also
studied the effect of pressure pulsation frequency on the microbial metabolism. It
was suggested that the high frequency of air pressure pulsation with high frequency
meanwhile requires lots of power energy especially in the large-scale production.
The power energy consumption can be expressed by the number of pressure pul-
sation cycles. Therefore, concerning the variable heat generation regularity in
GDDSSF process and energy conservation, the optimal GDDSSF frequencies were
determined with the same energy consumption of the conventional preferred
constant.

To evaluate the fermentation performance under the optimal variable pressure
pulsation frequencies, experiments involving heat removal efficiency and fermen-
tation production were carried out. Results showed that the medium temperature
increased extent under the optimal variable frequencies was lower than that under
the conventional constant frequency of 1/20 min−1. The maximum medium tem-
perature was 32.5 °C under the optimal variable frequencies while that was 34.2 °C
under the conventional constant frequency both at 48 h. Additionally, the medium
temperature under the optimal variable frequencies during fermentation time of 36–
96 h was lower than that under the conventional constant frequency of 1/20 min−1

correspondingly, revealing that the variable frequencies matching with the meta-
bolic heat generation regularity removed heat more effectively. Although the
medium temperature under the optimal variable frequencies during fermentation
time of 0–24 h and 108–120 h was little higher than that under the conventional
constant frequency owing to the frequencies were lower than 1/20 min−1 during
these two stages, it would not affect the fermentation production much. One reason
was that the temperature difference was small enough to neglect. The other reason
was that the microbes did not metabolize vigorously and barely produced enzyme
during these two stages. As a result, the cellulose activities under the optimal
variable frequencies reached the maximum (21.3 IU/g dry medium) due to the
enhanced heat removal efficiency while that was 19.5 IU/g dry medium under the
conventional constant frequency of 1/20 min−1. The results indicated that the
optimized variable frequencies matching with metabolic heat generation regularity
improved heat removal efficiency and thus increased the fermentation productivity
compared with the conventional constant frequency with same energy consump-
tion, demonstrating the significance of the pressure pulsation frequency optimiza-
tion based on heat balance. GDDSSF for biopesticide production using Bacillus
thuringiensis CM-l was conducted and the pressure pulsation frequency was opti-
mized based on extensive investigations. The results showed that the optimized
frequency was also variable. At the beginning of fermentation, the frequency was
lowest, which was 1/60 min−1. While during the active stage of metabolism, the
frequency was largest, reaching 1/10 min−1. The maximum medium temperature
under the optimized frequency was lower by 7 °C than that under the conventional
trays fermentation, which demonstrated the enhanced heat removal under the
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optimized frequency in GDDSSF. These results indicated that the optimized vari-
able frequency was beneficial to remove the metabolic heat timely, which was
consistent with the present study. It was concluded that the variable frequency was
the preferred operation mode than the constant one in GDDSSF. And the opti-
mization method established by the heat balance model was proved efficient and
practical.

5.4.2.3 Mass Distribution in GDDSSF

Knowing mass distribution in substrate of solid-state fermentation is benefit to
conduct a comprehensive analysis and enhancement of the SSF performance. Chen
et al. [78] determined the distributions of water, biomass, and fermentation product
in different medium depths of SSF using near-infrared spectroscopy and the
developed models. Based on the mass distribution regularity, the effects of gas
double dynamic on heat transfer, microbial growth and metabolism, and product
distribution gradient were systematically investigated. Results indicated that the
maximum temperature of substrate and the maximum carbon dioxide evolution rate
were 39.5 °C and 2.48 mg/(h∙g) under static aeration solid-state fermentation and
33.9 °C and 5.38 mg/(h∙g) under GDDSSF, respectively, with the environmental
temperature for fermentation of 30 ± 1 °C. The fermentation production (cellulase
activity) ratios of the upper, middle, and lower levels were 1:0.90:0.78 at seventh
day under SASSF and 1:0.95:0.89 at fifth day under GDDSSF. Therefore, com-
bined with near-infrared spectroscopy analysis, gas double dynamic could effec-
tively strengthen the solid-state fermentation performance due to the enhancement
of heat transfer, the intensification of microbial metabolism, and the increase of the
homogeneity of fermentation products.
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Chapter 6
Design and Scale-up of High-solid
and Multi-phase Bioprocess

Abstract The rheological properties in high-solid and multi-phase system are
different from that of ordinary fluids because of the high solid content. Thus, there
is new requirement for solid-state reactor and large-scale solid materials conveyor
devices. In this chapter, the rheological characteristics of high-solid enzymatic
hydrolysis system were analyzed and the transfer and seepage laws in the porous
solid medium were revealed. Agitation and intensification methods for the
high-solid and multi-phase system were also studied. Based on the above, the
high-solid and multi-phase reactor and corresponding large-scale conveyor devices
were developed, and prospect for the engineering application and development
direction of the high-solid and multi-phase bioprocess in the future were provided.

Keywords Rheological characteristics � Mass transfer and seepage
Solid-state reactor � Mixing and strengthening method � Large-scale conveyor
devices

6.1 The Rheological Properties of High-solid
and Multi-phase Bioprocess

6.1.1 The Rheological Properties of Solid-State Medium
in Bioprocess

Rheology is a branch of mechanics, which refers to deformation and rheological
properties of material under the effect of stress, strain, temperature, humidity, and
other conditions. In high-solid enzymatic hydrolysis process, studying rheological
properties will be beneficial to process optimization and reactor development.
Rheological properties of high-solid enzymatic hydrolysis system are mainly
depended on the material characteristics and solids content. When the solid–liquid
ratio of the lignocellulose system is higher than 15%, mixture presents solid state,
not slurry. Rheological models such as Bingham model, Herschel–Buckley model,
Wildemuth–Williams model, and Casson model of solid enzyme hydrolysis have
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been proposed by scholars [1, 2]. Roche et al. [3] studied the change of solid
particles concentration and rheological yield stress in enzymatic hydrolysis process
of corn straw pretreated by acid with 20% (w/w) solid–liquid ratio, it was found that
when the total conversion rate of biomass was near to 40%, at a suitable enzyme
loading, corn straw reached mobile point (sy < 10 Pa) after two days saccharifi-
cation. Wildemuth–Williams semiempirical rheological model was used to describe
the relationship of rheological yield stress (sy) and the volume fraction (/) [1]

syð/Þ ¼ ½ ð/=/m0 � 1Þ=ð1� /=/m0Þ�1=m; ð6:1Þ

where /m0 was the maximum volume fraction without shear stress; /m was the
maximum packing fraction under limiting shear stress; “A” and “m” were related to
microstructure changes of system under mechanical shearing. In solid enzymatic
hydrolysis process, the yield stress decreased with decrease of volume fraction.
Through the establishment of material balance and semiempirical model, solid
enzymatic hydrolysis process was correlated with solid particles concentration and
yield stress to provide guidance for the process design and optimization. Dasari
et al. [4] studied influence of several partials diameter 33 µm < x � 75 µm,
150 µm < x � 180 µm, 295 µm < x � 425 µm, and 590 µm < x � 850 µm on
the analysis of enzymatic hydrolysis rate and rheological properties of saw dust.
With smaller initial particle size, a higher initial hydrolysis rate and a higher final
conversion ratio of cellulose were obtained. The results showed that enzymatic
hydrolysis systems had small viscosity with small particle size, which contribute to
shortening the reaction time, reduce power and energy consumption of agitator, and
increase solid–liquid ratio and reduce reactor size in mass production. Zhang et al.
[5] found that when the solid–liquid ratio increased from 15% to 30%, energy
consumption of agitator increased rapidly increased from 79.5 MJ/t to 1009.2 MJ/t,
and energy consumption increased by an order of magnitude, while half of energy
used for agitator mixing in spite of solid enzymatic hydrolysis process increased
product concentration. Viamajala et al. [6] studied the relationship among rheo-
logical properties change, the initial solid concentration, pretreatment level (xylan
removal), and particle size in enzymatic hydrolysis system of corn straw with dilute
acid pretreatment. The results showed that enzymatic hydrolysis of corn stover
system exhibited shear thinning properties, which can be described by Casson
model

s0:5 ¼ s0:5Cy þKCc
0:5; ð6:2Þ

where Cy is apparent Casson yield stress, Pa;cis the rate of shear; KC is a Casson
constant, Pa2s2. The results showed that the yield stress and apparent viscosity
increase with solid–liquid ratio; under the same condition of solid–liquid ratio,
dilute acid pretreatment lead to smaller yield stress and viscosity, while a smaller
particle size could produce smaller viscosity and yield stress as well. These
researches confirm that solids content (the opposite is water content) determines the
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rheological properties of enzymatic hydrolysis systems. With the increase of solid–
liquid ratio, the interaction between the particles results in increase of apparent
viscosity and yield stress in system. In addition, the rheological properties are
closely related to solid component composition and physical properties (such as
porosity) [6]. Um and Hanley [2] studied the relationship among viscosity, shear
stress, and shear rate with 10–20% solid–liquid ratio. In 10%, 15%, and 20% solid–
liquid ratio enzymatic hydrolysis system, the viscosity was 0.0418-0.0144,
0.233-0.0348, and 0.292-0.0447 Pa∙s, respectively. Enzymatic hydrolysis systems
exhibited pseudoplastic behavior, and rheological analysis showed that the solid–
liquid ratio is closely related to apparent viscosity [2]. The above researches showed
that the increase of solid–liquid ratio significantly affects the rheological properties
of the enzymatic hydrolysis system, which has brought new challenges to process
design and optimization. Simultaneously, rheology analysis of high-solid enzymatic
hydrolysis system will contribute to seek new effective strategies to change the
rheological properties to improve the high-solid enzymatic hydrolysis efficiency.

6.1.2 Strengthening of High-solid and Multi-phase
Bioprocess

During high-solid enzymatic hydrolysis of lignocellulose, the rheological properties
of system are the key factors influenced enzymatic hydrolysis efficiency. In addi-
tion, researches about rheological properties of mixture system and lignocellulose
mechanical characteristics are the foundation of reactor design and strengthening
process [1, 3]. Rheological properties of mixture system can be influenced by
physical and chemical properties of particles such as size and distribution, fibers
flexibility, matrix skeleton elasticity, and material compositions [1]. Rheological
properties of mixture can be influenced by the water state significantly. Some
models have been already established to describe the rheological properties of
high-solid enzymatic hydrolysis process. Um and Hanley [2] studied rheological
properties in enzymatic hydrolysis process of the mixture under 15–20% solid–
liquid ratio and found it conform to the pseudoplastic fluid model. Knutsen and
Liberatore [7] and Szijarto et al. [8] found that the enzymatic hydrolysis yield stress
was effectively reduced with the addition of surfactant, and the addition of sur-
factant and temperature raise could reduce viscosity to a certain extent. Increase of
solid–liquid ratio could significantly influence the rheological properties of system,
thus affecting the material concentration, product removal, and heat transfer. In
addition, the rheological variation requires higher agitator power and energy con-
sumption. Therefore, new strengthen strategies which can change rheological
properties is still needed to improve the efficiency of solid enzymatic hydrolysis.
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6.2 Transfer and Reaction Characteristics in High-solid
and Multi-phase Bioprocess

6.2.1 Cognition of Transfer Behavior in High-solid
and Multi-phase Bioprocess

The main factor influencing high-solid enzymatic hydrolysis efficiency is mass
transfer limitations [5, 9]. Sufficient contact of substrate (cellulose and hemicellu-
lose) and enzyme (cellulose enzyme, b-glycosidase, and xylanase), and active
diffusion of product (e.g., glucose, xylose) is an important guarantee for high
efficient enzymatic hydrolysis. Roche et al. and Zhao et al. [3, 10]. However, with
the increase of solid content, free water content reduced in reaction system. When
solid–liquid ratio is higher than 15%, water turns into combined water and capillary
water bounded by lignocellulose, with nearly no free water existed, which is called
“water binding effect” [11–13]. Water binding effect is closely related with ligno-
cellulose materials species, pretreatment, chemical composition, and physical
structure of solid materials (pore size distribution, bending, and porosity). Rapid
decrease of free water could significantly affect the mass transfer efficiency of
enzymatic hydrolysis process and rheological properties of system. On one hand,
water is not only the diffusion media of enzymes or product, but also participated in
the enzymatic hydrolysis process as a substrate, and decrease of free water could
reduce product dissolution and transfer efficiency of enzymes in enzymatic
hydrolysis; on the other hand, low free water content could reduce system viscosity
and increase energy consumption of agitation [11, 12, 14]. Roberts et al. [13] and
Felby et al. [14] found that high solid–liquid ratio increased the physical bondage
between water and lignocellulose system, where water binding effect tends to
increase with the addition of glucose and mannose. Addition of monosaccharide
increase water binding capacity showed the same trend, and cellobiose was not
found in bioprocess, which indicated that monosaccharide reduced the saccharifi-
cation efficiency by increase water bound, before the inhibition of enzyme activity.
In addition,there was a positive correlation between water binding effect and the
diffusion of monosaccharide and enzymes. However, the increased viscosity caused
by the interaction of water and cellulose as well as water and soluble substances
leads to increase of diffusion resistance and the decrease of enzymatic hydrolysis
efficiency. With the solids content increased from 5% to 20%, effective diffusion
coefficient of BSA showed a decrease of nearly two-thirds, and intrinsic diffusion
coefficient dropped by nearly half [13, 14]. Selig et al. [15] researched the rela-
tionship between high molecular weight polymers in lignocellulose (hemicellulose,
pectin, and lignin) and water binding effect as well as inhibition of enzymatic
hydrolysis. It was found that T2 (from relaxation time curve of low-field nuclear
magnetic resonance measurement) of system was soon dropped to zero with the
addition of polymer, and the efficiency of cellulose enzymatic hydrolysis also
decreased; and the trend of water bondage was consistent with that of enzymatic
hydrolysis conversion rate, which proved the high-solid enzymatic hydrolysis
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efficiency can be reduced by bound water. Selig et al. [16] investigated the influence
of water accessibility and soluble substances on lignocellulosic enzymatic hydrol-
ysis at high solid content, which indicated that soluble substances produced in this
process could influence water accessibility, thus had determinative effect on
enzymatic hydrolysis. In addition, Hodge et al. [17] studied enzymatic hydrolysis of
corn stalk with dilute acid pretreatment, mass transfer became the main limited
factors of enzymatic hydrolysis conversion rate when solids content higher than
20%, mainly due to the low efficiency of mass transfer before the liquefaction of
solid-state system. Additionally, low water content limited sugar spread from
enzyme active sites, which has limited saccharification and make enzyme
unreachable to new catalytic sites. Lignocellulose species, pretreatment, physical
structure, and chemical composition of solid materials affect water states and dis-
tribution, thus affect the mass transfer efficiency [18–20]. Above analysis indicated
that enzymatic hydrolysis efficiency is significantly affected by mass transfer in
high-solid enzymatic hydrolysis process, so new strategy to remove mass transfer
limitations are needed to realize high efficient conversion in high-solid enzymatic
hydrolysis of lignocellulose.

6.2.2 Seepage Law in Solid-State Medium

6.2.2.1 Darcy’s Law

(1) Darcy’s law

Experimental conditions: constant head, constant flow, and homogeneous sand.
The groundwater in one-dimensional uniform motion, the value and direction of
seepage velocity, and hydraulic gradient was the same along the flow. Expression
of Darcy’s law (in 1856):

Q ¼ KAJ ¼ KA
H1 � H2

L
ð6:3Þ

V ¼ Q
A
¼ KJ ð6:4Þ

In this equation, Q—seepage discharge (exit flow), that is, the flow through
water cross section A (sand column section) (m3/d), K—the seepage coefficient of
porous media (m/d); A—cross sectional area of the flow (m2), H1, H2—the water
head of upstream and downstream in water section (m); L—seep age path way (m),
J—hydraulic gradient (J = (H1

–H2)/L), the hydraulic head pressure difference
between two sections to divide L, which is head loss per unit length in seepage
pathway.

The differential form of Darcy’s law:
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v ¼ KJ ¼ �K
dH
dn

ð6:5Þ

vx ¼ �K
dH
dX

; vy¼ � K
dH
dy

; vz¼ � K
dH
dz

ð6:6Þ

J ¼ � dH
dn

¼ �gradH ð6:7Þ

The vector form of Darcy’s law:

~v ¼ vx~iþ vy~jþ vz~k ð6:8Þ

(2) Discussion about Darcy’s law

Darcy’s law reflects the energy conversion and conservation.
V makes direct proportion to first power of I; and when K is determined, head

pressure difference increases with the increase of V, which indicates that more
mechanical energy losses is converted into heat energy much more in unit seepage
pathway, that is V is directly proportional to mechanical energy loss; When V is
determined, the greater the hydraulic head pressure difference, the K becomes
smaller, that to say, K is inversely proportional to mechanical energy loss.

(3) Scope of application of Darcy’s law [21, 22]

Re < 1–10, laminar flow, applicable, low-speed movement of groundwater,
viscous force is in dominant;

Re > 10–100, laminar flow, not applicable, groundwater flow rate increases, the
transition zone, laminar flow with the dominant of viscous force turns into that with
the dominance of inertial force;

Re > 100, turbulent flow, and it is improper.

Fig. 6.1 Relationship
between seepage coefficient
and hydraulic gradient
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The lower bound of Darcy’s law: there is an initial hydraulic slope J0 when
groundwater moves in the cohesive soil. When hydraulic slope J < J0, there is
almost no movement (Fig. 6.1).

6.2.2.2 Seepage and Water Conductivity

(1) Seepage coefficient (K)

V = KI. When I = 1, V = K, value of K is equal to that of seepage velocity, with
the unit of speed, which is also called hydraulic conductivity coefficient, reflecting
the coefficient of water-bearing media to seepage resistance. Common unit: m/d or
cm/s.

Seepage coefficient is the index reflecting rock seepage performance, which can
classify rock seepage according to the value of the seepage coefficient (Table 6.1).

Influence factors of K: ① the properties of rock such as grain size, composition,
particle arrangement, filling condition, structural fissure, and development degree,
② the physical properties of fluid: Volume, weight, and viscosity [23, 24].

(2) Intrinsic permeability

Darcy’s law can be expressed as

v ¼ kqg
l

dH�

ds
ð6:9Þ

In this expression,q—liquid density; g—acceleration of gravity; l—dynamic
viscosity of fluid; k—constants describing the permeability of porous media, which
does not change with the physical and mechanical properties of infiltration liquid,
only depends on the properties of rock, not related to properties of the liquid. Its
unit is cm2 or D, and 1 D = 9.8697 � 10−9 cm2.

Piezometric head:

H� ¼ zþ P
c

ð6:10Þ

Table 6.1 Partition of rock seepage

Permeability coefficient K (cm/
s)

10−2 10−3 10−6 10−7

K (m/d) 8.64 0.864 0.000864 0.0000864

Water permeability Permeable Weak
permeable

Water insulation

Aquiclude Good Poor No water
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Pipe flow formula:

u ¼ qgb2

32l
J ð6:11Þ

Slit flow formula:

u ¼ qgb2

12l
J ð6:12Þ

Porous media:

v ¼ nd2

32
qg
l
J ð6:13Þ

Fissure media:

v ¼ nd2

12
qg
l
J ð6:14Þ

Then,

K ¼ nd2

32
qg
l

¼ k
qg
l

ð6:15Þ

or

K ¼ nd2

12
qg
l

¼ k
qg
l

ð6:16Þ

K ¼ qg
l
k ¼ g

l
k0 ð6:17Þ

The definition of Darcy (D): the permeability of rock sample at flow rate of
1 cm3/s through a sample with 1 cm2 area, 1 cm length when the dynamic viscosity
of the liquid is 0.001 Pa�s and the pressure difference is 101325 Pa.

Scale effect refers to that permeability coefficient related to the test range, and
increases with the increase of test range, expressing as K = K (x), the long pumping
time and large drawdown “s” of group drilling pumping test, the “K” is larger.

(3) Water transmissivity [25]

Q ¼ KMBJ ð6:18Þ

Q ¼ Q=B ¼ KMJ ¼ TJ ð6:19Þ
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In this equation, T = KM, called water transmissivity, the hydrogeological
parameters of water reflecting water yield capacity of aquifer, whose physical
significance is, unit discharge through the aquifer when hydraulic gradient is 1. It is
defined as hydrogeological parameters in one-dimensional or two-dimensional
flow, unit: m2/d (Fig. 6.2).

6.2.2.3 Seepage Continuity Equation

The value and direction of seepage velocity at each point of seepage field are
different. Continuity equation in differential equation form in three-dimensional
space needs to be established to reflect the relationship of mass conservation of
liquid movement.

Select one arbitrary point P (x, y, z) in seepage field arbitrarily, and then select
one tiny hexahedron along rectangular axes with P as center, whose volume is
DxDyDz, called haplont [25]. Hypothesize, the haplont infinitely small to pass
through skeleton and gap of media (Fig. 6.3).

Setting vx, vy, vz as the seepage velocity of the point X, Y, Z direction, respec-
tively. The midpoint of plane (a, b, c, d) is

P1 ¼ ðx� Dx
2
; y; zÞ ð6:20Þ

which flow into along the X axis

Mxi ¼ qVx1 ¼ qVx x� Dx
2
; y; z

� �
DyDzDt ð6:21Þ

and flow out

Fig. 6.2 The conception of coefficient of transmissibility
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Mxo ¼ qVx2 ¼ qVx xþ Dx
2
; y; z

� �
DyDzDt ð6:22Þ

With Taylor series expansion, leave out higher order term more than the second
derivative, then

DMx ¼ Mxi �Mx0 ¼ qvx � 1
2
@ qvxð Þ
@x

Dx

� �
DyDzDt � qvx þ 1

2
@ qvxð Þ
@x

Dx

� �
DyDzDt

¼ � @ qvxð Þ
@x

DxDyDzDt

ð6:23Þ

and

DMy ¼ � @ vxqð Þ
@x

DxDyDzDt ð6:24Þ

DMz ¼ � @ vzqð Þ
@z

DxDyDzDt ð6:25Þ

The water quality variation of haplont in Dt time is

DM ¼ @ qgDxDyDzð Þ
@t

Dt; ð6:26Þ

Fig. 6.3 Haplont of seepage
area
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where q is the liquid density. Seepage flow continuity equation could be
obtained through the law of mass conservation:

DMx þDMy þDMz ¼ DM � @ qvxð Þ
@x

þ @ qvy
� �
@y

þ @ qvzð Þ
@z

þ
� �

DxDyDz

¼ @ qgDxDyDzð Þ
@t

Dt ð6:27Þ

or

�divðqvÞDxDyDz ¼ @ qgDxDyDzð Þ
@t

ð6:28Þ

Above equation is the continuity equation of unsteady flow, which showed that
the volume difference of water quality of inflows and outflows of any volume
aquifer in the seepage field is identical to the variation volume of water quality. It
expresses the law of mass conservation which any “section” in the seepage zone
must meet. If the aquifer is regarded as rigid body (q and n are constant), which
means water and media without elastic deformation or seepage is steady flow, then
the seepage equation of continuity can be expressed as

divðvÞ ¼ @vx
@x

þ @vy
@y

þ @vz
@z

¼ 0 ð6:29Þ

It indicates that the water volume into and out the haplont is equal at the same
time the volume conservation. Continuity equation is the basic equations of
groundwater movement, and various differential equation studies on groundwater
movement are based on the continuity equation and law of mass conservation [26].

6.2.2.4 Application of Seepage Principle in the High-solid Biomass
Refining

Mass transfer in low- and high-solid biomass systems

Fluid deferring to Newton’s law of viscosity is called Newtonian fluid. On the
contrary, others are known as non-Newtonian fluid. All gas and most low molecular
weight liquid belong to Newtonian fluid.

Newton’s law of viscosity:

s ¼ �l
dux
dy

ð6:30Þ

In this equation, s is shear force or internal friction, l is dynamic viscosity of
fluid, hereinafter is viscosity, dux

dy is velocity gradient. Fluid which is not in con-

formity with the Newton’s law of viscosity are called non-Newtonian fluid. And
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polymer solution or melt body, fat, and starch solution belong to pseudoplastic
fluid, which is satisfied with the relation:

s ¼ K
dux
dy

����
����
n�1dux

dy
; ð6:31Þ

wherein apparent viscosity of pseudoplastic fluid increases with the increase of
shear rate. Some wet sands, aqueous solution containing potassium silicate, arabic
gum all belong to pseudoplastic fluid. There is a yield shear stress when some
liquids such as grease, toothpaste, paper pulp, and sludge flow. When shear stress is
lower than it, the liquid will not move anymore; when the shear stress is higher than
it, the liquid starts to flow, which is called Bingham plastic fluid.

Mass transfer in low solid system In low solid biomass conversion system, the
influence of solid on the properties of the liquid often ignored due to low solid
content. In the chemical process, the fluid is in motion state, when mass transfer
occurs between the move fluid and walls or two miscibility fluids, which is called
convective mass transfer. Therefore, convective mass transfer is mass transfer
method in low solid biomass conversion system, which could meet the requirement
of mass transfer by agitation reinforcement in the reaction. When the fluid is
moving, there are two different patterns of flow, laminar flow and turbulent flow.
Reynolds number can be used for judgment of fluid flow form, and the dimension of
the Reynolds number (Re) is 1:

Re ¼ dqu
l

� �
ð6:32Þ

In this equation, Reynolds number is the ratio of the fluid inertia and viscosity.
Results indicate that when the fluid is flowing in pipe, the flow is laminar flow when
Re is less than 2000; the flow is turbulence flow when Re more than 4000; and the
flow is in transition stage when Re between 2000–4000 [27, 28].

Mass transfer in high-solid system With the content of solid biomass increase,
system characteristics change, fluid was bound both in and out the biomass, which
does not meet the Newton’s viscosity law in biomass conversion. The most
important thing is that because the biomass is porous media with skeleton structure
and porous characteristics, due to the irregular shape and intertwine of biomass
particles, there are many pores in system. Necessary condition for porous media:
small aperture, large specific surface area, and pore connectivity, which are all
reflected in high -solid biomass conversion system. Therefore, percolation theory
can be used for research, description, and explanation of fluid flow behavior and
mass transfer characteristics of high-solid biomass refining process [29, 30].

The seepage principle of high-solid biomass refining
Construction of mathematic model Because of the complexity, the high solid

reaction system needs to be studied by mathematical model. The partial differential
equation represents the movement law of whole categories water, and for the
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aquifer with different boundary properties, different boundary shape, water distri-
bution is different. And for the partial differential equation, the equation does not
contain all information to reflect the specific conditions of seepage area, there may
be many solutions. If the only special solution corresponding to the specific
regional conditions need to be obtained from a large number of possible solutions,
the information reflecting the characteristics of the specific area must be provided.
The information mainly includes the following:

(1) Only when the parameters T ; l�;W aredetermined, the differential equation can
be determined.

(2) Seepage zone and shape: Only when the differential equation of the area is
identified, the equation can be solved.

(3) Boundary conditions: It represents the conditions of seepage zone boundary, to
express the boundary conditions which head H (or seepage flow q) in the
seepage area should satisfy. It is the restriction relationship between water
seepage zone and surrounding environment.

(4) Initial conditions: It expresses the initial state of the seepage area, which is the
distribution of seepage zone head H at a selected initial moment (t = 0).

Boundary conditions and initial conditions known as definite condition, and the
differential equation and the definite condition together form the mathematical
model of seepage field. Mathematical model is used to describe a mathematical
equation of water flow movement in the study area and its definite solution con-
ditions constitute a representation of the mathematical structure of a practical
problem, which based on physical model, with a concise mathematical language,
namely a set of mathematical relationship to depict its quantitative relation and
spatial form, to reflect the research hotspot, reaction conditions and the basic
characteristics of the water movement and copy or reproduce a practical water
system basic state. Among the differential equation of water flow law, definite
condition shows the specific environmental conditions the object—the true state of
the water. In fact it is mathematical physical problems that given equation and
corresponding definite condition. Models refer to the establishing mathematical
model.

Definite condition Definite condition refers to the change law of seepage flow
elements such as water head and flow rate on the flow field boundary, which is
caused by the external conditions of flow field. However, it constantly influences
the seepage process of the internal flow field, and it plays a role during the whole
process. Definite condition includes boundary conditions and initial conditions.

Boundary conditions are boundary conditions of seepage area, to express the
water head H (or seepage flow q) in seepage area which should satisfy the boundary
conditions, that is, the water seepage zone and its surrounding environment
restriction relationship to each other.

(1) The first kind boundary condition (Dirichlet conditions): If the border (set as Sl
or C1) and the head of each point in every moment is known, this boundary can
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be called as the first kind of boundary or the boundary of the given head, which
could be expressed as the following:

H x; y; z; tð Þ S1j ¼ u x; y; z; tð Þ; x; y; zð Þ 2 S1 ð6:33Þ

Or

H x; y; z; tð Þ C1j ¼ u x; y; tð Þ; x; y;ð Þ 2 C1 ð6:34Þ

While the given head boundary is not always the boundary of fixed water level.

(2) The second class boundary conditions (Neumam conditions): When (out is
negative) inflow q of per unit area of boundary (set to S2 or C2)
(two-dimensional space as the unit width) is given, it is known as the second
boundary or boundary of the given flow. The corresponding boundary condi-
tion is expressed as

K
@H
@n S2j ¼ q1 x; y; z; tð Þ; x; y; z; tð Þ 2 S2 ð6:35Þ

Or

T
@H
@n C2j ¼ q2 x; y; tð Þ; x; y;ð Þ 2 C2 ð6:36Þ

In this equation, n is outside normal direction of boundary S2 or C2. The q1 and
q2 are known function, show the lateral recharge of per unit area of S2 and the
width of C2, respectively.

(3) The third boundary condition: A linear combination of the boundary on the
H and @H

@n are known.

That is,
@H
@n

þ aH ¼ b ð6:37Þ

which is also called mixed boundary conditions.
The weak permeable layer is that boundary (seepage coefficient K1, thickness or

width m1).

r0 ¼ m1

K1
; K

@H
@n

j ¼ K1

m1
Hm � Hð Þ ¼ q x; y; z; tð Þ ð6:38Þ
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On s3,

K
@H
@n S3j � Hn � H

r0
¼ 0 ð6:39Þ

On C3,

T
@H
@n C3j �M

Hn � H
r0

¼ 0 ð6:40Þ

The boundary conditions of infiltration curve:

K
@H
@n c2j ¼ q ð6:41Þ

When infiltration curve descending, per unit area flow from infiltration curve
boundary flow into seepage is q,

q ¼ l
@H�

@t
cos h ð6:42Þ

In this equation, l is specific yield, and h is the angle between infiltrations curve
outward normal and the vertical line.

Initial conditions: the distribution of seepage zone head H at a certain initial
moment (t = 0).

H x; y; tð Þ t¼0j ¼ H0 x; y; zð Þ; x; y; zð Þ 2 D ð6:43Þ

Or

H x; y; tð Þ t¼0j ¼ H x; yð Þ; x; y; zð Þ 2 D ð6:44Þ

In this equation, H0 is the known function of D.
Classification of seepage mathematical model (1) Linear and nonlinear model:

Linear model is composed of linear equation such as homogeneous isotropic
confined two-dimensional flow equation. Nonlinear model is composed of non-
linear equation such as the diving model Eq. (6.2) Static and dynamic model: It
based on the relationship between the unknown variables and time in the model. If
the unknown variables are not related to time, such as steady flow model, that is
called static model, otherwise is dynamic model. (3) Lumped, distributed parameter
model: Lumped parameter model has no space coordinates variable, such as the
experience formula between the pumping well flow and drawdown and the dis-
tributed parameter model contains space coordinate variables. (4) Deterministic and
stochastic model: Deterministic model is models where variables have clear and
strict mathematical relationships. Stochastic model contains one or more random
variables in mathematical relationship.
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Main points of the construction of mathematical models (a) The determina-
tion of range of the study area and the boundary of the seepage; (b) The deter-
mination of hydraulic characteristics of the seepage (containing burial conditions,
the seepage state, and media characteristics); (c) The determination of boundary
conditions of the seepage area; (d) The determination of source-sink term of the
seepage area; (e) Selection of differential equation; and (f) The determination of the
initial conditions of the seepage.

The solution of seepage flow mathematical model (a) Analytical method. It is
a method that could solve the mathematical model directly by parameter analysis
and integral transform method. Its solution is exact solution, easy to use, but has
certain limitations, which is only applicable to aquifer, simple equations, single
boundary conditions cases. Analytical solution is also known as exact solution,
which uses analytic method to solve mathematical problems of analytic expression.
(b) Numerical method. It is a method that uses numerical method (discretization
method) to solve the mathematical model, of which solution is approximate solu-
tion. It is the main method to solve the large groundwater flow problem. The whole
seepage area can be divided into a number of small units with regular shape. Each
small unit approximately is treated as a homogeneous unit, and then established the
relation about groundwater flow of each small unit, which could transfer the
irregular shape and inhomogeneous problems to regular shape and homogeneous
problems. The number of unit division is determined according to research, and
then unsteady flow is divided by time frame. Finally, integrate parts together and
add the definite condition. Numerical solution is approximate solution obtained by
numerical method. (c) Simulation. Due to the similarity of physical phenomena and
flow, simulation method can be used in the laboratory.

6.2.3 Characteristics of Capillary Flow in Solid-State Media

Lignocellulosic biomass is porous media with different pores in micron scale. In
high-solid reactions process, the study of fluid flow in micron-scale porous media is
the basis of efficient process strengthening. Currently, the distribution and satura-
tion of multiphase fluid in porous media, the relation of capillary pressure and fluid
saturations in porous media, the fluid infiltration in porous media are the focus and
hot spots of engineering fluid flow study [22, 31, 32].

6.2.3.1 Model of Multi-phase Flow in Porous Media

The flow of multi-phase fluid in porous media is a complex physical process.
Various flow patterns exist simultaneously or not, but there is no perfect theory on
fluid flow in porous media because of lack of physics principle and mathematical
description [32, 33]. Different models were established to study the fluid flow in
porous media by researchers, which are given as follows:
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Network model Network model is widely used for study of displacement
process of different fluid in simple or ideal fluid porous media. The conceptions of
seepage are introduced from single-phase fluid flow, where study is on two type
seepage behavior dominated by capillary seepage. Another extreme behavior of
two-phase flow is dominated by viscous force, refers to viscous phenomena hap-
pens in the pore-scale when high viscosity fluid displaces low viscosity fluid.
Considering the effect of fluid viscosity and capillary pressure on the flow behavior,
a dynamic network model was developed.

Bundle model vascular bundle model can accurately calculate the location of
phase interface and velocity of the fluid as time goes on which is driven by water.
There are two typical vascular models, one is a parallel bundle model, vascular
diameter of this model is uniform, but cannot guarantee that all bundle diameter is
exact the same, and the other is a continuous bundle model, the tube diameter
randomly or periodically changed in driven direction. In above models, tube bun-
dles are independent. The flow direction of fluid in tube bundles is same. In order to
better represent the true morphology of the fluid, capillary bundles model with
multiple interacting developed.

6.2.3.2 Movement Laws of Gas–Liquid Mixture Phase Fluids
of Capillary Tube

The imbibition process occurs when appropriate wettability of liquid phase on
capillary inner wall, where the process of the liquid drive gas which based on
Newton’s second law. In this process, the acceleration of the liquid is directly
proportional to resultant force, inversely proportional to mass, direction of accel-
eration and force is the same, then:

ma ¼ FþFc þ f ð6:45Þ

In the formula, “m” is the quality of liquid, “a” is the fluid acceleration, “Fc” is
the resultant force that capillary pressure effects on the fluid, “f” is the friction force
caused by the viscosity of liquid and tube wall, and “F” is the acting force besides
capillary force and friction.

At certain moment, the fluid enters the capillary from one side to the other side,
where the length could be to x.

qva ¼ Dppr2 þ pcðl�gÞpr2 ¼ 2prsðxþ dxÞ ð6:46Þ

In the formula, “q” is density of liquid; “v” is volume of fluid; “r” is capillary
radius; “Pcðl�gÞ” is the capillary pressure caused by the interface of liquid and gas;
Dp is external pressure on both ends of the capillary; s is viscous shearing stress
from the wall to fluid.

And the above formula ignored the friction. Then:
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qpr2x
dx2

dt2
¼ pr2 Dp + pcð1�gÞ

� �
�2pr

4g
r
ðx + dxÞ ð6:47Þ

Average velocity of the fluid (um) can be expressed as differential expression:

um ¼ dx
dt

ð6:48Þ

And then,

qr2x
dx2

dt2
¼ r2 Dp + pcð1�gÞ

� �
�8g

dx
dt

ðx + dxÞ ð6:49Þ

Through integration what can be gained is

X2 ¼ r2ðDpþ pcðl�gÞÞ
4g

t ð6:50Þ

Due to

um ¼ dx
dt

ð6:48Þ

Then,

um ¼ r2ðDpþ pcðl�gÞÞ
4gx

ð6:51Þ

The formula is mathematical expressions for the motion law of gas and liquid
two-phase fluid.

6.2.3.3 The Movement Laws of Liquid–Liquid Mixture Phase
Fluids of Capillary Tube

Seepage of liquid–liquid in the capillary filtration has got widely attention, for
example, based on the Newton’s second law, the displacement of oil–water
two-phase is analyzed, the acceleration the liquid is directly proportional to resul-
tant force, inversely proportional to mass, direction of acceleration and force is the
same, then according to Eq. (6.45).

ma ¼ FþFc þ f ð6:45Þ

At some point, fluid enters into one side of the capillary from another side to
reach the length of x, then:
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qwvw þ qovoð Þa ¼ Dppr2 þ pcðw�oÞpr
2 þ 2pr swðxþ dxÞþ soðL� x� dxÞ½ �

ð6:52Þ

In the formula, “q” is density of liquid; “V” is volume of fluid; “w” and “o”
represent water and oil, respectively; “r” is capillary radius; “pcðw�oÞ” is the cap-
illary pressure caused by the interface of liquid and gas; “Dp” is external pressure
on the both ends of the capillary; “s” is viscous shearing stress from the wall to
fluid.

From Eq. 6.48, which can be gained is as following:

r2 qwxþ qoðL� xÞð Þ dx
2

dt2
þ 8 gwðxþ dxÞþ goðL� x� dxÞ½ � dx

dt

¼ r2 Dp + pcðw�0Þ
� � ð6:52Þ

Then,

um ¼ r2ðDpþ pcðw�oÞÞ
8ðgwxþ goðL� xÞÞ ð6:53Þ

6.2.3.4 Law of Interaction Force Between Capillaries

In high solid substrate reaction, liquid between particles can be regarded as the
force between capillaries, called suction stress, which refers to combined effects of
negative pore water pressure and surface tension on the skeleton of unsaturated
granular particles. Suction stress is performed as tensioning action at macro level,
but the particles close together within the scope, similar to the particle has the
overload stress or additional pressure.

By considering the combination of unsaturated particles in the ideal condition,
the micro forces between particles method to estimate the suction stress. When
saturation degree of pore water is low, pore water in gas–liquid–solid inter face
meniscus has effect forces with particles. The figure of meniscus can be decreased
by particle radius r1 and r2, particle radius R, and fill angle h. Related system forces
on free body are air pressure, pore water pressure, surface tension, and external
forces or overload force.

The total force caused by the air pressure is equal to the product of the air
pressure and gas–solid interface area.

Fa ¼ uaðpR2 � pr2Þ ð6:54Þ

The resultant force generated by surface tension effect on the perimeter of the
meniscus is expressed as follows:
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Ft ¼ �Ts2pr2 ð6:55Þ

The projection in the vertical direction of the total force caused by the pore water
pressure is given as follows:

Fw ¼ �uw2pr2 ð6:56Þ

The resultant force of capillary is the sum of the above three forces. Assume that
the air pressure is the only external force, then according to the mechanical equi-
librium, the following expression of interatomic forces of particles caused by
interface interactions:

Fe ¼ uapR
2 � ðua � uwÞpr2 � Ts2pr2 ð6:57Þ

6.2.3.5 Application of Molecular Dynamics Simulation in Capillary
Seepage

Computer simulation is the mathematical–physical model describing the motion
law by computer programming visualization process. If the mathematical–physical
model was verified that it can describe the movement law conformed to the actual
situation, then model can be used to calculated the motion state and predict the
unknown state which are difficult to get by detection means.

Based on the Born–Oppenheimer, molecular mechanics method proposed that
energy could be regarded as the space coordinates of each atom composed of
molecules approximately, where molecular conformation determines value of
molecular energy and the movement of the nucleus and electronics can be con-
sidered distinctively. Molecular mechanics, the functional of describing the rela-
tionship between molecular energy and the molecular space structure is called
molecular potential energy, ignored coordinates and movement of electron, con-
sidered as the interaction among the nucleus.

The precision of molecular mechanic calculation is high under the appropriate
condition. Classical molecular dynamics is a calculation method based on molec-
ular mechanics, describe the interaction between the atoms by molecular potential
energy, get position and velocity of each constituent atom in system by integrating
Newton’s equations of motion, and then determine the system state. Molecular
dynamics method can describe the dynamics of the system and get the evolvement
law of position and velocity with time. Molecular dynamics simulation can be used
to simulate the displacement process of liquid and liquid, gas and liquid, so as to
indicate the direction for complex system to obtain function law which is consistent
with actual process.

262 6 Design and Scale-up of High-solid and Multi-phase Bioprocess



6.3 Material and Energy Balance in High-solid
and Multi-phase Bioprocess and Integration

Conservation of mass and energy is the universal law of nature. The equations only
can be formed based on accurate knowledge of the bioprocess. In particular, it is
significant in studying the quantitative relationship between substrate and product,
as well as the energy consumption in microbial metabolism. Therefore, it is a
favorable strategy in process study.

Conservation of mass and energy is the universal law of nature. The equations
can be formed based on accurate knowledge of the bioprocess. It is significant in
studying the quantitative relationship between substrates and products, as well as
the energy consumption in microbial growth and metabolism. Therefore, it is a
favorable strategy in process study.

There are obvious differences in bioprocess and chemical reaction process. In
bioprocess, cells are the catalyst, which requires more nutrients to ensure a normal
growth and metabolism. The metabolic process is usually complicated and can be
affected by environmental factors. Nutrients (carbon source, nitrogen source,
oxygen, and inorganic salts) are converted to new cells, metabolites, and dioxide.
Carbon source is vital substrate in bioprocess. The flux of carbon source includes
maintaining cell living and producing metabolites. Cell yield is the proportion of
cell weight to substrate consumption, which is an important indicator for biopro-
cess. Energy consumption is based on the oxidation enthalpy of organics and
effective electron transfer. The released energy of carbon source and nitrogen
source is used by microbes through ATP. Electron transfer always exists in oxi-
dation of organics, which is called effective electron transfer.

6.4 Economic Analysis and Evaluation of High-solid
and Multi-phase Bioprocess

In high-solid and multi-phase bioprocess, total cost includes two parts which are
production cost and waste treatment cost. Production cost including equipment,
energy, water, establishment of the industry, and other indirect cost. High-solid
loading in the system contribute to high products concentration, resulting in
decrease of cost in separation process. Effective pretreatment technology reduces
energy cost in raw material treatment. Less waste discharge in high-solid and
multi-phase system reduces waste treatment cost. The details for economic analysis
will be shown in Chap. 8 with industrial demonstration.
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6.5 Mixing Apparatus in High-solid and Multi-phase
Bioprocess

Aiming at problems existing in high-solid and multi-phase bioprocess, specifically
the agitated mixing problems. Based on the particularity of lignocellulose refining
system, first, the conception, purpose, and application of mix in chemical engi-
neering are discussed. Second, principle and power of agitation equipment often
used in different fields, chemical strengthens process in the new field and systems
are introduced, the scale-up of agitation is also discussed. Finally, based on the
particularity of mixture, summarizes the development of new agitation method, the
application, and prospect in lignocellulose refining.

6.5.1 Introduction of Mixture

6.5.1.1 Conception of Mixture

The unit operation which makes two or more different materials dispersed in each
other to achieve uniform distribution called stir, agitation or mixture. Agitation
mixing is one of the most common operational processes in chemical engineering,
petrochemical engineering, pharmaceutical, food industry that aims to make two or
more media that could achieve the maximum contact, so as to complete the mixing,
mass transfer, heat transfer, and reaction or more than two processes at a certain
time. Liquid, gas or solid may be involved in the agitation, but liquid is dominated
[27, 34, 35].

6.5.1.2 Purpose of Mixture

Agitation could make the material flow in a flow pattern within the mixing tank to
make material mix or disperse evenly by agitator. Agitation generally has the
following functions: (1) Getting the mixed uniformly material; (2) Making
immiscible material dispersed or suspended commendably, including gas phase
uniformly dispersed in liquid phase, solid particle uniformly suspended in liquid
phase, liquid phase uniformly suspended or full emulsified in another liquid phase;
(3) Strengthening heat or mass transfer. Focusing on the above function, agitation is
widely used in industrial production, especially in chemical production.

6.5.1.3 Classification of Mixture

According to the species of the materials, agitated mixing of fluid media can be
divided as agitated mixing of liquid–liquid, liquid–solid, gas–liquid, and gas–gas
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agitated mixing. For solid media, which contains agitated mixing of solid powder,
solid grain, and kneading of paste material.

6.5.1.4 Application of Mixture in Industry

As an independent unit, agitated mixing operation could achieve uniform mixing,
dispersion, suspension, emulsion of the materials. In the large crude oil storage tank
of the petroleum oil industry, due to different components in the crude oil, density
of various components are different, the distribution of components in the crude oil
tank is inhomogeneous, so agitated mixing operation must be done consistently in
order to make the crude oil evenly from top to bottom. In order to improve the
quality of gasoline, diesel oil, lubricating oil or guarantee quality stability or meet
the requirements of a certain standard, additional processing of the product from oil
refining equipment must be carried out, the operation is mainly completed by
agitated mixing operation. As a separate unit operation, agitated mixing operation
can be widely used in field of wastewater treatment, fuel, chemical building
materials, paint, food and other industries.

Agitated hybrid equipment can be used as the reactor in many cases. As we all
know, fully mixing and contact is the premise of chemical reaction, while the
purpose of mixing is to make materials disperse uniformly. So, mixing can provide
a good prerequisite for the chemical reaction, especially for heterogeneous chemical
reaction, such as the reaction between liquid–liquid, liquid–solid–liquid, mixing is
of great significance to the normal of reaction. In addition, mixing is of great
significance to reaction. For exothermic reaction, mixing operation can enhance
heat transfer, prevent material from local overheating or coking, and ensure the
quality of product. In the production of synthetic rubber, synthetic plastics, and
synthetic fiber, mixer accounts for 90% of the total. Reactions such as sulfonation
and nitration reaction in organic chemical industry, silicon aluminum reaction,
barium reaction, barium acidification reaction, and alkylation reaction are accom-
plished by agitated reactor. In the chemical production, mixing operation is com-
monly used to improve the efficiencies of heat transfer and mass transfer of the
process such as dissolution of solid, crystallization of supersaturated solution and
gas absorption [27, 34, 35].

6.5.2 Configuration of Mixing Agitator

Due to different purposes of agitation and the diversity of the agitation media, there
are many kinds of agitators. Typical mechanical agitators contain paddle agitators,
turbine agitators, propeller agitators, anchor agitators, frame agitators, propeller
agitators, and screw agitators. According to the paddle shape, agitators can be
divided into three kinds: straight blade, folding blade, and spiral blade. Paddle
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shapes of turbine anchor and frame agitators are straight or folded blade, while
paddle shape of pusher or screw agitators is spiral blade.

According to the flow direction of drainage in the agitation operation (also
known as the flow pattern), and types of impeller agitator can be divided into two
kinds: runoff and axial flow. Flat blade paddle and turbine are radial flow type, push
type and screw type of spiral type belong to axial flow type, while the folding
paddle is between radial flow type and axial flow type, generally, it is believed more
close to the axial flow type.

In order to achieve the specific purpose, agitators can be improved and com-
bined, fast and slow types of blades can be combined together to adapt to the
mixing process with large change of viscosity. For the mixing process of high
viscosity fluid, screw and screw conveyor can be combined together to make the
central and peripheral of stirring tank fully agitated, so as to achieve the effect of
agitated mixing.

With the rapid development of measurement and control technology, and wide
application of computer, agitation technologies also developed rapidly.
Development trend of agitation equipment is high efficiency, energy saving,
mechatronics and intelligentized, and gradually introduced the computer-aided
design (CAD), computer-aided drawing (CAG), and computer-aided manufacturing
(CAM) into the development of agitation equipment [35, 36].

6.5.3 Calculation of Agitation Power

The power consumption of agitation should be divided into two aspects. On the one
hand, the power required to maintain the normal rotate of agitator at a constant
speed. On the other hand, power required to achieve the purpose of mixing oper-
ation, which is called agitator power. These two kinds of power are overlapped, not
independent.

6.5.3.1 Influencing Factors of the Agitator Power

The agitator power relates to the state of fluid flow in the agitator tank. Therefore,
all factors that affect fluid flow state can also be the influencing factors of agitator
power, mainly the following factors are included geometrical parameters, (such as
shape and size of blade, blade number, the installation height of the blades),
operation parameters of agitator (such as rotational speed), geometry parameters of
agitator tank (such as the inner diameter of the agitator tank, the width of the baffle),
the physical parameters of agitating media (such as fluid density, viscosity).

There are many factors which can influence the agitator power. These factors can
be summed up to geometric parameters of paddle and tank, the operating param-
eters of paddle and physical parameters influencing power.
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6.5.3.2 The Basic Method to Calculate the Agitation Power

Theoretically, agitation power could be divided as agitator power and mixing
operation power. But in practice, the agitator power is only considered or mainly
considered. Mixing operation power is hard to calculate precisely then agitation
operation power generally is satisfied by setting the rotational speed.

Factors that affect the agitator power are very complex. Generally, calculation
equation of agitation power is difficult to directly obtain by theoretical analysis.
Therefore, experimental methods combine with theoretical analysis is the only way
to calculate the agitation power.

The dimensionless equation can be obtained from Navier–Stokes equations and
its dimensionless form:

NP ¼ P
qN3D5

j

¼ F Re;Frð Þ; ð6:58Þ

where Np is the power characteristic number, Fc is the Froude number, Fc = N2di/
g, P is the agitation power.

Re(Re) reflects the ratio of inertia force and viscous force of the fluid, Froude
number(Fc) reflects the ratio of the fluid inertia force and gravity. Experimental
results showed that when Re is higher than 300, Fc impacts the agitation power
slightly. Fc number has almost no effect on the agitation power in laminar flow and
turbulent flow. Fc number has little influence on most of the agitator blades in the
excessive flow state when Re > 300. Thus, in engineering, the power factor
expressed as a function of Re directly, without considering the influence of the Fc.

Due to the agitator rotational speed, the blade diameter, density, and viscosity of
fluid contained in the Re, so the other factors must be determined in a laboratory,
and then determine the relationship between power characteristics number and Re.
It can be seen that all the curve or equation of Re and power characteristic
parameters which are obtained by experiments can only be used in certain condi-
tions. For different types of paddles, curves of the power characteristic number and
Re are different. Even for the same type of blade, their correlation curve of Np-Re
will be also different for the difference in ratio of blade width and diameter.

6.5.3.3 Power Characteristic Number of High-Speed Blade

Rushton et al. made a lot of experiments on blade type, structure size, rotate
conditions of common agitator, Np-Re relation curves when liquid viscosity was
1.0 � 10−3 Pa∙s, Re below 106 are given. If blade type of agitator included in the
Rushton curve, calculated agitation power by Np-Re relation curves will be very
convenient. First, calculating the Re by the known blade diameter, rotational speed,
the fluid density, and viscosity, power characteristic number can be checked out
from corresponding curve, then the power can be calculated as
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P ¼ NpqN3D5
j ð6:59Þ

In the laminar flow, when the Re is less than 10–30, relationship between the
power characteristics of blade number and Re is logarithmic linear. While in tur-
bulence area, power characteristic number is a constant, not changing with Re. In
excessive flow zone, Np-Re curve of the blade is varied. And with the same Re,
power characteristics of propeller agitator is smallest, and that of radial flow type of
disc turbine agitator is the largest.

In engineering design, Bates chart can be used to determine the power charac-
teristics for open type turbine with wide application because the width and dip angle
of blade has distinctly effected on the power characteristics, the choose of condi-
tions need to be paid attention to. In addition, using curve need to meet full-baffle
conditions and the following geometry size: dj/D = 1/3; ratio of liquid height and
agitation tank diameter H/D = 1; the ratio of blade distance from the tank bottom
and the tank inner diameter c/D = 1/3.

6.5.3.4 Power Characteristic Number of Low-Speed Blade
or Without Baffle Blade

Most curves in Rushton’s figure and all curves in Bate’s figure can be only suitable
for various quick blade agitators under full-baffle conditions. Powers consumed by
blade blender under the no baffle condition can be calculated with empirical for-
mula is as follows:

Np ¼ P0

qn3d5
¼ A

Re
þB� 103 þ 1:2� Re0:66

103 þ 3:2� Re0:66

	 
p
H
D

	 
ð0:35þ b
DÞ
ðsin hÞ1:2 ð6:60Þ

A, B refers to a coefficient, and p is an exponential.

A ¼ 14þ b
D

	 

670ðd

D
� 0:6Þ2 þ 185

� �
ð6:61Þ

B ¼ 10 1:3� 4ðd
D
� 0:5Þ2 � 1:14ðd

D
Þ

� �
ð6:62Þ

p ¼ 1:1þ 4ðb
D
Þ � 2:5ðd

D
� 0:5Þ2 � 7ðb

D
Þ

� �
ð6:63Þ

In this equation, b is the width of agitator blade; H is the depth of liquid; D is the
agitator tank inner diameter; d is propeller diameter of agitator; h is angle of blade,
and h = 90° for oars.

The empirical formula is based on the relationship between semi-diameter of
“cylindrical raceway” formed by flow liquid and fluid resistances of agitator blade,
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and then the formula of power characteristics corrected by experiment. Although
the formula is for double paddle agitator, but through the experimental verification
in turbulence area, blades with same oar diameter, as long as blade width is same,
so that the agitator power consumption is equal.

(1) Anchor agitator and fram agitator

As empirical formula could be applied in anchor agitator and fram agitator with high
viscosity fluid, with the height of blade h could be considered as the width of blade b
introducing into the empirical formula equations. The second item of this formula can
be ignored when in high viscosity fluid, then the following can be obtained:

Np ¼ A
Re

ð6:64Þ

And when blade diameter is very close to the diameter of inner agitation tank (di/D
> 0.9), value A could be obtained with Bochner formula as below:

A ¼ 82
2D

D� dj

� �0:25
ð6:65Þ

(2) Helical ribbon agitator

Helical ribbon agitator used for high viscosity fluid is generally operated in
laminar flow. The power number could be also calculated with empirical formula,
where value of A can be calculated as below:

A ¼ 66z
di
s

	 

h
di

	 

b
di

	 

D� di
2di

	 
�0:6

ð6:66Þ

In this equation, z is the helical ribbon index; h is the helical ribbon height; and s
is screw pitch.

(3) Screw agitator

According to the measurement results, when screw pitch S = di of screw agitator
with diversion barrel, its power characteristics is the same as of ribbon agitator in
same size. Therefore, empirical formula can be used for screw agitator.

6.5.4 New Agitators of High-solid and Multi-phase
Bioprocess

6.5.4.1 Process Intensification

There are various definitions of process intensification. Process intensification is
regarded as a design concept. Meet the chemical and physical requirement by fluid
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dynamics design, so as to make the reaction carry on at best rate. According to its
definition, process intensification is integration of chemistry and chemical pro-
cesses. This can be illustrated in the S—curve in Fig. 6.4. Process performance can
improve until limit point of chemical process, with the improvement of the
equipment performance (e.g., increase of mixture rate). An optimized chemical
process intensification design means the design of chemical process has been
achieved (without limitation of equipment) the desired performance, and then
through the equipment design achieve the peak point of the curve S, then curve
became horizontal. If the operation point by right means excessive design results in
increase of investment and operating costs [37–39].

Above all, the process intensification is to realize the matching of the following:

(1) Mixing rate and reaction rate.
(2) The heat transfer performance and heat generation.
(3) The retention time and the reaction time.
(4) The flow pattern and reaction diagrams.

6.5.4.2 Mixing of High Viscosity Fluid

High viscosity fluid generally refers to fluid in which the viscosity is higher than
2.0 Pa∙s. Flow property of high viscosity fluid is quite different from which of low
viscosity fluid. High viscosity fluid in engineering generally is difficult to achieve
the turbulent state, but only flow in the condition of laminar fluid. In the area where
agitator blade cannot reach, dead zone will be easy to form with the effect of
viscous force due to the high viscosity of the fluid. Working in high viscosity fluid,

Fig. 6.4 S-curve of factory
performance and process
performance
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fluid volume discharged by agitator blade is small and fluids slightly away from
blades become inert. Channeling formed when agitator rotational speed is too high.
Therefore, for high viscosity fluid which is in laminar flow state, only try to expand
the agitation range, the dead zone can be as small as possible.

6.5.4.3 The Choice of Agitator

Many factors should be considered when choosing the agitator. The most basic
factor is the viscosity of media, the purpose of mixing process, and flow state
caused by the agitator. Choose the agitator according to the viscosity of mixing
media is a basic method due to the fluid viscosity has a great influence on mixing
status. Generally, with the increase of viscosity, the agitator used in order is pro-
moted type, turbine, paddle, anchor, screw conveyor, and screw.

Select the agitator according to the purpose of the mixing process is a basic
method. Low viscosity homogeneous fluid mixing is the smallest viscosity with low
power consumption, easy circulation, it is difficult only when the agitation tank is
very big and mixing time is very short. Propeller agitator is the best choice due to
the large circulation capacity and low power consumption. And power consumption
of turbine agitator is large, it has high shear capacity, but it is not necessary for
combination process. So it is not reasonable to mix in large container. Paddle
agitator is still widely used in small container fluid mixing for its simple structure.
But when it refers to agitator in a large container, its circulation ability is
insufficient.

In the dispersing and emulsifying process, in spite of agitator having large
circulation ability, it is supposed to have high shear capacity. The turbine agitator
has this characteristic. It is usually used in the situation that straight blade turbine
agitator is more suitable due to the shear stress of which is larger than folding
blades and curved blade. Shear stress of pusher and paddle agitator blades smaller
than straight blade and turbine agitator. Therefore, they can only be used in liquid
with small amounts. And the paddle agitator is rarely used in dispersion process.
The dispersive mixing process, baffles are installed in the mixing tank to strengthen
shear effect (Table 6.2).

Dissolution of solids requires that the agitators have strong ability of shear stress
and circulation, so the turbine agitator is the best choice. The circulation capacity of
propeller agitator is high, but the shear stress is low, so it can only be used for
dissolving process in small containers. Paddle agitator needs a baffle to improve
circulation ability, usually used the dissolution of easily suspended particles.

Gas absorption process, the disc turbine agitator in the most suitable condition,
the shear capacity is strong, and the bottom of the disc can hold some gas to make
the dispersion of the gas more stable. Open turbine agitator does not have these
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advantages. Paddle and propulsion agitator cannot be used for gas absorption
process, only used in absorption of small amount of gas with a high dispersion
degree is not high.

For agitation crystallization process, it is generally needed agitator with small
diameter and high speed, such as turbine agitator, suitable for particle crystallization
process. And the agitators with big size and slow speed such as paddle agitator are
suitable for crystallization process of particles in large size.

Turbine agitators are widely used for suspension operations of solid particles,
and among them, the open turbine agitator is the best choice. There is no disc in the
middle of open the turbine agitator, the mixing of upper and lower fluid will not be
hindered, and curved turbine type agitator has the advantages of the turbine is more
outstanding, its performance is good, blade is not easy to wear, so it is more suitable
for suspension of solid particles. The speed propeller agitators are low, it can be
only applied to the occasion of small solid particles, small solid–liquid density
difference, high-solid concentration, low settling velocity solid particles.

6.5.4.4 Strengthening Methods and New Agitators of High-solid
and Multi-phase Bioprocess

Effective mix depends on the geometry of the agitation blade. The shape of the
agitation blade resulting in the difference of agitation rate and shear stress. Zhang
et al. [5] studied the impact of spiral impeller agitator on performance of high-solid
enzymatic (30%) by vertical reactor. It was found that spiral impeller agitator
reduce power by four-fifth than conventional Rushton impeller, which indicates that
the paddle of helical impeller is more suitable for mixing of high viscosity
non-Newtonian fluid. Moreover, the geometry of the impeller plays a vital role in
efficient mixing. Wang et al. [40] studied the influence of frame impeller agitator
and double curved blade impeller paddle on high-solid enzymatic of sweet sorghum
with hydrothermal pretreatment. Compared with double curved blade impeller
agitator, frame impeller paddle increases glucose yield by 10%, which indicates that
the geometry of the impeller can affect agitation efficiency. Frame impeller agitator
produced a larger uniform mixing zone at different depths in the reactor, in order to
facilitate mass transfer. Zhang et al. [41] studied the effect of Nail—shaped agitator
on the high-solid enzymatic hydrolysis of hardwood biomass. The results showed
that compared with the shaking flask, the conversion rate of the enzymatic
hydrolysis under the 20% solid–liquid ratio by Nail—shaped agitator was higher,
the liquefaction time of the non-bleached hardwood pulp reduced, thus improved
the efficiency of mass transfer. In addition, the rotating speed, the size of the
agitator, the ratio of the reactor diameter to size can also affect the mass transfer
efficiency of the high-solid solution process. The above researches showed that
developing new mixing mode is an effective strategy to improve the efficiency of
high-solid enzymatic hydrolysis.

New reactor for high-solid enzymatic hydrolysis has been studied. Jørgensen
et al. [29] studied the impact of rotary drum reactor mix by free fall on the
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performance of high-solid enzyme. When the initial solid–liquid ratio was 40%,
around 10 h, wheat straw particles pretreated liquefied into paste. When the mixing
rate at 24 h was at 3.3–11.5 rpm, there was no obvious effect on the enzymatic
hydrolysis efficiency. After 96 h, the glucose concentration reached 86 g/kg with
the condition of 7 FPU/g dry matter and 40% solid to liquid ratio. Roche et al. [3]
investigated horizontal reactor mixed by gravity or free fall, compared with the
traditional vertical mixing reactor, the new reactor has many advantages, such as
minimized the particle sedimentation and partial product accumulation, made the
enzyme distribution more uniform. Under the 20% solid–liquid ratio conditions, the
free fall mixture of the rotating bottle reaction system makes the high-solid solution
rate reach 80–85%. Dasari et al. [4] found that compared with the vertical reactor,
with 25% solid–liquid ratio, the conversion rate of the horizontal reactor increased
by more than 10%, and the power of the horizontal reactor was significantly lower
than that of the vertical mixing. Sun et al. [42] compared steel ball impact oscil-
lation, shaking and static on steam explosion solid enzymatic efficiency at the 10%
solid–liquid ratio, it was found that during the oscillation, the stainless steel ball
“squeezed” the steam exploded straw continuously, made the adsorption capacity of
enzyme increased, and can improve the accessibility of substrate, increased
adsorption desorption efficiency of cellulase, thus increased the enzyme efficiency.
Chen and Liu [43, 44] invented device of high-solid enzymatic hydrolysis coupled
with liquid fermentation to produce ethanol from cellulose, which consists of
vertical concentric inner tube and the outer tube, the outer tube cavity, inward in
lignocellulose and cellulase enzymatic hydrolysis liquid by the pump into the inner
cylinder by yeast fermentation. The device overcomes the shortcomings such as the
enzyme hydrolysis product feedback inhibition and high-solid–liquid ratio, which is
not conducive to the rapid fermentation of ethanol. The amounts of the cellulase
was reduced by 20–40% when being used this device. The device has been scale up
to 110 m3, which is used to produce 3000 t straw ethanol every year.

6.5.5 The Application Prospects of Seepage Theory
in High-solid and Multi-phase Reaction Engineering

High-solid multi-phase reaction process has the advantages such as high substrate
concentration, high production efficiency, environmental-friendly, it will help
improve products concentration and reduce the cost of product separation.
High-solid multi-phase reaction is the inevitable requirements of industrialization of
lignocellulosic ethanol. However, the industrial applications of lignocellulose still
need technical breakthrough. Researches of high-solid multiphase reaction process
should first focus on inhibitor and product inhibition effects, changes in the rheo-
logical properties and mass transfer efficiency. And the influences of intrinsic
properties (such as chemical composition, porosity, mechanical property, hetero-
geneity, resistance ability) of lignocellulosic on limiting factors should be revealed.
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Moreover, the effect of key technologies which can improve the efficiency of
high-solid multi-phase reaction process (such as washing operation, fed hydrolysis,
multi-enzyme system) on process economy should be discussed and studied.
Reactors for high-solid multiphase reaction should be developed and scaled
up. Based on the intrinsic characteristics of lignocellulose, taking limiting factors
into consideration, in-depth study and analysis of assumptions, derivation used in
model establishment and the rationality of experimental data is an effective way to
correctly understand the percolation law of the high-solid multi-phase reaction
process. In addition, based on the basic seepage law of porous media, studying flow
characteristics of the fluid in and out of the pore in the high-solid multi-phase
reaction process of lignocellulose is meaningful. The further analysis of the
high-solid multi-phase reaction process is an effective way to realize the industri-
alization of the solid-state enzyme hydrolysis. The advantage of solid-state enzy-
matic hydrolysis is a guarantee of economic benefit of lignocellulose refining.

6.6 Large-Scale Transport for High-solid
and Multi-phase Bioprocess

6.6.1 Methods and Measures of Large-Scale Transport
in High-solid System

Transport method of material in high-solid system can be divided into two kinds:
mechanical conveying and pneumatic conveying. Mechanical conveying equipment
include belt conveyor, bucket elevator, screw conveyor, vibrating conveyor. The
pneumatic conveying ways include: pneumatic suction transport, low pressure,
medium pressure and high-pressure deliver, pulse transporting, suction—pressure
transportation, circular conveyor [45, 46]. Here are the mass transport equipment
and measures of high-solid material.

6.6.1.1 Manual Transport

Fermented grains in liquor factories are still artificially transported by cart. The
intensity of labor is high. More opportunities for touching materials resulting in
microbial contamination [47].

6.6.1.2 Belt Conveyor

Belt conveyor uses ribbon to convey material, not only used to transport the fine
powder and granular materials but also used to transfer material with a large vol-
ume. It has advantages of large production capacity, low power consumption, and
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simple structure, easy to maintain, loading and unloading of whole fuselage. The
deficiency is that it can only transport straight, material loss and environmental
pollution caused by material are easy to float into the sky when conveying light-
weight material, only applicable to transport in horizontal or small inclination angle.

6.6.1.3 Air Cushion Belt Conveyor

Air cushion belt conveyor (or air cushioning machine) is a kind of new continuous
conveyor equipment with air cushion replacing the roller bearing. It brings a series
of advantages, the principle changing from gas–solid friction to rolling friction,
then friction resistance reduced by 50–70% [48].

Operation principle Operation principle of air cushion belt conveyor is shown
in Fig. 6.5 [5].

When air cushion machine works, pressure fan 7 makes air flow into the air
chamber 5 via 8 air vent, gas film formed between conveyor belt 3 and the upper
plate slot arc plate with air chamber 5, supporting the tape bearing materials. And
when the machine operates, it just needs to overcome the gas resistance of cushion
to convey material.

Advantages of air cushion belt conveyor Replacing roller bearing with air
cushion, air cushion machine, solid friction of air cushion belt conveyor becomes
fluid friction, thus it can overcome the disadvantages such as high resistance, high
energy consumption, easy to deviation, and a heavy work load in maintenance, then
brought a series of advantages. (1) Belt operates smoothly, safely, and reliably.

Fig. 6.5 Schematic diagram of air cushion type of belt conveyor. Note 1—cover; 2—material; 3
—conveyor belt; 4—air cushion; 5—air chamber; 6—return roller; 7—pressure fan; 8—air vent
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(2) Belt operation without off-tracking. (3) Low power consumption. (4) A light
work load in maintenance. (5) High transmission efficiency. (6) Light tape could be
chosen and prolong service life. (7) Could be used in layout of large dip angle.
(8) Low noise and little dust. (9) Easy to close.

6.6.1.4 Tubular Belt Conveyor

Principles of tubular belt conveyor Tubular belt conveyor is a kind of continuous
bulk material conveying machine which bears by tape, except the tape rolled into
tubes in the operational area, the rest are very similar with ordinary belt conveyor.
Tubular belt conveyor has guide chute in the feed area, with guide roller, the tape
transit from flat tape to U-shaped finally curled into a tube shape. In the unloading
area, the tape transit from the tube shape to the U-shaped, transition from U-shaped
to flat again, finally discharge. Tubular belt conveyor in the operational area is
supported by two groups of hexagon roller.

Characteristics of tubular belt conveyor In addition to the characteristics of
ordinary belt conveyor, the tubular belt conveyor also has the following features:
①Enclosed conveying material. Due to the material running inside the duct tape,
the effective transportation process is carried out in a closed environment.
Therefore, this will overcome the mass loss and the pollution to the environment in
transportation. ② Conveyor space curve layout could be realized. Because the tape
could be curled up into a tube to reduce the lateral stiffness, which can make the
tape arbitrarily bent with small radius, expand the application range of the belt
conveyor. ③ Sharp inclination transportation. Tape curled up into a tube, increase
contact area and the friction between material and material, material, and tape,
conveying angle can be raised from 18° of the ordinary belt conveyor to 30°.

6.6.1.5 Bucket Elevator

Bucket elevator can lift materials vertically, suitable for loose, small granular
materials, such as barley, wheat, rice, corn, sorghum. By using tape or chains as
traction, screw the hopper on the traction, traction driven by the drum tight and run.
Material put into the hopper from the bottom of the elevator, and hopper is upraised
to the top by traction, when hopper bypass active rotary drum, material removed
from the bucket, so as to set the materials to a high location. To prevent flow out of
dust, components (except the motor and gearbox) are installed in the casing. There
are observation ports in the appropriate location. Revolving drum at the top is
driving wheels, which are connected with reducer, motor. Revolving drum at the
bottom is driven wheels, usually is also a tension wheel, with a screw or a heavy
tensioning device [45].
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6.6.1.6 Screw Conveyor

Function and scope of screw conveyor Screw conveyor is transport machinery
widely used in biological chemistry, which is suitable for loose, small granular
materials (barley, wheat, rice, corn, sorghum) and sticky materials with high water
content (fermented grains and wet brewer mash).

Principle and structure of screw conveyor Screw conveyor is mainly com-
posed of shell, a rotating spiral chute and a rotating device (Fig. 6.6) [45]. When the
shaft rotates, materials move along the chute by screw conveyor. Spiral consists of
rotating shaft and the blades on the shaft. Blades commonly used in the factory are
vane and belt type. The vane has simple structure, large thrust and conveying
capacity, high efficiency [49].

Screw shaft is made of round steel or steel pipe. Spiral plate is mainly composed of
thin steel plate. The speed of the screw is usually 50–80 r/min, screw pitch is generally
0.5–1.0 times of the diameter of screw. There is a certain gap between the screw and
material, generally 5–10 mm. Gap e factory are vane and bie factory are vane and bs
small but transport efficiency is high. Chute can be divided into two kinds: the circular
chute and semicircular chute. The circular chute is screw concentric circular tube, its
diameter is larger than that of spiral plate by 10–20 mm. Semicircular chute below
shaft center is concentric semicircle. Chute usually made by pipe or steel. Inlet open at
the top of a chute, above the inlet, is funnel, outlet open at the bottom of the other
chute. When installed, the direction of the screw rotation should be paid attention to.

The advantages of screw conveyor are simple and compact structure, easy to seal
and unloading. But energy consumption is high. The conveyor is often used for
short distance transportation, or transportation with angle no more than 20°.

6.6.1.7 Vibration Conveyor

Vibration conveyor use vibrator to make chute vibrate along the tilt direction,
realize the movement of material. Its advantages are simple structure, easy to adjust,
and easy to realize automatization. Vibration conveyor has been widely used in

Fig. 6.6 The schematic diagram of screw conveyor. Note 1, belt pulley; 2, helix; 3, shell; 4,
bearing; 5, axle
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food industry, such as transportation of sugar, salt, packaging of chocolate particles,
hard candy [50]. However, the vibration conveyor makes large noise and vibration,
and it causes congestion easily especially for material with high viscosity.

Long-term production practice proved that machinery transmission mode has the
following defects in the field of solid particles and powder material conveying:
(1) Mechanical conveying equipment is huge, complex, and arrangement is not
flexible; (2) The component of machinery (such as guide rail, idler pulley, shaft,)
usually run in a dusty environment with poor lubrication condition, wear-seriously,
a high failure rate; (3) Uneven load, the electrical system is easy to damage;
(4) Sealing performance is poor, the material leakage will cause environmental
pollution and material loss; (5) There area heavy workload and high cost in
maintenance.

Due to the above disadvantages, mechanical transmission method has begun to
be partly replaced by pneumatic conveying.

6.6.1.8 Pneumatic Conveyor

Pneumatic conveyor system is conveyor equipment which uses flow with a certain
energy in the pipe to make the suspended powder or granular materials move and to
separate gas and material by separator. According to the different power, sources
can be divided into negative pressure suction (vacuum conveying) and pressure
feed (positive pressure conveying) and attract pressure combined transport.
According to solid particles concentration in gas, pneumatic conveyor system can
be divided into the dilute phase, dense phase (fluidization), and super dense phase
[51, 52].

Suction conveying process Suction air transport is also called the vacuum
transport. The process is to install fan at the end of the whole system, using the fan
extract gas from the pipeline system, make the gas pressure in the pipeline is lower
than the atmospheric pressure, to complete the delivery process in a state of neg-
ative pressure. Because of air pressure difference of inside and outside the whole
pipeline, and the material and gas is dragged into feeding tube through suction
nozzle, then separated after go through the cyclone separator, the material dis-
charged from the bottom of the cyclone separator discharger, the gas containing
small material and dust go into the bag filter, and then discharged into the atmo-
sphere. Dust will not leak out because the conveying system is vacuum. Therefore,
suction conveying system can avoid the leakage of material and dust, keep a clean
environment.

Pressure conveying process Pressure conveying process is also called the
positive pressure conveying, the fan installed in the front of system when the fan
works, the air is pressed into the pipe, the pipe pressure is higher than the atmo-
spheric pressure, the pipe in positive pressure condition. Material flows down from
hopper, mix with air through pipes, then sent to the separator, in the separator,
material discharged from the bottom of the separator, air goes into purifier, then
discharge into the atmosphere. Pressure conveying can cause large pressure
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difference, so it can be used to in wet materials transportation, transportation dis-
tance, and height are larger than suction conveying.

The mixed air conveying process Mixed air conveying process is a combi-
nation of vacuum and pressure conveying. The fan is usually installed in the middle
of the whole system. In front of fan, it is called suction segment, materials are
transported by negative pressure within the pipe. After the fan, it is called pressure
section, materials are transported by positive pressure. The mixed air conveying
process has the characteristics of suction and pressure conveying, it can convey
materials from several places to a far, higher place. But because of the change from
suction conveying process to pressure conveying process, the structure of device is
complex, and work conditions of fan is poor [45].

6.6.2 Special Requirements of Project Conveying
in High-solid and Multi-phase Bioprocess

Bioprocess usually needs to keep sterile [53]. Thus, in high-solid and multi-phase
bioprocess, the delivery not only needs to be considered about chemical transfer
characteristics but also the biological characteristics. Due to the particularity of
high-solid multi-phase bioprocess system, the mass transport should meet the fol-
lowing requirements: (1) to overcome the poor fluidity solid material, realize
effective transport of materials; (2) ensure that sterility of conveying process, avoid
bacterium contamination; (3) improve the mechanization level of mass transport
process and reduce the labor intensity.

6.6.3 Large-scale Material Transport of High-solid
and Multi-phase Bioprocess Engineering

Large-scale transportation of materials in high-solid and multi-phase bioprocess
should avoid bacterial infection, so closed systems with less manual operation is
best choice. On one hand, reduce the labor intensity; on the other hand, reduce the
risk of bacterium contamination. For this purpose, learn from other industries.

The docking mechanism of the Shenzhou spacecraft is the homologous structure
peripheral (flip-in type) docking mechanisms. The major advantages of this docking
mechanism is tracking aircraft and target aircraft adopting the same docking
mechanism, so there is no distinction between active and passive, which benefit to
orbital recovery; and all components of the docking mechanism are placed on the
surroundings, while the center position of the spacecraft is set aside as a transitional
passage, which ensures rapid evacuation when fault occurs; the guide plate is in
flip-in type, with the advantages such as compact structure, high stiffness, large
carrying. The docking mechanism is mainly used for docking of space shuttle and
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space station, the international space station. It is the most advanced docking
mechanism currently [54].

The whole docking process includes contact, capture, buffering, adjustment,
closing, locking of space craft (a shown in Fig. 6.7) [54], keep the docking state and
the separation of spacecraft.

(1) Aircraft close. GNC system control two aircraft close to each other, until the
docking mechanism contact with each other.

(2) Contact. The docking ring of two spacecraft contact and collide with each
other, then docking process begins.

(3) Capture. Docking mechanisms gradually eliminate the initial deviation and
establish a flexible connection to complete the capture of the two aircraft.

Fig. 6.7 Space docking process. a- Aircraft close to; b-touch; c-capture; d-The buffer and
correction; e-zoom in; f-locking and seal
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(4) Buffering and adjustment. Buffering system of docking mechanisms works,
buffer, and consume the collision energy, gradually decay oscillation between
the two spacecraft docking. Under the effect of restoring force of elastic ele-
ment, auto correction of aircraft could be realized. Complete the force adjust-
ment of flight attitude by the axial alignment of two aircraft or push docking
ring beyond the limit position.

(5) Closing. Active docking mechanism makes aircraft close, achieve precise
alignment by guide pin set of docking box surface.

(6) Locking. When the docking boxes surface of two aircrafts come close, lock two
aircraft by the docking lock system, complete the rigid connection, and finally
seal the docking mechanism by double sealing ring of docking box surface.

The aircraft with rigid connection take a joint flight, docks mechanism keep
completion status to ensure the seal of docking channel. After the joint fight mis-
sion, docking mechanism receives the separation command, open docking lock,
then two aircrafts separate by the push rod [54].

In 1954, the American scholar George Devol created the world’s first pro-
grammable manipulator, manipulator has developed three generations. First, teach
the robot movement, then input program, manipulator automatically repeat theac-
tion is known as the first generation of manipulator, and manipulator controlled by
sensors is known as the second generation of manipulator, intelligent robot is the
third generation of manipulator. Many countries such as American and Japan have
put huge amounts of manpower and material resources into manipulator, but it is
still developing. In China, manipulator development starts from the fixed-action
manipulator in the 1950s. After experiencing numerical control manipulator in the
60s, it starts to be applied since 1978. Nowadays, industrial robots and intelligent
robots have gotten more attention, has been included in high-tech and the tech-
nology development plan. In general, the research focused on kinematics of
manipulator begin from early 1990s, with a wide range to consider, most research
focused on computational efficiency and singularity of redundancy manipulator
equation. The establishment of the manipulator dynamics model is necessary for
effective control and reasonable design of manipulator, so researchers always focus
on manipulator dynamics. Nowadays, calculate mechanical efficiency, elastic
dynamics of the manipulator, dynamic stability of force is a hot spot in the
manipulator dynamics researches. At the same time, due to the depth research of
manipulator dynamics, flexible manipulator developed, thus improve flexibility of
manipulator, bring a problem in stability control of manipulator, so research about
these aspects will be the top priority in manipulator dynamics control.

Picking up the material smoothly, quickly, accurately, and complete the removal
action is the most basic requirements of material handling manipulator. This
requires high accuracy, certain capacity, enough operation space, flexibility, and
operation stability. Designing the material handling manipulator must according to
the action to select appropriate mechanical structure, determining the time alloca-
tion and action order, explicate weight and size of handling material as well as the
demand of environmental accuracy, to determine the requirements for operation
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control of manipulator. Take generality and specificity into consideration, and select
standard components to realize the modularization of the manipulator.

To complete the function of material handling, material handling manipulator
needs to complete the following actions: (1) Horizontal extend (mechanical arm
should extend 70 mm in horizontal direction to reach the area above material);
(2) Vertical downward (manipulator can be downward 60mmin the vertical direction
to make terminal actuators reach horizontal position with the material); (3) Clamping
material (manipulator terminal actuator clampmaterials to make the material does not
drop); (4) Vertical rise (after ensure the material being clamped, manipulator vertical
upward 60 mm, the manipulator terminal actuator make materials stay in situ);
(5) Horizontal Contraction (mechanical arm contract 70 mm in a horizontal direction
tomake themanipulator terminal actuators back to the initial position); (6) Retrograde
(manipulator move anticlockwise to horizontal direction for 90°, so manipulator can
reach the terminal of material); (7) Vertical drop (manipulator downward 60 mm in
the vertical direction to make material smoothly move to terminal); (8) Release
material (hand clampingmechanism quickly release materials); (9) Vertical rise (after
the material placed rightly, manipulator upward 60 mm in the vertical direction, back
to the initial limit position); (10) Clockwise rotation (manipulator move clockwise in
horizontal direction for 90° to make the manipulator back to the initial position). The
above is all the action need to be completed.

According to the movement and speed of material handling manipulator, time
for a complete transport could preset as 6 s, the movements, and time allocation are
as below: horizontal extend and horizontal contraction of manipulator occupy 0.5 s
respectively, vertical rise and vertical drop occupy 0.6 s respectively, twice rotation
occupy 1s respectively, clamping and release occupy 0.3 s respectively [55]. Due to
the particularity of high-solid bioprocess system, learn from relevant ideas, inte-
grated innovation, make a series of progress.

6.6.3.1 High-pressure Pneumatic Conveying

Sterilization of solid materials can use steam explosion as sterilization method. And
steam explosion is a process of high-temperature short time which can be divided
into two stages. First, cooking materials by water vapor of high-pressure and
high-temperature change material properties. Second, decompress immediately
after maintaining a certain time, materials rapidly undergo from high-pressure
environment into the low pressure or atmospheric environment. When solid media
is sterilized by steam explosion, it is found that steam explosion could not only
achieve sterilization of material but also change the state of media.

After steam explosion sterilization, the material can be conveyed by high-pressure
steam in the tank. Steam explosion sterilization has the following advantages:
(1) Compared with the conventional steam sterilization, cooling time after pressure
maintenance was saved, and efficiency of sterilization raise; (2) Avoiding heating of
the sterilization tank, thus saving energy. (3) Taking advantage of high-pressure
steam could realize the sterility pneumatic conveying of solid material [56].
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6.6.3.2 Telescopic Pipe

Steam sterilization tank connects with the seed mixer through telescopic pipe, and
the telescopic pipe is controlled by cylinder. Then, a closed sterile environment was
established to make solid sterile materials go through. When seeding begin, the
casing pipe shrinks with its entrance closed by a valve at the same time, cut off
connection between the sterilization tank and seed tank, therefore the seed process
and subsequent operations will not be affected

6.6.3.3 Feed Cylinder

The function of stuff canister is to achieve the sterile convey of the material in
double cones seed tank into the plate, discharge gate diameter of double cones seed
tank is 400 mm, the opening diameter of feeding tube is 500 mm, the casing size is
470 mm � 600 mm, casing is driven by pneumatic cylinders and sealed by sealing
ring. To avoid curdling of material and to control blank ingrate, the bottom of feed
cylinder is designed in shape of mace (Table 6.3).

Parameter of feed cylinder apparatus is showed as following:

6.6.3.4 Automatic Tray Filling System

The material after seeding falls from feed cylinder to plate machine, then automatic
tray filling system plate automatically by manipulator structure.

First, charging car fully filled with empty plates are placed at automatic tray
filling system, and automatic hydraulic unit will control height of empty plate and
conveyor belt, followed by pushing plate to conveyor belt by push rod. When the
plate is transmitted to the region below the stuff canister, electromagnetic sensor of
stuff canister sensed plate, motor drives the mace to rotate, then feeding starts.

Table 6.3 Designing
parameter of stuff canister
apparatus

Apparatus Stuff canister

Volume 1.6 m3

Apparatus texture Stainless steel SUS304

Heat preservation Glass wool, around the tank

Design pressure of tank 0.3 Mpa

Working pressure of tank 0.2 Mpa

Design temperature of tank 143 °C

Operating temperature of tank 133 °C
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When the plates go to the receiving area, receiving device will put plate filled with
material into the charging car automatically. Finally, charging car is full of plate,
then transport by revolving car.

The automation system adopts hoist lifting and positioning plate automatically,
pushing mechanism automatically pushes the plate to the conveyor belt. Receiving
plate hoist automatically collect plate, once plate move to the receiving area, the
products position could be sensed by sensor automatically, and then pushing device
pushes the product to charge car automatically. All operations interlock with each
other to prevent wrong operation.

6.6.3.5 Electric Revolving Cars

The height of the charging car orbiting fermentation tanks is 680 mm, revolving car
is designed to realize the transport of charging car.

Charging car is transported to the fermentation tank by revolving car, then
charging car is pushed into the fermentation tank by remote control car after the
docking of revolving car and the orbit of fermentation tank.

The conveying system mentioned above could effectively improve the mecha-
nization level of solid-state fermentation. On one hand, it could reduce the labor
intensity and save labor; on the other hand, it reduces the opportunities of direct
contact of the human and material, thus, the probability of bacterium contamination
decrease, which will satisfy the requirements of large-scale sterile conveying in
solid-state fermentation.

6.7 Design and Scale-up of High-solid and Multi-phase
Bioprocess Reactors

6.7.1 Design Ideas for High-solid and Multi-phase
Bioreactors

Bioreactor is the device using biological catalyst to produce bio-products, and link
the raw materials and products, which plays a key role in the reaction. The goal of
bioreactor is to control the activity of biological catalyst at the best level, which will
improve the bioprocess efficiency, production quality and technical and economic
level. Therefore, the following factors should be considered when bioreactor is
designed: (1) Biological factors. Well biocompatibility; (2) Chemical factors.
Enough retention time for reaction and satisfy the reaction kinetics; (3) Mass
transfer factors. Diffusion rate of reactants often becomes the limiting factor of the
heterogeneous reaction, therefore the requirements of the mass transfer must be
satisfied; (4) Heat transfer factors. Heat can be removed or added any time in the
process to ensure there is no overheated spot; (5) Security factors. The reactor
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should have excellent anti-pollution ability; (6) Operational factors. Easy to operate
and maintain [57].

Bioreactor design and operation is very important in biological engineering and
has great influence on the cost and quality of product [58]. The main functions of
bioreactors is provided space for the cultivation, growth and metabolic control of
biological cells and make structure and operating process conditions satisfy the
specific conditions required by biological engineering technology; most different
from the other industrial equipment is the high requirement of purebred cultivation,
any carelessness will cause irreparable losses of enterprise. Thus, the rigor and high
running reliability of bioreactor are the marked characteristics of biological industry
[59].

The microorganism in cow stomach turned the milk into cheese, where the cow
stomach was the original bioreactors. The Chinese alcohol production started from
Shang and Zhou dynasty, where the airtight container used for the wine production
was also a kind of early bioreactor. And major innovations of bioreactor occurred in
40s of this century, and then the chemical reactors applied to the fermentation
industry, deep mechanical agitation bioreactors had been developed for penicillin
fermentation production and realized the large-scale pure culture (50–150 m3).
Traditional chemical engineering of “three transmissions and one reaction” is still
using and no fundamental change of bioreactors in the thirty years’ research.
Genetic engineering and cell engineering developed in the 70s make fermentation
engineering not just for natural microbe but extend to culture of genetic engineering
bacteria, animal and plant cell, and new requirements for bioreactor are put forward
at the same time.

In the early 70s, Pregaussian logically proved the dissipative structure theory
that from the nonequilibrium thermodynamic theory, in open systems far from
thermodynamic equilibrium, the complexity of the process can naturally result in
stable self-organizing behavior, developed temporal and spatial ordered structure
from disorder structure. In early 80s, mathematics and physics created the chaotic
dynamics which further proved that the conversion of chaos and orderly nature at
different levels was the universal law of nonlinear complex processes [60]. The
development of nonlinear scientific made people recognize that bioprocess had
essential differences with conventional chemical reactions, then“three transmissions
and one reaction” theory of chemical engineering was not suitable for bioreactor.
The researchers of Chinese Academy of Sciences Institute of Process Engineering
focus on life principles and nonlinear dynamic properties of the enzymatic reactions
network system in living cells, the structure and function of cell membrane, and
influence on transmission of matter and information. What has been gradually
realized that the normal cycle forces of the cell membrane should be considered as
the source of power to enhance the bioprocess rate and mass transfer rate of cell
membrane, and the design principle of bioreactor—“strengthen bioprocess and cell
membrane mass transfer rate by external cycle stimulus” was first proposed, formed
the framework of “four transfer” (momentum, mass, heat and information) and “one
reaction” (bioprocess kinetics) in bioprocess engineering. The direction trend of
bioreactor is large-scale, highly automatic and diversification. The largest volume
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of West Germany’s single cell protein production reactor is 2300 m3 (60 m in
height, 7 m in diameter) and the input power is 7 Mw; the biggest volume of
wastewater treatment reactor was 27000 m3 in Britain, and the volume of domestic
biggest bioreactor mainly between 100–200 m3. Although amplification reactor
volume could reduce the operation costs, certain technical problems still exist in
large reactor design [58]. And some bioreactors with special purpose and perfor-
mance also rapidly applied and developed. For example, animal and plant cell
culture reactors, solid-state fermentation reactor and coupling reactors of fermen-
tation and separation have been developed in vary degrees [53].

Air is considered as the continuous phase in high-solid bioprocess system, while
the thermal conductivity is very low, which is just about 1/23 of the water.
Therefore, besides oxygen, heat transfer is more important in the design of
solid-state fermentation bioreactor. In addition, due to the tolerance of mycelium to
shear stress in bioprocess system, the traditional chemical idea of strengthening heat
transfer by shear stress is not applicable, so new strengthen methods are needed

6.7.2 Gas Double-Dynamic Solid-State Fermentation
Bioreactor

Solid-state fermentation (SSF) plays an important role in industrial fermentation.
Compared with the traditional submerged fermentation (SmF), it solves the problem
of solid wastes disposal. SSF is defined as the fermentation with solids in the
absence (or near absence) of free water. However, substrate must contain enough
water to ensure growth and metabolism of microorganisms. SSF has advantages of
low energy requirement, high product concentration, and little wastewater pro-
duction. What is more, it is environment-friendly. However, the substrates used in
SSF always are agro-industrial wastes with low thermal conductivities and low heat
removal rate. Thus, the over-heat problem in fermentation media has become the
bottleneck of SSF technological development. To strengthen heat transfer and avoid
the damage of microbial mycelium, the researchers of Institute of Process
Engineering, Chinese Academy of Sciences, proposed newly designed principles of
bioreactor that using normal pressure as power source of outside cycle pulsation to
stimulate the fermentation process. Based on the characteristics of raw materials
and the biological characteristics of microbes, Chen Hongzhang designed pressure
pulsation solid-state fermentation technology which owned completely independent
intellectual property rights. In 1998, the large-scale solid-state pure culture fer-
mentation demonstration was built. And the results showed that economic indica-
tors of this technology were better than the traditional submerged fermentation. On
this basis, the gas double-dynamic solid-state fermentation technology gradually
developed as one of the modern solid-state fermentation technologies.

In the traditional solid-state fermentation process, the transfer of heat and mass
were usually enhanced by mechanical agitation, which the gas phase was fixed and
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the solid phase was agitated continuously in order to mix the solid substrate par-
ticles completely and to strengthen the connection within the particles or gas
molecules. First, during the agitation of solid-state fermentation process, the growth
of microbes would be damaged by the shearing force. Second, the equipment is
difficult to be sealed, and the energy consumption is high. Third, the sticky wet
materials are easily stuck to fermentation tanks, which cause the dead angle in the
fermenter. If the agglomeration of media cannot be completely avoided, the effi-
ciency of heat and mass transfer would be influenced. These shortcomings of
traditional solid-state fermentation can be overcome by gas double-dynamic
solid-state fermentation. The mass and heat transfer can be improved and the
concentration gradient of temperature, O2 and CO2 can be reduced. At the same
time, the microbial metabolism can be promoted by high-pressure pulse circle.

The gas double-dynamic solid-state fermentation bioreactor consists of hori-
zontal solid-state fermentation tank, built-in circular duct, cooling pipes, blowing
devices, air circulation system. The device can be divided into two kinds with a
single vessel or double vessels. The characteristics of gas double-dynamic
solid-state fermentation can be summarized as follows: (1) No mechanical agita-
tion device. The mass and heat transfers are achieved by the air circulation. (2) The
bioreactor is easy to be sealed, and structure is simple. (3) The fermentation tank is
a pressure-resistant container, which can be sterilized by steam pressure. (4) In the
fermentation process, the pressure of the fermenter always maintains at a closed
stage, which is easy to keep sterile. (5) The microbial metabolism could be
enhanced by cycle stimulation. (6) The temperature and humidity in the bioreactor
are easy to be controlled. (7) The fermentation process is automatic [61].

The gas double-dynamic solid-state fermentation technology is developed from
tray solid-state fermentation. Pressure pulsation in the gas double-dynamic
solid-state fermentation is accomplished by supercharging and decompression of
sterile air. One cycle of pressure pulsation consists of stamping stage, decom-
pression stage, maintaining stage. The time of supercharging stage is long and the
curve rises gently. The time of decompression is as short as possible, usually from a
few seconds to one minute, to make the solid substrate expanded suddenly. The
time of high-pressure stage and maintaining stage can be set according to fer-
mentation process. The pressure pulsation circulation is frequent in microbial
logarithmic growth period, and in the delay growth period and stable period, the
circulation is infrequent. The circle time ranges from 15 min to 150 min. The wet
solid particles are rapidly loosened by the rapid expansion of gas, which enhances
the heat and mass transfer [62, 63].

The gas double-dynamic solid-state fermentation technology has groundbreak-
ing significance both in theory and industrial applications. Based on the results of
experiment and practice, the technology can be applied to the culture of a wide
range of microorganisms, such as bacteria, fungi or actinomycetes.

Gas double-dynamic solid-state fermentation technology breaks the monopoly of
submerged fermentation technology in the modern fermentation industry. Due to
the unique advantages of this fermentation, liquid fermentation technology could be
replaced by gas double-dynamic solid-state fermentation technology to produce
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pesticides, cellulase, pectinase, and riboflavin. A lot of new products can be pro-
duced by gas double-dynamic solid-state fermentation such as cellulosic ethanol
and bioorganic fertilizer. Compared to traditional solid-state fermentation tech-
nology, gas double-dynamic solid-state fermentation technology can shorten fer-
mentation time by one third. In addition, it could also be used in the mixed culture
fermentation, such as Chinese traditional liquor brewing, and flavor food produc-
tion. At present, gas double-dynamic solid-state fermentation has been scaled up to
100 m3.

6.7.3 Silo Composting Reactor

Compost is an important treatment method of organic solid waste [64]. Composting
reactor can improve and promote the metabolism of microbes. In the fermentation
process, turns heaps, aeration, stirring, mixing, and assisted ventilation facilities are
needed to control the temperature and moisture content of the pile. At the same
time, the problems of material movement, discharging need to be solved in the
composting reactor to improve the fermentation rate, shorten the fermentation
period, realize mechanization production. The silo composting reactor is commonly
reactor in compost, whose system is a kind of compost silo that the feed input from
the top and product discharge from the bottom, mix raw materials by a rotating
blade or shaft. This typical composting period is about 10 days, and the volume of
composting taken out or raw material repacked every day is about 1/10 of the silo’s
volume. Due to raw material stacked vertically in the silo, the space this compost
system needed is very small. However, composting still need to overcome problems
such as compaction, temperature control, and ventilation, and raw material must be
mixed evenly before entering the silo for not fully mixed in warehouse.

6.7.4 Normal Force Operation of Packed Bed Reactor

As important representative of normal force, electric and magnetic drew much
attention in fermentation. Although there are no industrialization examples cur-
rently, research on function and development of the reactor always been active.
Sanromán et al. [65] studied the immobilized yeast fermentation to produce ethanol
by packed bed reactor. In general, packed bed reactor faces engineering problems
that difficult to overcome, such as delivery restrictions, escape of gas taking up the
reactor volume, rill flow and pressure from the material gravity. In order to solve
these problems, Sanromán et al. [65] introduced continuous pulse operation in
packed bed reactor, greatly improved the efficiency of ethanol production without
improving microbial immobilized activity.

In addition to the application in the ethanol fermentation, the fluid mechanics
characteristics and operation of reactor also discussed. Pulse operation can make
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material mixing inside the reactor, improve turbulent degree and the axial disper-
sion coefficient, these effects are more obvious in high viscosity fluid [66].

6.7.5 Design of Bioreactor Coupled with Magnetic Field

Magnetic field is invisible and impalpable special material, which has radiative
characteristics of wave-particle. And the magnetic field of magnet is considered as a
media for the interaction of magnet [61]. The existence of the magnetic field can
affect physiology of organisms, and the influence can be positive stimulus or
growth inhibition [62]. Therefore, many researchers tried to use magnetic fields to
strengthen bioprocess and obtain ideal effects [63]. For example, Moore [62] used
magnetic fields to strengthen growth of Saccharomyces cerevisae. The research
showed that magnetic field made biomass accumulation increased by 2.5 times, and
ethanol concentration was 3.4 times of the control group, glucose consumption also
increased greatly, under the condition of pH 4–5. Perez et al. [67] designed elec-
tromagnetic bioreactor. The reactor contains two sets of magnetic field generators,
including a set of magnets and a group of helical coil electromagnetic generator.
The yield of ethanol fermented by the device is 17% higher than that of control
group.
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Chapter 7
Online Detection of High-solid
and Multi-phase Bioprocess Parameters

Abstract Parameter monitoring is the key in high-solid and multi-phase biopro-
cess, which is also a core problem to be solved in its industrialization process.
While solid-state substrate has the characteristics of heterogeneity, poor mobility,
low moisture content, and parameters (temperature, moisture content, biomass) with
large gradient, resulting in great difficulties for parameters monitoring and control
in reaction process and proposing higher requirements for parameters monitoring
and control. This chapter focuses on parameters monitoring and control in
solid-state fermentation (SSF) and high-solid enzymatic hydrolysis of biomass, in
order to obtain more important parameters, which could provide the guidance for
optimizing and regulation of the high-solid and multi-phase bioprocess.

Keywords Parameter detection � Parameter control � Solid-state fermentation

7.1 Detection Principle and Methods of High-solid
and Multi-phase Bioprocess Parameters

SSF is a typical process of high-solid and multi-phase bioprocess [1, 2]. So far,
from the view of the whole fermentation industry, SSF has only occupied a small
share of the market. The main reason is that there is lack of the advanced moni-
toring and control technologies for SSF. In SSF process, parameters monitoring is
the key and also is the core problem to be solved in its industrialization process. The
information obtained by the detection can help people better understand the whole
process of fermentation, so as to improve the fermentation level. At present,
parameter monitoring and control in SSF process is lagging, and fermentation
processes are mainly controlled by human experience [2–5]. Disadvantages, such as
low level of automation, small scale of production, low product yield and poor
consistency in SSF, caused by the lagging monitoring and control technology, have
become the significant factors restricting the industrialization process of SSF.
Therefore, development of simple, real-time, and high-performance measurement
and control technologies is very important for SSF [1, 2].
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7.1.1 Physical Parameters

The high-solid and multi-phase bioprocess system is a complex gas–liquid–solid
three-phase system, wherein the porous solid matrix is the main body, gas is the
mobile phase and the liquid film attached with the solid matrix is the stationary
phase. In SSF process, for example, determination of the temperature, moisture,
substrate structure (porosity), and mechanical properties (matrix strength, springi-
ness, viscosity) is the basis for the exploration of heat and mass transfer during
fermentation, which is also of great significance for SSF process optimization and
regulation to improve the fermentation level. Thus, the physical parameters, such as
the porous structure, moisture state and content, rheological properties, thermal
properties and mechanical properties, are key factors to be detected in high-solid
multi-phase bioprocess.

At present, the SSF industries are mostly in the extensive operations or in “black
box” experiments. A limited number of parameters (CO2 and O2, temperature) can
be detected online. Substrate porous structure, moisture, and mechanical properties
are usually analyzed by offline methods. The porous structure of biomass can be
measured by an offline mercury porosimeter [6] (Fig. 7.1a) or a specific surface
analyzer (Fig. 7.1b). The moisture content was often measured by the offline
sampling and drying method, and moisture distributions and states can be measured
by low-field nuclear magnetic resonance imaging (NMR) (Fig. 7.1c) [7]. The
mechanical properties can be measured by a texture analyzer (Fig. 7.1d).

During enzymatic hydrolysis of biomass, in addition to the sugar measurement
by traditional offline high-performance liquid chromatography HPLC or DNS (3,5
dinitrosalicylic acid) methods, laser particle analyzer was often used offline to
measure the dynamic changes of particle size (Fig. 7.1e). The rheometer was often
used to measure the rheological properties, such as viscosity and shear stress
(Fig. 7.1f) [8–13]. Microscopic photograph technology was used to observe the
particles degradation in hydrolysis process [14]. To date, substrate properties
(particle size, specific surface), mechanical properties (matrix strength, stress, and
strain) in the enzymatic hydrolysis process cannot be real-time captured, and the
online control and optimization of the enzymatic hydrolysis process have not been
achieved.

7.1.2 Chemical Parameters

The chemical parameters in high-solid and multi-phase bioprocess mainly refer to
the substrate and product composition. Determination of the variation of substrate
and product composition and content is very important for judging the utilization of
the substrate, the product generation, and the fermentation performance.

Near-infrared spectroscopy (NIR) is one of the important online monitoring
technologies for SSF (Fig. 7.2) [15, 16]. From the view of principle, NIR can
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predict the chemical parameters, such as biomass, water, ash, volatile matter, fixed
carbon, cellulose, hemicellulose, lignin, crude protein, soluble sugar and calorific
value, with the advantage of fast and nondestructive, which is favored by the

Fig. 7.1 Apparatus for physical parameters detection in high-solid and multi-phase bioprocess
a Mercury Porosimeter; b Ratio surface area analyzer; c Low-field NMR and MRI; d Texture
analyzer; e Laser particle size analyzer; f Rheometer
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majority of scientific researchers. However, this method still has disadvantages,
such as high cost, small monitoring scope, and large amount of data needed for
calculation of model parameters. Therefore, it has not been widely used in SSF
industries.

Ultraviolet spectrophotometry was reported in online determination of enzyme
protein in liquid enzymatic hydrolysis [17, 18]. However, this method is limited to
liquid reaction system and not applicable to the determination of solid-state sub-
strates. There is lack of effective monitoring of intermediate products or metabolites
during the reaction.

7.1.3 Biological Parameters

Determination of biomass variation during SSF is the basis for establishing the
kinetics of microbial growth [1, 2]. During SSF, fungal hypha and solid matrix are
intertwined with each other, so they are difficult to be separated. Thus, the direct
counting method is not suitable for determining the biomass. Subsequently, chem-
ical methods have been developed for estimating biomass based on the amount of
carbon dioxide produced by microbial growth and metabolism or the concentration
of characteristic components, wherein the former is based on the amount of carbon
dioxide, and the latter is according to measuring glucosamine, ergosterol, and other
cell wall chemical compositions. Those chemical methods cannot avoid the inter-
ference of impurities and cannot obtain the real-time results of biomass. Thus, online
monitoring of biomass has been the urgent problem to be solved for SSF.

Therefore, the online monitoring methods and equipment for temperature,
moisture, biomass, and substrate physical properties (particle size, porous structure,
strength, viscosity, springiness, heat conductivity coefficient, thermal diffusion
coefficient) of substrate in the process of SSF and enzymatic hydrolysis are
imminent, and they would strengthen the understanding of biochemical conversion.
Meanwhile, they might promote the biomass biochemical transformation industry
to achieve a real breakthrough.

Fig. 7.2 Near-infrared
spectroscopy
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7.1.4 Analysis and Comparison of Various Nondestructive
Testing Technologies

Nondestructive testing consists of a wide group of analysis techniques used in
science and technology industry to evaluate the properties of a material, component,
or system without causing damage [19]. Because nondestructive testing does not
permanently alter the detected objects, it is a highly valuable technique that can
save both money and time in product evaluation, troubleshooting, and research.
Nondestructive testing is commonly used in mechanical engineering, petroleum
engineering, electrical engineering, civil engineering, systems engineering, aero-
nautical engineering, medicine, and art [19].

Nondestructive testing is an indispensable tool for modern industrial develop-
ment. Common nondestructive testing methods include ray, ultrasonic, electro-
magnetic, infiltration, eddy current, microwave, and infrared thermal imaging.

Ultrasonic is a kind of mechanical waves, the frequency of which is 20 kHz–
200 MHz. It features high frequency, short wavelength, high energy, good pene-
trability, and small attenuation in propagation in liquid and solid. Ultrasonic is very
important in the fields of geology and medicine. The detection principle of ultra-
sonic is based on the differences of various acoustic characteristics in the medium.
The characteristics such as Doppler shift are generated by reflection, refraction,
scattering, diffraction, attenuation, and relative movement when acoustic waves are
in two different interfaces, thus the received waves carry various information of the
physical and mechanical properties of the measured medium. In addition, other
advantages of the ultrasonic nondestructive testing are the low cost of equipment,
small size, portable probe with plug and play, shape control and high precision and
speed, which meet the needs of industrial production. Ultrasonic diagnostic testing
is one of the most widely used methods in nondestructive testing.

From a theoretical perspective, the sound velocity, attenuation, impedance, and
scattering characteristics of ultrasonic carry much information of the materials,
which can be used in the detection and characterization of the surface morphology,
structure and mechanical properties, and are very suitable for the online detection of
basic properties such as particle size, porosity, and mechanical properties during
SSF process. However, the physical properties of the ultrasonic result in the limi-
tation for application. Ultrasonic cannot pass through the interfaces with very
different impedances, such as interface between air and solid as well as air and
liquid, and it needs to couple the probe with solid or liquid to discharge the air. On
the basis of this, in medical ultrasound detection, coupling agent was commonly
used in coupling probe and human skin.

SSF medium is a multi-phase system composed of gas–liquid–solid phases and
microorganism. The gas is continuous phase, and the particle size is not uniform,
resulting in the various and complex interfaces of medium. Ultrasonic attenuation in
such medium is serious, and penetration ability is poor. For example, penetration
distance of 50 kHz ultrasonic is not more than 2 mm, so it is difficult for ultrasonic
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to deeply scan solid-state substrate. However, based on the principle of ultrasonic
reflection, it is possible to characterize the morphology of the SSF medium.

Computed tomography (CT) is commonly used in medical, aerospace, and
military industry, which can obtain the three-dimensional imaging of objects by
two-dimensional scanning. Based on the high sensitivity and precision, it plays a
more and more irreplaceable role in the medical and military fields. However, the
biggest obstacle in its promotion and application is the high cost, which is not
suitable for large quantities of applications in general industrial production.
Therefore, CT is not suitable for online monitoring of the SSF process.

Near-infrared (NIR) spectroscopy is the fastest growing and most spectacular
spectroscopic analysis techniques since the 1990s. It can provide the similar
information about frequency doubling and frequency absorption of hydrogen as
classical mid-infrared spectrum. Compared with the mid-infrared spectrum, NIR
has strong penetrating power, which need not sample preparation, does not destroy
the sample, is suitable for quantitative analysis, and can achieve long-distance
online detection. Because of these characteristics, NIR has become one of the most
common detection technologies for SSF in recent years. NIR has been used for the
online determination of organic acids, polysaccharides, water, pH, and biomass in
SSF processes. However, this method still has the disadvantages of high cost and
small monitoring scope, and it has not been applied in large scale in SSF industry.

The development of microwave detection technology is relatively late, while it
can pass through the air easily without coupling agent. In recent years, it has been
applied to nondestructive testing of nonmetallic materials. The attenuation is large
when microwave passes through the metal conductor, while it can penetrate very
thick nonmetallic materials, so it can be used to detect the internal structure and
defects of nonmetallic materials. The basic principle of microwave detection is the
comprehensive interaction of microwave with material. On the one hand, micro-
wave generates reflection, scattering, and transmission at the discontinuous inter-
face. On the other hand, the microwave interacts with the material (polarization),
and then the microwave field (amplitude, frequency, and phase) is influenced by
two dielectric parameters (dielectric constant and dielectric loss tangent) and geo-
metrical parameters (material size, shape) of materials. It is well known that the
dielectric parameters of a material are function of material composition, structure,
uniformity, orientation, moisture content, and so on. Therefore, the properties of the
material can be inferred from the variation of microwave field.

It can be seen that the microwave detection makes up for the deficiency of
ultrasonic detection of nonmetallic porous materials, with characteristics of no
coupling agent, noncontact measurement, and fast detection. Microwave detection
is very suitable for the detection of parameters of SSF process. The shortcoming is
that the microwave detection technology is relatively immature, and the testing
equipment and model algorithm is not perfect, so it is not applied in the SSF
industry currently.

Infrared thermal imaging detection is out of the conventional nondestructive
testing technologies (ray, ultrasonic, electromagnetic, infiltration, and eddy current).
However, infrared thermal imaging is developing rapidly, and it has been widely
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used in the aerospace, military, power, and many other fields. Infrared thermal
imaging has the characteristics of optical scanning, video display, rapid measure-
ment, and online temperature mapping. The detection accuracy of infrared thermal
imaging is high up to 0.05 °C, and the resolution is up to nanometer level. Infrared
thermal imaging has great advantages and potential in SSF (due to its high reso-
lution and temperature mapping, the real-time growth of microorganism can be
achieved).

7.1.5 Development Trend of Detection Technologies

Based on the analysis and comparison of various detection technologies in the
Table 7.1, from the view of principle and economy, it can be concluded that SSF
process can be online monitored by infrared thermal imaging (which is used to
dynamic monitor the surface temperature and hypha distribution), near-infrared
absorption spectroscopy (which is used to detect chemical information such as
water content, pH, polysaccharide, and cellulose), and microwave detecting tech-
nology (which is used to detect physical information such as medium moisture,
particle size, and structure).

In addition, based on the dynamic correlations between the physical properties of
the medium and the fungus growth, the mechanical properties of the medium, such
as hardness, cohesion, viscosity, elasticity and deformation, can be measured online
by dynamic strain gauge, which could reflect dynamic changes of medium porosity,
strength, viscosity, elasticity, and even water content. The real-time heat transfer
characteristics and the medium temperature distribution in SSF process can be
obtained by the online thermal conductivity meter and the temperature sensor,
which could guide the control of ventilation, spraying water, or other operations.

Owing to the deficiency for current hardware sensor, some important parameters
in SSF process cannot be obtained. Therefore, developing soft measurement
technology is the trend for monitoring complex process parameters in high-solid
and multi-phase bioprocess. The basic idea of soft measurement is to organically
combine the theory of automatic control with the knowledge of production process.
Computer technology is used to select important variables that are difficult to
measure or temporarily unable to measure, and to construct some mathematical
relations to infer or estimate, then to replace the function of hardware. Thus, soft
measurement technology is important for parameters monitoring and controlling of
modern process engineering, which has been used in more and more industrial
processes.

In summary, the trend for parameters monitoring and controlling of high-solid
and multi-phase bioprocess is developing advanced hardware sensors and novel
analytical instruments. Furthermore, development of economical, efficient,
real-time, high-throughput soft measurement is urgent to meet the requirements of
large-scale industrial production.
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Table 7.1 Principle, advantages and disadvantages of various detection technologies

Technology Principle Advantages Disadvantages Suitable

Magnetism Nuclear
magnetic
resonance

Relaxation time
differences of
H/C Proton

The qualitative,
quantitative and
indirect
characterization
of the structure
of material

Difficult to
scale up, and
high cost

×

Light Infrared
spectroscopy
(absorption
spectrum)

Vibration and
rotation of the
molecules
group

online
nondestructive
testing of
material
composition,
structure and
mechanical
properties, with
a portable probe

High cost √ ？

Raman
spectroscopy
(scattering
spectra)

Molecular
vibration and
rotation

Online,
nondestructive
testing of
material
composition,
structure and
mechanical
properties, with
a portable
probe; not
affected by
water, can
achieve
qualitative and
quantitative
spectral analysis
of water,
powder, block
and surface
media

High cost √ ？

Ultraviolet
spectrum
(UV)
(absorption
spectrum)

Electron
transition, the
selective
absorption of
spectra

Liquid samples
required
transparent, not
suitable for
sample of solid
phase

×

Fluorescence
spectrum
(absorption
spectrum)

Fluorescent
light emitted
under the
irradiation of
excitation light

×

X-ray
diffraction
(XRD)

Determine the
crystal structure

×

(continued)
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Table 7.1 (continued)

Technology Principle Advantages Disadvantages Suitable

Ultrasonic
inspection

Doppler shift
occurs at the
two different
interfaces by
reflection,
refraction,
scattering,
diffraction,
attenuation, and
relative motion

Online,
nondestructive,
portable, low
cost

Large gas–
solid, gas–
liquid interface
attenuation,
poor
penetration;
need coupling
agent; difficult
to detect small
crack( <1 mm)

×

Wave Microwave
Testing

Reflection,
scattering,
transmission
occurred at the
discontinuous
interface, on the
other hand, the
microwave can
also be
polarized with
the material
being tested,
measuring the
electrical
parameters and
geometric
parameters

Easy to
penetrate the air
medium, do not
need coupling
agent, suitable
for nonmetallic
porous media
measurement,
noncontact
measurement,
fast.

The technology
is not yet
mature,
currently.

√ ？

Machine
vision

Ultraviolet
microscopy

Imaging system
installation
conditions is
hard; high cost;
Less
information can
be stripped
from the image

×

Fluorescence
microscopy

Confocal
microscopy

Scanning
electron
microscope

Atomic Force
Microscope

Infrared
thermography

Transform the
invisible
infrared
radiation into
recognizable
temperature
maps

Noncontact, no
damage, high
precision, high
resolution, fast,
can provide
more
information

Only detect
surface

√
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7.2 Novel Online Detection Methods of High-solid
and Multi-phase Bioprocess Parameters

7.2.1 Imaging Nondestructive Detection Method
of High-solid and Multi-phase Bioprocess

Rapid quantifying the concentration of glucose solutions is vital in the process
high-solid and multi-phase bioprocess. The development of cheap, fast, and robust
standard analysis techniques is of great importance. Nowadays, the colorimetric
methods (such as the Anthrone method, phenol–sulfuric acid method and
3,5-dinitrosalicylic acid method) are still widely used, because of their simplicity
and low cost. However, the measurement process is carried out in a spectropho-
tometer, the low throughput of which presents practical difficulties of usage for
quick detection [20].

Color is a three-dimensional psychophysical phenomenon [21]. By defining a
color space, color information can be transformed into numerical values, color
library data, etc., that can be treated as analytical information [22]. By treating
colors as digital information, not only the “colors” themselves can be made use of
but algorithms also can be applied to mine the numerical values converted from
color information [23]. With the help of a camera and data processing software
(such as Matlab, R, etc.), the image of thousands of samples can be recorded within
seconds and rapidly transformed into a measurement report on a personal computer.
Until now, digital color analysis has found applications in the chemical medicine,
biological, drug and food analysis fields. Compared to conventional methods,
digital color analysis has many fundamental advantages, including (1) a higher
throughput, (2) a shorter analysis time, (3) an improved performance and reliability,
(4) the potential for in situ operation, and (5) the potential for real-time analysis.
Furthermore, the digitized color data are easily integrated with automated algo-
rithms to achieve automated operation.

In the present chapter, we attempted to set up a digital color analysis method to
substitute the use of a spectrophotometer in colorimetric glucose detection. The
suitable calculation algorithm for glucose detection using color information was
investigated. Experimental tests are also performed to compare the accuracy and
efficiency of the proposed method with that of the traditional DNS and
high-performance liquid chromatography (HPLC) method. The feasibility for the
detection of other reducing sugars was also investigated. It is expected to open a
new and effective way in the efforts toward material measurement and biochemical
analysis [20].

7.2.1.1 Methods Establishment

The Traditional DNS Method In the traditional DNS method, 0.5 mL of the
standard glucose solvent with concentrations of 0–3 g/L was added to colorimetric
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tubes and diluted with water to 2 mL. Then 2 mL DNS broth was added and kept in
the boiling water bath for 2 min. After being cooled in running tap water, the
solution was diluted to 10 mL using water and scanned for the absorption spectrum
against a blank solution within 3 min using a spectrometer (UV2550, Shimadzu,
Japan) at OD540. The experimental procedure of the traditional DNS method was
shown in Fig. 7.3a.

Color Development Recording The working procedure of the digital image
processing method for measurement was shown in Fig. 7.3b. In this method, glu-
cose samples were detected in a 48-well microtiter plate (as shown in Fig. 7.4a).
Each microtiter well was loaded with 1 mL water in advance. 100 mL of the
samples and 100 mL DNS were transferred into the 48-well microtiter plate and
mixed using a pipette (A0632010, Eppendorf, Germany). The final volume of each
well was 1.2 mL. Then, the plate was placed in a thermostat heater (MT70-2,
Hangzhou Aipu Instrument and Equipment Co., Ltd, China) at 100 °C for color
development. The image of the samples was taken by a digital camera
(TP614000B, Hangzhou ToupTek Photonics Co., Ltd, China) after or during the
color development. To avoid impact from the environment, the images were taken

Fig. 7.3 Procedure comparison between the traditional method and digital color analysis method.
a shows the working procedure of the traditional OD method and b shows the working procedure
of the digital color analysis method [20]
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in a special box equipped with a light and a microwell plate heater (WS-350P/
WS-350B, Shinetek Instruments Co., Ltd, Beijing, China).

Before delving into the work, we shall briefly describe the definitions and dif-
ferences between the color models we considered.

RGB. Color in the RGB system is produced by any additive or subtractive
mixture of the spectra of the three primary colors of red (R), green (G), and blue
(B). Their corresponding monochromatic primary stimuli occur at 700, 546, and
436 nm, respectively. On an 8-bit digital system, color is quantified by numeric

Fig. 7.4 The quantitative relation between primary colors and glucose concentration in the DNS
method. a shows the color development procedure in the 48-well microplate. b–d show the
quantitative relation between glucose concentration and the primary colors from the RGB, HSV
and HSI color spaces, respectively [20]

306 7 Online Detection of High-solid and Multi-phase Bioprocess …



tristimulus R, G, B values that range from 0 (darkness) to 255 (whiteness) [24]. The
three colors were 3 color matrixes [22]. In our research, the color value is the
average value of the corresponding color matrix, which was analyzed by Eq. (7.1).

R ¼
P j

0

Pi
0 Rðx; yÞ form R color matrixin RGB color space

j� i
ð7:1Þ

HSV Hue-saturation-value (HSV) and hue–saturation–intensive (HSI) are the
two most common cylindrical coordinate representations of points in an RGB color
model. HSV describes colors (hue or tint) in terms of their hue, shade (saturation)
and their brightness (value). It was first used to describe colors by Alvy Ray Smith
in 1978. Comparing with the RGB system, HSV is a very intuitive way to represent
colors in some applications, such as object tracking, human face detection, etc. In
the calculation processing, HSV values were first converted from RGB following
the method that Ford and Adrian proposed [25], which is achieved in Matlab 2014a
(Maths, USA) with the function rgb2hsv from the Image Processing Toolbox. Then
the average values of the corresponding color matrix (HSV) were calculated with
the function mean [26].

HSI HSI model defines a color model in terms of its components, which refers to
the hue, saturation, and color intensity. This space has the ability to separate the
intensity of the intrinsic information of color; therefore, it is suitable for processing
images that present lighting changes. The hue and saturation in the HSI model are a
bit different from those in the HSV model because of the differences in the con-
version equations. In the calculation processing, HSI values are first converted from
RGB following the method that Ford and Adrian proposed [25]. Then the average
values of the corresponding color matrix (HSI) were calculated with the function
mean [26].

All the parameters used for color description are dimensionless. The scale of the
parameters is summarized as follows: RGB model: R, 0–255; G, 0–255; B, 0–255;
HSV model: H, 0.0–1.0; S, 0.0–1.0; V, 0.0–1.0; HSI model, H, 0.0–1.0; S, 0.0–1.0;
V, 0.0–1.0.

Based on our research, the R2 (correlation coefficient) values between the pri-
mary colors and glucose are: (a) RGB color space: R, 99.8; G, 51.3; B, 61.6%;
(b) HSV color space: H, 56.9; S, 92.3; V, 82.3%; (c) HSI color space: H, 60.1; S,
93.4; I, 67.9%.

Nonlinear t Method Figure 7.5 illustrates the colorimetric reaction between the
DNS reagent and glucose. As shown, it is the formation of 3-amino-5-nitrosalicylic
acid that leads to the color development. According to the law of mass action, the
formation rate of 3-amino-5-nitrosalicylic acid was controlled by the concentration
of glucose and DNS. Assuming the reaction obeys second-order reaction kinetics,
the generation rate of 3-amino-5-nitrosalicylic acid can be determined in accordance
with Eq. (7.2):
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dc
dt

¼ kðx0 � cÞðc0 � cÞ ð7:2Þ

where c is the concentration of 3-amino-5-nitrosalicylic acid produced (mol/L), x0 is
the initial concentration of glucose before the reaction occurred (mol/L) and c0 is
the initial concentration of DNS before the reaction occurred (which is 0.0276 mol/
L in our research). t is the reaction time (min). k is the reaction rate constant
calculated by the Arrhenius formula [27] Eq. (7.3):

k ¼ k0e
�E0=TR ð7:3Þ

where k is the reaction rate constant, k0 is the frequency factor (min−1), E0 is the
activation energy (kJ/mol), R is the universal gas constant, R is 8.314 J/mol/K and
T is the reaction temperature, which is set at 100 °C throughout our study. It should
be noted that k is a fixed value in a specified reaction under a stable temperature.

Therefore, by integrating Eq. (7.3), the formation of 3-amino-5-nitrosalicylic
acid (also the glucose consumption kinetic equation) was achieved as Eq. (7.4):

Fig. 7.5 Colorimetric reaction of DNS reagent and glucose [20]

Fig. 7.6 Calculation of k
(reaction rate constant) for the
color development dynamics
model [20]
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c ¼ � c0 � x0eðc0�x0Þðc3 þ ktÞ

eðc0�x0Þðc3 þ ktÞ � 1
; ð7:4Þ

where c3 ¼
Inðc0x0Þ
c0�x0

ct¼0 ¼ 0ð Þ:
Our experiments proved that this kinetic model also applies to other reducing

sugars including xylose, fructose, and maltose, except for different values of k.

7.2.1.2 The Relationship Between Primary Colors and Glucose
Concentration in the DNS Method

Color is commonly measured using a spectrophotometer in the colorimetric
methods. However, color can be broken up into different primary colors in different
color spaces. Different color models are suitable for different purposes, including
descriptive purposes and analysis purposes [24]. The best suited color model(s) can
provide the best result. Therefore, to determine the best suited model for the
quantitative description of the DNS method, the images of the reacted broth with

Fig. 7.7 The measured and predicted color development processes of samples with different
glucose concentrations at 100 °C. The dots stand for the experimental data and the red lines stand
for the predicted values by the kinetic model of color development [20]
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different glucose concentrations (0, 0.5, 1, … 2.5 g/L) were analyzed in different
color models (RGB, HSV, HSI). The correlationship analysis between the primary
color values and glucose is given in Fig. 7.8.

The correlation coefficients range from 51.3 to 99.8% and the best result was
achieved by R from the RGB color space (99.8%). A. S. Raja et al. also found that
RGB data of a color image of the assay is suitable for blood glucose measurement
[28]. As the comparison group, the R2 (correlation coefficient) value of the tradi-
tional method was 99.6% (data not shown). It means that the accuracy of the
concentration measurements obtained using R (RGB color space) is comparable to
that of the measurements obtained using the traditional method. Furthermore, this
parameter is stable, simple to calculate and easily obtained from commercial
devices such as scanners and digital cameras.

A fitting process was conducted on the R value and glucose concentration. The
result is given in Eq. (7.5):

R ¼ 150� 60� Glu; ð7:5Þ

Fig. 7.8 The ANNs model for detection of high concentration glucose. Figure 7.8a showed the
kinetics of color development reactions with different glucose concentrations (1–10 g/L); Fig. 7.8b
showed the architecture of the neural net model; Fig. 7.8c showed the prediction results of the
ANNs (only 20 samples were given). The dots stand for the calculated values by ANNs; Fig. 7.8d
showed the calculation error of the ANNs model [20]
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where R is the R (or red) value (from the RGB color space) of the reacted broth
image and Glu is the glucose concentration of the samples for detection (g/L).

By converting Glu into the true molar concentration in the mixture, Eq. (7.5) can
be written as follows:

R ¼ 150� 60� 180� c; ð7:6Þ

where c is the molar concentration of the glucose sample for measurement (mol/L);
180 is the molecular weight of glucose (g/mol).

7.2.1.3 The Calculation Algorithm for the Direct Calculation of a High
Concentration of Glucose by Color Analysis

Obviously, samples with less than 2.5 g/L of glucose can be directly calculated by
the digital color analysis method Eq. (7.3). However, the R value of any sample
with more than 2.5 g/L of glucose falls to zero if the reaction proceeds completely.
In other words, the digital color analysis method can only measure the samples with
less than 2.5 g/L of glucose in this case. However, how to expand the measurement
range seems worth studying. It is because a large detection range can not only
liberate the operators from the time-consuming dilution operations, but also avoid
some possible human bias in measuring. A large detection range will bring con-
venience to many bioanalysis applications, such as strain screening [29], fast sugar
quantification in food [26] process monitoring [30, 31].

To extend the detection range of color analysis, there are two protocols in the
toolbox: a nonlinear t based on color development dynamics and an artificial neural
net trained with the experimental data of the R values and glucose. Therefore, the
goal of the following part was to find the suitable strategy for the direct detection of
a high concentration of glucose.

7.2.1.4 Nonlinear Fit Based on Color Development Dynamics
for the Direct Detection of a High Concentration of Glucose

Color development dynamics models are widely employed for chemical measure-
ments [22, 32]. Conventionally, to obtain a sufficiently accurate and robust math-
ematical model for a color development process is a time-consuming and harsh
task, due to the exceeding complexity in the accurate recording of the colors and
glucose concentration. However, with the help of a digital camera and Eq. (7.6),
this can easily be achieved by: (1) recording the color development process,
(2) extracting the color values from the images, and (3) fitting the data to the kinetic
equation.

The kinetic equation for the color development was deduced in the experimental
section. The color development kinetics Eq. (7.7) can finally be achieved by
combining Eqs. (7.4) and (7.6):
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R ¼ 150þ 60� 180� n� c0 � x0eðc0�x0Þðc3 þ ktÞ

eðc0�x0Þðc3 þ ktÞ � 1
; ð7:7Þ

where n is the dilution factor, which is 12 in our study. c3 ¼ Inðc0x0Þ
�
c0 � x0 (cal-

culated from Ct¼0 ¼ 0); k was calculated according to the Arrhenius equation [27]
Eq. (3). Because the operation is set at 100 °C throughout our study, k is a fixed
value.

To determine the parameter k, we recorded the dynamic process of the color
development of a 2.5 g/L glucose sample at 100 °C (as shown in Fig. 7.6). The
value of k was determined to be 18.49 (mol.min)−1 by fitting the experimental data
to Eq. (7) in Matlab 2014a (Maths, USA) with the nonlinear regression toolbox.
Therefore, the kinetic curves for different concentrations of glucose were given in
Fig. 7.7 (shown by the red lines).

For verifying the accuracy of the calculation result, the measured data of glucose
samples with different concentrations and the predicted data by the kinetic equation
above were compared in Fig. 7.7. All of the correlation coefficients between the
measured and predicted data are above 93%, validating the high accuracy and
validity of our proposed model.

So, based on the color development dynamics achieved, the calculation of
glucose by a nonlinear t method can be achieved by: (1) recording the image at
several time points, and (2) fitting the data of the R values (R > 0) from different
time points to Eq. (7.7). With the help of commercial digital and data analysis
software (Matlab, R, and Origin), the image recording and nonlinear t process can
be carried out automatically.

To determine the accuracy of the nonlinear t method, 20 samples were used for
evaluation. The R data from nine time points (0.5, 1, 1.5, 2.0, 3.0, 4.0, 5.0, 6.0, and
9.0) for each sample were used for the nonlinear t. R2 of the measured values and
the true values was 91.3%. The measurement error gets larger with the increase in
glucose concentration detected, and the maximum error (10.9%) was observed in
the detection of samples containing 20 g/L of glucose.

7.2.1.5 Artificial Neural Nets for the Direct Detection of a High
Concentration of Glucose

Calculation tasks can be handled with artificial neural net (ANN) techniques
without any a priori knowledge requirements on the interdependencies of the
process variables, thus offering a direct approach a direct approach [33]. Artificial
neural nets have the capability to learn from known input/output vector pairs
through iterative training, and to handle highly nonlinear problems [34]. By using
ANNs trained with experimental R data at specified given time points, it is possible
to obtain the calculation results with high accuracy.

In our experiments, the specified points in time were set at 0.2, 0.4, 0.6, 1, 1.5,
2.0, 3.0, 4.0, 5.0, 6.0, and 9.0 min (Fig. 7.8a). The neural net model architecture is
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shown in Fig. 7.8b. 80 samples were used for training and the other 20 were used
for testing. Less than 200 iterations were needed for proper learning. The detection
results are given in Fig. 6c and d. R2 was 99.71% and the largest error was 4.7%,
implying that empirical models derived from ANN can be used adequately to detect
a high concentration of glucose (>2.5 g/L).

The comparison of the three calculation algorithms in this chapter is summarized
in Table 7.2. (1) The linear t algorithm is the easiest one, which is also the most
widely employed one in traditional colorimetric methods. However, it can only be
used for the measurement of a low concentration of glucose (0–2.5 g/L). (2) The
nonlinear t method can be applied to the measurement of a higher concentration of
glucose (0–10 g/L) with higher accuracy. However, it must be based on the
knowledge of color development dynamics. Before application, it is required to
carry out sufficient preliminary experiments to set up the suitable kinetic models.
This disadvantage hinders its application in the detection of other reducing sugars.
(3) ANNs exhibit obvious advantages in practicality, accuracy, and calculation
robustness. The training of ANNs is easy and does not require a priori process
knowledge, making the ANNs process have great potential for the detection of
other sugars.

7.2.1.6 Rapid Detection of Glucose on a 48-Well Plate by Color
Analysis

Based on the studies above, we designed the quick and high-throughput mea-
surement method shown in Fig. 1. The method includes three main steps: (1) mix
the glucose solution sample with DNS in the 48-well microtiter plate and get them

Table 7.2 Comparison of different calculation algorithms for glucose detection by color analysis
[20]

Model
name

Detection
range (g/
L)

Detection
precision
(g/L)

Formula
for data
fitting

Number of
image
needed for
calculation

Advantage Disadvantage

Linear fit 0–2.5 0.07 Eq. 2.7 1 Easy to
operate;

Low detection
range; Dilution
pretreatment is
needed for high
concentration
glucose
detection.

Nonlinear
fit

0–10 0.20 Eq. 2.8 � 3 Precise; Requirement of
knowledge on
color
development
dynamics

ANNs 0–10 0.10 None � 3 Highly
precise;
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to react for the corresponding optimal reaction time under an appropriate temper-
ature (usually 100 °C), (2) extract the R value of the reacted broth image by image
processing, and (3) calculate the glucose concentration by the pretrained ANNs
model (readers can also use the linear relationship between glucose concentration
and the R value as shown in Eqs. (7.5) or (7.6) for glucose detection. In this case,
the dilution process is needed for samples with a high concentration of glucose).

Experimental tests were performed to compare the accuracy of the digital color
analysis method with the traditional DNS method and the HPLC method. The
results are given in Table 7.3. The detection range of the traditional DNS method
was only 0–3 g/L. When the glucose concentration surpasses 3 g/L, the detection
error increased sharply. Meanwhile, the colorimetric method was determined by a
spectrophotometer, and the samples should be treated one by one, which was
time-consuming and labor intensive. HPLC was the most accurate and robust
method. Both the maximum error and the variable coefficient are within 5% in the
range of 0–10 g/L. However, the measurement of one sample needs at least 15 min,
which hinders its application in high-throughput screening. Though not as exact as
HPLC, the digital color analysis method can still well meet the requirement of daily
analytical: the maximum measurement error of 150 samples was less than 9%. Most
importantly, our proposed method owns a significant advantage in throughput and
speed. The speed of the digital color analysis method is 150- and 10-fold that of the
HPLC and DNS method, respectively (shown in Fig. 7.9). This advanced feature
renders this newly developed assay method highly suitable for applications in
glucose-related research.

Table 7.3 Comparison of the detection results using traditional DNS, HPLC and digital color
analysis method for glucose measurement [20]

Method Evaluation
criterion

Standard samples

0.5 g/
L

1 g/L 2 g/L 4 g/L 6 g/L 8 g/L 10 g/L

DNS
method

Mean 0.49 0.98 2.15 3.55 3.42 3.64 3.71

Maximum
error

2.62% 3.12% 4.6% 12.29% 55.36% 67.33% 82.38%

*V-Coefficient 3.42% 4.65% 6.98% 38.96% 44.91% 38.97% 43.63%

HPLC Mean 0.50 1.02 1.98 3.99 5.96 8.05 9.96

Maximum
error

1.13% 1.56% 4.65% 3.26% 4.36% 4.23% 4.32%

*V-Coefficient 3.61% 3.64% 4.12% 3.78% 4.12% 3.89% 4.12%

Color
analysis
method

Mean 0.52 0.98 2.11 4.32 5.81 8.43 9.84

Maximum
error

5.13% 6.23% 8.96% 6.72% 8.88% 8.04% 7.75%

*V-Coefficient 4.51% 5.92% 6.88% 5.78% 4.97% 7.59% 8.41%
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7.2.1.7 Expanding the Application of the Digital Color Analysis
Method for the Detection of Other Reducing Sugars

In order to expand the application of the digital color analysis method for the
detection of other reducing sugars/materials, samples of xylose, fructose, maltose,
and ascorbic acid with known concentrations were used for evaluation. The
experimental results are shown in Tables 7.4 and 7.5.

Validation experiments showed that the digital color analysis method also
applies well to xylose, fructose, maltose, and ascorbic acid. The maximum error of
all the experiments was less than 10%, and the detection results for 150 samples are
available within 15 min. Most importantly, there is no requirement for knowledge
of the color development dynamics of the detected sugars, making the proposed

Fig. 7.9 The comparison of
the operation time of 150
samples with different
measurement methods [20]

Table 7.4 Measurement results of xylose, fructose, and maltose by the digital color analysis
method [20]

Sugar Evaluation
criterion

Standard samples

0.5 g/
L

1 g/L 2 g/L 4 g/L 6 g/L 8 g/L 10 g/L

Xylose Mean (g/L) 0.42 0.94 2.07 3.94 6.06 8.14 10.16

Maximum error 5.23% 5.63% 7.66% 6.56% 6.91% 7.63% 5.97%

*V-Coefficient 6.96% 7.65% 8.05% 7.03% 6.01% 8.82% 5.49%

Fructose Mean (g/L) 0.38 1.12 2.16 4.03 5.87 7.85 9.79

Maximum error 5.46% 7.65% 6.56% 4.78% 7.86% 5.01% 8.60%

*V-Coefficient 3.09% 3.67% 5.99% 4.92% 6.83% 6.73% 6.27%

Maltose Mean (g/L) 0.41 1.16 1.92 4.22 6.07 7.85 9.76

Maximum error 5.61% 5.90% 5.71% 4.66% 5.98% 6.56% 8.12%

*V-Coefficient 4.06% 5.83% 4.81% 6.71% 5.26% 5.42% 7.04%
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method easy to be implemented. Compared with the existing methods, its rapidity
and simplicity makes it a very promising alternative for the quick detection of
reducing sugars.

In order to make sure whether the method is suitable for measurement of a sugar
mixture, we carried out the validation experiments of a glucose–xylose mixture.
The results showed that when used for the measurement of a sugar mixture, its
measurement accuracy decreases (the measurement error rises from 6% for the
single sugar to 10% for mixed sugar), but is still more accurate than the traditional
OD method (measurement error was 15%). In summary, the detection power of the
digital color analysis method is superior to the traditional OD method both for the
detection of a single sugar or a sugar mixture.

The detection limit and range of the digital color analysis method is compared to
that of other prevailing methods, including a biosensor, an electrochemical sensor
and a surface-enhanced Raman spectroscopy (SERS) sensor (as shown in
Table 7.6). With regard to the operability, our proposed method exhibits obvious
advantages. It does not require specialized equipment or professional knowledge.
Common commercial imaging devices such as digital cameras or desktop scanners
are completely satisfactory for the present experiment. The color analysis can easily
be achieved using common commercial so ware, such as Matlab (Maths, USA), R
(Development Core Team, Austria, http://www.r-project.org), and Photoshop
(Adobe Systems, USA). An untrained person can carry out the measurements
easily. However, on the contrary, most of these electrodes and surface-enhanced
Raman spectroscopy glucose sensors are not available in the common libraries,
which hinders their application in common experiments.

In the near future, more work will be done to expand our proposed method in the
field where colorimetric methods are being employed, such as the detection of
ascorbic acid, erythromycin, and enzyme activities.

This study has presented a sensitive and quick glucose detection method based
on color analysis. The red color provides superior precision (99.8%), which is
comparable to the absorbance which is used in the traditional typical
3,5-dinitrosalicylic acid (DNS) method. Combined with the ANNs algorithm, it can
be used for the detection of a high concentration of glucose with high accuracy.
Based on the study above, a microtiter plate (48-well plate) platform based on color
analysis was set up, which owns high measurement throughput and speed. The
measurement of 150 samples only needs 15 min. It also has wide potential

Table 7.5 Measurement results of ascorbic acid by the digital color analysis method [20]

Material Evaluation
criterion

Standard samples (g/L)

0.02 0.05 0.1 0.2 0.3 0.4 0.5

Ascorbic
acid

Mean (g/L) 0.020 0.048 0.011 0.197 0.304 0.402 0.496

Maximum error 2.11% 3.6% 4.41% 4.32% 4.24% 4.88% 6.42%

V-Coefficienta 2.64% 4.1% 4.31% 5.34% 4.67% 5.21% 7.66%
aV-Coefficient stands for the variable coefficient
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application in measurements of other reducing sugars including xylose, fructose,
and maltose. The method proposed does not require specialized equipment or
professional knowledge. Its rapidity and simplicity makes it a very promising
alternative for the quantitation of other reducing substances [20].

7.2.2 Near-Infrared Detection Method of High-solid
and Multi-phase Bioprocess

Fermentation has played a major role in the production of food, alcoholic bever-
ages, enzymes, food additives, and supplements for a long period [15, 43]. There
are essentially two kinds of fermentation modes, either in solid state or submerged
in liquid. In submerged fermentation (SmF), the microorganism and nutrient source
are normally suspended or dissolved in a liquid medium and the growth takes place
in a dispersed cell suspension [44]. While referring to solid-state fermentation
(SSF), it is defined as the growth of microorganisms in absence or near absence of
free water [45].

In recent years, SSF has caused much more attention from researchers since SSF
offers numerous opportunities in processing of agro-industrial residues. And its
processes have environmental friendly advantages of lower energy requirements
and less wastewater production [45, 46]. However, since the continuous phase in

Table 7.6 Comparison of biosensor, electrochemical sensor, and surface-enhanced Raman
spectroscopy sensor for glucose detection [20]

Method Detection
limit

Sensitivity Linear
range

References

Graphene–glucose oxidase
biocomposite biosensor

0.1 mM 1.85 lA/
(mM � cm2)

0.1–
27 mM

Unnikrishnan
et al. [35]

TiO2–Graphene composite
biosensor

Not given 6.2 mA/
(mM � cm2)

0–8 mM Jang et al.
[36]

Zinc oxide nanocomb biosensor 0.02 mM 15.33 A/
(cm2 � mM)

0.02–
4.5 mM

Sun et al. [37]

Mesoporous platinum
electrochemical sensor

0.1 mM 9.6 µA/
(cm2 � mM)

0.0–
10.0 mM

Park et al.
[38]

Nickel ion implanted-modified
indium tin oxide electrode

0.5 lM 0.1895 mA/
(mM � cm2)

1–
350 lM

Tian et al.
[39]

RGO-Ni(OH)2/GCE 0.6 lM 0.01143 mA/
(mM � cm2)

2–
3100 lM

Zhang et al.
[40]

Surface-enhanced Raman
spectroscopy glucose sensor

0.56 mM Not given 0–
25 mM

Lyandres
et al. [41]

Near-Infrared Surface-Enhanced
Raman Spectroscopy

0.5 mM Not given 0.5–
44 mM

Stuart et al.
[42]

Digital color analysis 0.38 mM – 0–
55.6 mM

Xia et al. [20]
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SSF is the gas phase with low thermal conductivity and the culture medium is solid
phase rather than the liquid phase [1], the heat and mass transfers in SSF medium
are more difficult than those in SmF [47, 48]. Thus, the temperature, water, bio-
mass, and product distribution gradients are easily formed in the SSF medium [49,
50]. Gradient phenomena result in unstable product quality and reactor’s low
production efficiency. At present, much attention to the research of reducing heat
and mass distribution gradients is directed toward designs involving mechanical
agitation and rotation [51]. However, the mechanical agitation and rotation may
also lead to microbial mycelium damage while enhancing heat and mass transfers.
Sometimes this negative effect and positive effects of enhancing heat and mass
transfers will cancel each other out [52, 53].

In order to reduce the heat and mass gradients and avoid the microbial mycelium
damage, a novel SSF bioreactor, gas double-dynamic SSF bioreactor (GDSFB) was
devised by our research group [54, 55]. It consists of periodic pulsation of air
pressure and internal air circulation. Pressure pulsation occurs through feeding and
exhaling sterile air in the reactor, not only promoting evaporation and cooling but
also enhancing biological activity by outside periodic stimulation. Internal air cir-
culation is another dynamic process. Its main purpose is to strengthen the internal
airflow and circulation [56].

Early studies have proven that gas double dynamic can reduce the temperature
gradient in solid-state substrate [54] and the effect of gas double dynamic on
cellulase production was studied roughly [57]. However, limited to traditional
analytical tools and the complexity and heterogeneity of the solid medium [58], a
more in-depth study on the effect of gas double dynamic on mass distribution
gradients in medium has not been carried out.

Recently, the development of near-infrared spectroscopy (NIRS) techniques and
chemometrics have resulted in rapid detection for chemical components and have
been widely applied in the fields of food chemistry [59], pharmaceutical tech-
nologies [60], and determination of chemical compositions of straw [61, 62]. Based
on the C-H, N-H, and O-H absorption frequencies by functional groups and scat-
tering at specific wavelength in the near-infrared (NIR) region, near-infrared
reflectance spectroscopy in the range of 11,000–7000 cm−1 has been used for the
analysis of protein, oil, and moisture in many agricultural products, such as cereal
grains, forage, and rice straw [61, 63–65]. This method is based on the construction
of multivariate calibration models combining spectrometric data and traditional
chemical composition results obtained with conventional laboratory methods,
normally consisting of the following three procedures. First, calibrating models,
that is, to construct models or called databases combining NIR spectra properties
and conventional analysis results of large numbers of samples using chemometrics.
For example, as reference data obtained by conventional methods, moisture content
can be measured by the constant weight method, drying at 105 °C [62]. The bio-
mass can be obtained by the chemical analysis of biomass components, glu-
cosamine [66]. Cellulase activity can be determined by filter chapter assay as
described by literature [67]. In order to relate the spectral data to the reference data,
multivariate analysis could be performed with a commercial spectral analysis
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program (TQ Analyst 6.2) and partial least squares (PLS) regression could be used
to construct models [62]. Student’s t-test, internal validation, and external validation
or other validation methods can be performed to check the prediction capacity and
robustness of the obtained models. After the models being checked to be efficient,
the variables such as moisture content, biomass, and cellulase activity of new
samples could be predicted through inputting the collected spectra to the models. In
our previous study, the models were developed based on 50 samples for water
content, biomass, and cellulase activity determination, giving R2-value of 0.994,
0.999 and 0.984, respectively [16], and showing the accuracy of NIRS method.

In this study, the distribution gradients of water, biomass, and product (cellulase)
at different medium depths in gas double-dynamic SSF (GDDSSF) versus static
aeration SSF (SASSF) were studied and compared using NIRS and the developed
models. Based on the distribution regularity, the effects of air pressure pulsation and
air circulation on microbial growth and metabolism in SSF medium were analyzed
and discussed [15].

7.2.2.1 Methods Establishment

A Nicolet Nexus FT-NIR spectrometer (Thermo Nicolet Corporation, USA) was
used to obtain NIRS spectra. The system TQ Analyst 6.2 (Thermo Nicolet
Corporation, USA) was used for calculation and analysis of the spectra.

Remove the tray at the end of fermentation. As shown in Fig. 7.10, the medium
was carefully divided into three layers accordance with the average height. The
height of each layer was about 1.5 cm. In each layer, layout 11 � 7, total 77
collection points, the row spacing and line spacing were 2 cm. The fiber-optic probe
was pointed directly to the collection point to collect NIR spectra. Reprinted from
Ref. [15]. Copyright 2014, with permission from Elsevier.

The settings of the parameters in the experiment were as follows: the spectrum
data range was 4000–10,000 cm−1, the number of scans was 64, and the resolution
was 4 cm−1. The detector has an integrating sphere to collect scattered radiation.
Each sample spectrum was divided by the background spectrum so as to remove the
effects caused by the instrument and atmospheric conditions so as to ensure that the
peaks in the final spectrum were due solely to the sample (Thermo Nicolet User’s
Guide). Each sample was scanned twice, and the two spectra were averaged. The
averaged spectrum was preprocessed by a Karl Norris Derivative Filter to filter out
noise, improving the signal-to-noise ratio of the data. Between samples, the fiber
probe was washed with distilled water and then purged to dry. Since the compo-
sitions of SSF medium and the settings of the NIRS parameters in present and our
previous study were consistent [16], the models or called databases established in
the previous study were applicable to the presently studied system. The collected
spectra were input the models obtained in our previous in TQ Analyst 6.2 [16], then
the average water content, biomass, and product (cellulase) data of the point in the
substrate could be obtained. Using the three-dimensional contour map tool

7.2 Novel Online Detection Methods of High-solid … 319



(Coutour B/W line) in OriginPro 8.0 [68], the water content, biomass, and product
(cellulase) distribution contour graphs of the different layers were then obtained.

7.2.2.2 Enhanced Heat Transfer in Gas Double-Dynamic SSF

Evaporation cooling is an important means of heat removal in SSF [69, 70].
Figure 7.11 shows the water content distribution and changes in different medium
depth and culture time under SASSF and GDDSSF. The data in the figure were
water content of medium with a unit of % (w/w). As shown in Fig. 7.11, there were
always certain water content gradients under the two fermentation styles, respec-
tively. The general law was that upper layer of substrate had lower water content
and lower layer of substrate had higher water content. The water content ratios of
the upper, middle, and lower levels of substrate were 71.44%:72.41%:73.05% at
seventh day under SASSF and 69.72%:70.03%:70.16% at fifth day under GDDSSF
with the initial water contents both were 75.00%, showing that the water contents of
the upper, middle, and lower levels of GDDSSF were all lower than those of
SASSF accordingly. Water evaporating in medium of GDDSSF was easier than that
of SASSF, which was consistent with the previous research by Sheu and Liou that
the periodic air pulsation accelerated the evaporation process in moist solid sub-
strate [71]. However, during the SSF process, evaporation cooling is one important
means of heat loss [69, 70]. As Fig. 7.11 shows, the maximum temperature of
substrate was 39.5 °C under SASSF and 33.9 °C under GDDSSF appeared during
the low-pressure stage (0.0 MPa) with the environmental temperature for fermen-
tation of 30 ± 1 °C. This result indicated that gas double dynamic could enhance
heat removal from the substrate effectively. Meanwhile, since the thermal con-
ductivity of culture medium in SSF is low, the temperature distribution gradient was
formed in the SSF medium which was also shown in Fig. 7.12. In both GDDSSF
and SASSF, the metabolic heat was removed by heat exchange of the culture
medium with air. For the upper level of medium, it was exposed to the air fully

Fig. 7.10 The sketch of the
NIRS collection points in
medium (a, Vertical view; b,
Side view; 1, Upper level; 2,
Middle level; 3, Lower level;
4, NIRS collection points.
Reprinted from Ref. [15].
Copyright 2014, with
permission from Elsevier
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which increased the area of heat exchange and the water evaporated was more, thus
improving the heat removal efficiency. For the lower level of medium, although not
exposed to the air and with less evaporated water, it was contacted with the enamel
tray with low thermal resistance, thus the metabolic heat generated in the lower
level of medium could be transferred relatively timely. While for the middle level of
medium, it was surrounded by the upper and lower levels of medium with relatively
higher temperature and had common water evaporation. Therefore, the heat transfer
driving force was relatively weak, resulting in the higher temperature than that of
the upper and lower levels of the medium. However, GDDSSF affected the vertical
maximum temperature gradient considerably due to that the water evaporation of
the middle and lower levels were accelerated. SASSF resulted in a relatively large
temperature gradient of 3.0 °C cm−1, while GDDSSF decreased this gradient to
0.9 °C cm−1, which provided beneficial conditions for microbial growth and
metabolism in the middle and lower levels of substrate.

Fig. 7.11 Layered distribution of water in solid-state medium. a Layered distribution of water in
solid-state medium cultured for 3 days under static aeration solid-state fermentation (SASSF).
b Layered distribution of water in solid-state medium cultured for 3 days under gas
double-dynamic solid-state fermentation (GDDSSF). c Layered distribution of water in
solid-state medium cultured for 7 days under SASSF. d Layered distribution of water in
solid-state medium cultured for 5 days under GDDSSF. a, upper level; b, middle level; c, lower
level (The X direction represents the long side of the tray while the Y direction represents the short
side. The data in this figure with the unit of % (w/w) and the shades of color reflects the water
content). Reprinted from Ref. [15]. Copyright 2014, with permission from Elsevier
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7.2.2.3 Microbial Growth and Metabolism Properties in Gas
Double-Dynamic SSF (GDDSSF)

To evaluate the effect of GDDSSF on microbial growth, the biomass distributions at
different fermentation stages in medium of SASSF and GDDSSF were investigated.
As shown in Fig. 7.13, the gas double dynamic affected the microbial growth
obviously, which was mainly manifested at the following two aspects. First, it is on
the total amount of biomass. Figure 7.13 shows that the biomass ratios of the upper,
middle, and lower levels were 43.28:39.12:31.23 on the seventh day under SASSF
and 47.90:44.88:43.04 on the fifth day under GDDSSF. Biomass in every level of
GDDSSF was more than that of SASSF, resulting in the total amount of biomass
increased by 19.53%. Second, it is on the biomass distribution gradients. It was
indicated that there was not only vertical distribution gradient (perpendicular to the
bottom of the tray) but also horizontal distribution gradient (parallel to the bottom
of the enamel tray) under SASSF (Fig. 7.13). While under GDDSSF, the horizontal
gradient was not obvious and the vertical distribution gradient significantly
decreased from 1:0.90:0.72 under SASSF to 1:0.94:0.90 under GDDSSF. The
accelerated effect of microbial growth in GDDSSF was discussed as follows. First,
as described above, evaporation cooling was more efficient and it removed more
metabolic heat in GDDSSF than in SASSF, which provided suitable temperature
for microbial growth in GDDSSF. Second, when air pressure in the fermenter
dropped suddenly, the gas phase within substrates would swell and then the swell
would loosen the solid substrates in GDDSSF process. The strategy was very
beneficial to mycelia due to that the method could not only provide sufficient O2 but
also expand more room for fungal propagation and improve heat transfer within the

Fig. 7.12 The maximum
temperature of different bed
heights in gas
double-dynamic solid-state
fermentation (GDDSSF)
versus static aeration
solid-state fermentation
(SASSF) with the
environmental temperature for
fermentation of 30 ± 1 °C
[15]
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substrate [54]. Therefore, the microbial growth in medium, especially in the lower
level, was apparently strengthened compared to SASSF and thus the biomass in
whole medium was increased while the biomass distribution gradient was decreased
in GDDSSF.

In addition to quantitative analysis using NIRS techniques, SEM was used to
observe the microbial growth in the substrates at different layers. The results were
shown in Fig. 6. Similar results were observed as the NIRS analysis. There were
more spores and mycelia in the medium cultured under GDDSSF than those in the
medium cultured under SASSF. Addition to the contrast between the two culture
styles, the difference between the three layers was studied too. As Fig. 7.14 shows,
the biomass distribution gradient under SASSF was more apparent than that under
GDDSSF as the quantitative analysis using NIRS techniques, which also confirmed
the accuracy of the NIRS method.

Fig. 7.13 Layered distribution of biomass in solid-state medium. A Layered distribution of
biomass in solid-state medium cultured for 3 days under static aeration solid-state fermentation
(SASSF). B Layered distribution of biomass in solid-state medium cultured for 3 days under gas
double-dynamic solid-state fermentation (GDDSSF). C Layered distribution of biomass in
solid-state medium cultured for 7 days under SASSF. D Layered distribution of biomass in
solid-state medium cultured for 5 days under GDDSSF. (a) Upper level; (b) middle level; (c) lower
level (The X direction represents the long side of the tray while the Y direction represents the short
side. The data in this figure with the unit of mg biomass/g dry medium and the shades of color
reflects the biomass) [15]
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The results of Figs. 7.13 and 7.14 have indicated that effect of gas double
dynamic on growth of T. reesei YG3 was enhanced. Not only the total amount of
biomass increased but also the biomass distributed more uniformly.

Besides microbial growth, effect on microbial metabolism of gas double
dynamic was also studied. It can be calculated from Fig. 5 that after fermentation
for 3 days, the biomass under GDDSSF increased by 26.4% than that under
SASSF, while cellulase activity increased by 234.3% calculated from Fig. 7.13.

Fig. 7.14 Scanning electron microscope (SEM) analysis of layered distribution of biomass in
solid-state medium. A Layered distribution of biomass in solid-state medium-cultured for 7 days
under static aeration solid-state fermentation (SASSF). B Layered distribution of biomass in
solid-state medium cultured for 5 days under gas double-dynamic solid-state fermentation
(GDDSSF). (a) Upper level; (b) middle level; (c) lower level. Reprinted from Ref. [15]. Copyright
2014, with permission from Elsevier
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This phenomenon indicated that microbial metabolism and cellulase production
may be stimulated by gas double-dynamic stimulation. Following this thought,
microbial respiration rate, which is commonly used as a measure of microbial
activity [72], was determined at different culture times under two fermentation
styles. As shown in Fig. 7.16, gas double-dynamic stimulation improved microbial
metabolism apparently, mainly manifested at the following two aspects: first, on the
peak value of CER. It can be seen from Fig. 7.16 that the peak value of CER under
GDDSSF was 5.48 mg/g dry medium/h and it was 2.17 times of the peak value of
CER under SASSF, indicating that microbial metabolism was enhanced under
GDDSSF. Because neither agitation nor pressure pulsation to strengthen heat and
mass transfers was included in SASSF, it was hard for microorganisms in the lower
level medium to metabolize actively due to relatively high temperature and
insufficient oxygen, making the CER peak value of SASSF low. On the other hand,
the pressure pulsation in GDDSSF motivated ATPase activity, which plays a

Fig. 7.15 Layered distribution of cellulase activity in solid-state medium. A Layered distribution
of cellulase activity in solid-state medium cultured for 3 days under static aeration solid-state
fermentation (SASSF). B Layered distribution of cellulase activity in solid-state medium cultured
for 3 days under GDDSSF. C Layered distribution of cellulase activity in solid-state medium
cultured for 7 days under SASSF. D Layered distribution of cellulase activity in solid-state
medium cultured for 5 days under GDDSSF. (a) Upper level; (b) middle level; (c) lower level (The
X direction represents the long side of the tray while the Y direction represents the short side. The
data in this figure with the unit of IU/g dry medium and the shades of color reflects the cellulase
activity). Reprinted from Ref. [15]. Copyright 2014, with permission from Elsevier
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significant role in the self-regulation that microbial cells feel external environment
of adjustment and adaptation [73–77]. In addition, ATPase hydrolyzes ATP to
produce energy and provide transmembrane proton and ionic gradients for cells
growing thus greatly affecting the microbial metabolism. It was reported that
ATPase activity and medium weight loss rate were linearly dependent under
GDDSSF with correlation coefficient of R2 = 0.9784 [73], confirming that ATPase
activity stimulated the microbial metabolism. Therefore, through increasing ATPase
activity in GDDSSF, the microbial metabolism was accelerated, and thus the CER
of GDDSSF increased.

Second, on the shape of CER curve, for GDDSSF, CER decreased rapidly after
reaching the peak value. While for SASSF, two moderate peaks appeared in the
CER curve. The appearance of two peaks indicated that microbial metabolism
under SASSF was not centralized in view of time. For GDDSSF, due to the periodic
stimulation by pressure pulsation [55], microbe grew and metabolized syn-
chronously, which resulted in the centralization of cellulase production and the
shortening of the fermentation period. For SASSF, since the temperature, water
content in the substrate were not consistent and there was no outside stimulation,
the microbial growth and metabolism were not synchronous, resulting in relatively
long-lasting time for the peak value of CER and extending the time for fermenta-
tion. This result also could be seen in Fig. 7.15 that cellulase activity under
GDDSSF for 5 days exceeded that under SASSF for 7 days by 20.3%.

It could be indicated that gas double dynamic stimulated the metabolism of
T. reesei YG3, which resulted in that the microbe metabolized vigorously and
synchronously and thus shortening the fermentation period.

Fig. 7.16 Carbon dioxide
evolution rate (CER) curves
of gas double-dynamic
solid-state fermentation
(GDDSSF) and static aeration
solid-state fermentation
(SASSF) [15]
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7.2.2.4 Effect on Product Distribution Gradient of Gas
Double-Dynamic Solid-State Fermentation

Product distribution gradient in SSF medium affects the fermentation quality and
efficiency, and thus it is a key aspect for evaluation of SSF performance. In the
present study, the cellulase productivity distributions at different fermentation
stages in medium of SASSF and GDDSSF were investigated. Figure 7.15 indicated
that the fermentation type and time affected the cellulase productivity distribution in
the substrates apparently. The data showed in the figure were cellulase activity with
a unit of IU/g dry medium. Results indicated that cellulase activity gradients
appeared in the SSF medium, and this phenomenon occurs more clearly in SASSF
(Fig. 7.15). In the SASSF medium, the cellulase productivity ratios of the upper,
middle, and lower levels were 1:0.82:0.48 on the third day and 1:0.90:0.78 on the
seventh day, respectively. As for the GDDSSF, the ratios were 1:0.94:0.88 on the
third day and 1:0.95:0.89 on the fifth day, respectively. These results indicated that
at the former stage of fermentation, the cellulase distribution in the whole medium
of GDDSSF has already been relatively homogeneous. While for the lower level of
SASSF, the microbial metabolism at the former stage was weak. At last, the gas
double dynamic reduced cellulase gradient by 20.8% than SASSF. Since the bio-
mass and temperature distribution gradients were reduced by GDDSSF, the amount
of biomass in the lower level was larger and the temperature was lower under
GDDSSF than those under SASSF, and the microbial metabolism in the lower level
under GDDSSF was enhanced, correspondingly. Thus, by promoting more effective
utilization of the lower level of SSF medium, the fermentation product (cellulase)
distribution gradient in GDDSSF decreased apparently and thus the homogeneity of
the fermentation products was improved.

In the present study, the mass distribution in SSF was quantitatively determined
using NIRS. The performance of GDDSSF was investigated based on the mass
distribution regularity in solid-state substrate.

Our present study clearly showed that gas double-dynamic SSF, featuring
periodic pulsation of air pressure and internal air circulation, reduced the mass
distribution gradients in substrate and shortened the fermentation period, which
obviously enhanced the SSF performance. With advantages of improving product
homogeneity and production efficiency, GDDSSF is proved to be an efficient way
of SSF [15].

7.2.3 Fractal-Based Digital Image Detection Method
of High Solid and Multi-phase Bioprocess

Determination of the fungal growth is essential but always difficult for process
control in SSF (SSF) [2]. Since the substrate bed of SSF is complex and hetero-
geneous, fungal mycelia penetrating the substrate particles are impossible to be
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separated, therefore, quantitative recovery of biomass from the matrix is a tough
[78]. Indirect methods such as the chemical analysis of biomass components (chitin,
glucosamine, ergosterol, protein, nucleic acid) [79–81], measurement of biologic
activity (ATP, enzyme activity, respiration rate, immunological activity) [82–85] as
well as using artificial SSF systems (membrane culture, amberlite resin) [86, 87]
have been applied to determine fungal growth. Among these methods, glucosamine
as an indicator of fungal biomass is more reliable [88, 89]. Nevertheless, prepara-
tion and determination of the ingredients from SSF samples are destructive and
troublesome. Recently, near-infrared spectroscopy using a fiber-optic probe has
been put forward to replace chemical methods with its convenience in usage [16].
However, this technique is cost and incapable for online determination of samples
with heterogeneous distribution or large surface areas.

Quantitative fractal geometry yield insights into the mechanism whereby spatial
organization influences the interaction between the heterogenic porous structure and
biotic processes [90]. Combined with high-resolution image capture and image
analysis, the calculated fractal geometry has been used to quantify the relationship
between the morphology and mycelia growth in agar [91, 92], soil [93, 94] and
activated sludge [95, 96], even used in online measurement and process monitoring
[97, 98]. Apparently, quantitative fractal geometry provides an optional economic
way to indicate fungal growth. Involved in this method, various structured models
[99, 100] have been developed, with the main hyphal length and total hyphal length
as morphological parameters. However, the existing models are unable to account
for many observable growing characteristics in SSF. Most of those models focused
on the morphological growth of individual mycelia trees or single colony [92]. In
fact, mycelia always entwine each other [101] and wrap the substrate particles
[102], rarely grow as individuals undisturbed. Meanwhile, the lignocelluloses
substrates (wheat straw, bagasse, and oat hull) are porous and structurally hetero-
geneous, thus cannot be represented by agar. Therefore, the current quantitative
fractal models are mostly improper for mycelia-matrix system in SSF, especially for
those having lignocelluloses as substrates. With digital image analysis, this chapter
developed a method to determine fungal growth according to the morphological
changes of mycelia matrix in SSF. Fractal features of mycelia-matrix during SSF
were investigated using image process, and quantified by fractal dimension.
Relation between the variation of fractal dimension and fungal growth was rea-
sonably modeled and validated in different fermentation systems. Advantages and
the potential use of this method were also discussed [2].

7.2.3.1 Methods Establishment

Images Acquisition of Microbial Cultures At intervals of 24 h, three columned
bottles were taken out to be photographed from both the top and bottom sides of the
cultures, using a 35 mm Cannon Power shot A650 camera fitted with a 50 mm lens.
Images grabbing was performed in 72 bit, 3264 � 2448 pixels matrix. Around 10
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digital images were acquired for each sample and stored in JPEG format. In order to
keep the focal length and the illumination constant, a foursquare polystyrene plate
embodying a central hole was used to fix the camera (Fig. 7.17). Since the central
hole of the polystyrene plate and camera lens had the same diameter, the camera
could be clipped by the polystyrene plate and kept a fixed distance from the culture.
The side length of foursquare polystyrene plate was twice the radius of the bottle,
making it large enough to keep the light inside the bottle uniform for photography.

Digital Image Processing An automated image analysis protocol was devel-
oped in Matlab 7.1. The schematic representation of image processing procedure is
illustrated in Fig. 7.18. The first step of the procedure consisted of the conversion of
RGB images into grayscale images and the subsequent background correction. The
grayscale images were then enhanced by histogram equalization and denoised by
low-pass filtering. In this procedure, function histeq and fft2 provided by Matlab
image processing toolbox were applied; the low-pass filter was programmed
independently. Once the digital images were enhanced, an adaptive threshold
selection named Ostu method [103] was used to get binary images. Ostu can

Fig. 7.17 Schematic drawing
of the image acquisition
method. a the tridimensional
view of the apparatus; b the
vertical view of the
polystyrene plate covering the
bottle mouth [2]
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analyze image histograms automatically and obtain the best threshold value in
statistics. In this chapter, it was carried out by calling function graythresh from the
Matlab image processing toolbox. Then binary images were additionally processed
by image erosion, in which function strel and imerode were called. At last, with the
function edge, contours of the images were detected by Candy operator [2].

Fractal Dimension Calculation Fractal dimensions of the culture were esti-
mated by the box-counting method according to Theiler [104] with some modifi-
cation. Essentially, a series of grids of square boxes with the size of 1–1024 pixels
were positioned to overlay each electronic image. For a series of boxes of side
length s pixels, the number of boxes intersecting the contours of image by the set
(N) was counted. Fractal structures obey the power law relation over a range of
length scales, such that

Fig. 7.18 Schematic representation of the image processing procedure [2]
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N sð Þ ¼ cs�DB; ð7:8Þ

where DB is the box-counting fractal dimension, N(s) is the total number of boxes of
side length s that intersect contours of the culture image, and c is a constant. DB

(surface box fractal dimension) is estimated as the negative gradient of a regression
line through the linear part of the plot of logN(s) against log s, for a sequence of
scales:

logNðsÞ ¼ logcþ �DBð Þlogs ð7:9Þ

7.2.3.2 Changes of Fractal Dimension and Fungal Biomass
During SSF

In order to find out the effect of fungal growth on lignocelluloses substrates and
changes in the fractal dimension of mycelia matrix, cultures on SEWS-bran were
photographed from both the top and bottom sides at 24 h intervals; corresponding
pictures were processed to calculate the fractal dimensions (Fig. 7.19). It can be
observed that, along with the organism growth, lignocelluloses of the substrates
became slender after 72 h and the structure of mycelia matrix turned to be complex
(Fig. 7.19a). The contours of corresponding images underwent a decrease and then
an increase at around 60 h (Fig. 7.19b).

For quantitative study, biomass and fractal dimension (DB) of the cultures were
both determined. During SSF, fractal dimension of mycelia matrix decreased with
the mycelia growth before 60 h, then increased until 132 h when biomass reached
the maximum (Fig. 7.20). According to the box-counting method, fractal dimension

Fig. 7.19 Morphological changes of mycelia matrix in SSF. a original pictures of mycelia matrix
in SSF; b the contours and fractal dimensions of the processed images corresponding to original
pictures. Morphological changes of mycelia matrix in SSF. a. original pictures of mycelia matrix in
SSF; b. the contours and fractal dimensions of the processed images corresponding to original
pictures Reprinted from Ref. [2]. Copyright 2012, with permission from Elsevier
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increases when the image contour multiplies or pores in the matrix structure
accelerate, and vice versa. Therefore, fungal growth first reduced the porosity of the
substrates, and then enhanced it in the later stage.

It should be noted that, in each fermentation periods, relative errors of DB for
different layers of the substrate ranged from 0.001 to 4.42%, the minor difference
indicated that mycelia grew equably throughout substrates bed. Therefore, when the
bed height was around 4 cm, images of the top side of culture could present the
fungal growth in entire bed.

Deduced from the experiment phenomena, the effect of fungal growth on the
morphology of mycelia matrix can be explained by a schematic model (Fig. 7.21).
Initially, only sparse mycelia grow inside the substrate; the matrix can keep the
unbroken porous structure. As the mycelia continue to grow, hypha mainly con-
centrate in macropores (>10 m) with high space filling efficiency [105]. Then
matrix get filled and become less porous than before, but still keep the integrity;
outside the pores, hyphae form shells around the pore tubes. Therefore, the mor-
phological edges blur lead to the decrease of fractal dimension. In the late expo-
nential phase, continuous growth of mycelia utilizes the substrate intensively;
matrix structure is destroyed and breaks into big pieces, more morphological edges
appear in vision and lead to an increased fractal dimension. When microbial growth
gets into stationary phase, further breakage of substrates makes the pieces smaller;
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Fig. 7.20 Variation of fractal
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during SSF. Reprinted from
Ref. [2]. Copyright 2012, with
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Fig. 7.21 Schematic model of the morphological change in mycelia matrix during SSF.
Reprinted from Ref. [2]. Copyright 2012, with permission from Elsevier
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as a result, corresponding fractal dimension increases gently. The physical model
provided theory basis for the mathematical modeling.

7.2.3.3 Kinetic Modeling Based on the Fractal Character of Mycelia
Matrix

Mathematical models were developed to quantify the relations between fungal
growth and morphological evolution of mycelia-matrix system. Logistic equation
was used to describe the organism growth as it gave the most adequate fit in the
majority of reported cases [33].

dX
dt

¼ lMXð1�
X
XM

Þ: ð7:10Þ

In this equation, X was the biomass content in the solid substrate, XM was the
maximum possible biomass content, and M was the maximum specific growth rate.
Because the temperature and water activity within the substrate bed remained
constant throughout the entire growth cycle, effects of environmental variables on
the growth rate were ignored.

It was assumed that the fractal dimension (DB) was eigen feature of mycelia
matrix and equivalent throughout the substrate bed. Variations of DB shared logistic
equation as fungal growth did. Equations 7.11 and 7.12 were constructed to esti-
mate the fractal dimension in different periods of SSF. As observed, DB underwent
a decrease and then an increase along with fungal growth, biomass at this inflection
was named as Xg. When X < Xg, variation of DB and biomass presented linear
correlation as follows:

dDB

dt
¼ aMDB 1� DB

DBm

� �
¼ k1aMX 1� X

XM

� �
ð7:11Þ

When X > Xg, DB got into the increasing stage. At this time, with the decay of
some cells, growth of the mycelia slowed down gently. Therefore, changes in DB

were influenced by both mycelia decay and growth. Equation 7.12 included a
biomass declining coefficient ((X/Xg)−1).

dDB

dt
¼ bMDB 1� DB

DBM

� �
¼ k2bM

X
Xg

� 1
� �

1� X
XM

� �
ð7:12Þ

In Eqs. 7.11 and 7.12, aM and bM respectively represented the maximum
specific decreasing and increasing rate of DB. DBM was the minimum fractal
dimension at the inflection point, DBM was the maximum fractal dimension; k1 and
k2 were equivalent factors for aM and bM, respectively.
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Derived from Eqs. 7.10–7.12, Eqs. 7.13, and 7.14 directly indicated the varia-
tion of DB along with fungal growth, where d and l represented equivalent
parameters for the decreasing and increasing rate of DB.

dDB

dt
¼ dX

dt
k1aM
lM

¼ dX
dt

d
lM

;DB [DBm ð7:13Þ

dDB

dt
¼ dX

dt
ð 1
Xg

� 1
X
Þ

� �
k2bM
lM

¼ dX
dt

ð 1
Xg

� 1
X
Þ

� �
g
lM

ð7:14Þ

To fit the experimental curve with minimal error, parameters d, l, and lM must be
estimated accurately, therefore, initial values of XM, X0, Xg, and DB in equations
were needed. For fermentation on SEWS-bran, the best d, l, and lM were sepa-
rately −0.006, 0.17 and 0.033, with which the relative error of X and DB were
respectively 0.776% and 0.093%. Excellent goodness of fit (Fig. 7.22) indicated
that the kinetic models were quite appropriate for the prediction of X and DB in
SEWS-bran fermentation system.

7.2.3.4 Effect of Substrates Properties on Fungal Growth and Fractal
Dimension

In order to investigate the sensitivity and versatility of the constructed models,
fermentations on SERS-bran with particle length (PL) of 3.5, 1.5, and 0.4 cm as
well as the initial moisture content (MC) of 65, 75 and 85% (w/w) were carried out.
The fungal growth and variations of fractal dimension in different fermentation
systems were investigated; corresponding parameters (d, l, and lM) were estimated
using the algorithm described above.

As shown in Fig. 7.23 (PL 0.4, 1 and 3 cm), DB of SERS-bran fermentation
systems had similar variations with SEWS-bran system: the fractal dimension of the
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mycelia matrix initially decreased then increased at a certain time. Differences in
DB showed significant specificity for corresponding fungal growth.

The constructed kinetic models fitted these curves well (Table 7.7). The relative
errors (RE) of X and DB among all these systems ranged within 0.541–5.221% and
0.454–3.885%, respectively. Therefore, the constructed models were proved to be
reliable.

Differences d, η, lM (Fig. 7.24) reflected the effect of moisture content and
particle length on the morphology of mycelia matrix as well as fungal growth. At
the stage before inflection (X < Xg) (Fig. 7.24a), fractal dimension of mycelia
matrix with small substrate particles declined faster than big ones did when the
moisture content was below 85% (w/w). However, when the moisture content
reached 85%, no significant difference was found among different particles. The
reason is that the movement of hyphal tips in the macropore space was greatly
affected by both the particles’ physical boundaries and the surface tension of the
surrounding water films [100].

Because oxygen diffusion in water is only 1/200,000 of that in air, water tension
is the foremost factor of hyphae distribution. Since the length of the oxygen dif-
fusion pathways through waterlogged areas restricts hyphae growth, increased
moisture content will result in reduced mycelia growth in open pore spaces [105],
further lead to DB reduction. Besides, distance between macropores is another key
factor. Branching hyphae are commonly concentrated within a 50 m shell around
the macropores no matter what size is the substrate particle in [105, 106]. As a 50 m
shell owns relative strong impact on the shape of smaller particle than that of big
particles, DB declines faster in substrates with small particles. However, relation
between ı and M at this stage was nonlinear as shown. Equation 7.13 gave rea-
sonably explanation, which was, DB0 and X0 at 24 h also affect the two parameters
remarkably.

At the stage after inflection (X > Xg) (Fig. 7.24b), DB of substrate with a particle
length of 1 cm rises faster than others over all the ranges of moisture content tested,

Table 7.7 Results of the kinetic model fitting. Reprinted from [2]. Copyright 2012, with
permission from Elsevier

Sample d
(� (−10−3)/
h)

g
(� 10−2/
h)

lM
(� 10−2/
h)

RE of DB

(� 10−3)
RE of biomass
(� 10−2)

A1B1 26 19.4 3.82 1.55 3.6292

A1B2 14.7 9.9 6.82 0.4544 3.2566

A1B3 1.7 4.3 1.52 0.6512 2.7616

A2B1 8.7 30.5 5.91 1.6811 5.2203

A2B2 3.9 12.8 4.96 1.1957 1.8694

A2B3 2.3 32 3.11 1.396 1.5456

A3B1 5.4 9.1 3.87 3.8847 2.1083

A3B2 1.2 2.3 6.21 1.6141 0.5405

A3B3 2.2 5.7 2.73 4.908 3.9831
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which meant substrates with 1 cm particles disintegrated distinctly in the field of
vision. For larger particle sizes, steric limitations that connected with mass transfer
difficulty restrict mycelium growth [107]. Although mycelia owned relative high
growth rate, hyphal within a short distance from the particles appeared in aggre-
gates other than branching ones. As a result, changes in fractal dimension of 3 cm
particles were not significant. As pores between small particles got more filling with
mycelium in the early stage (X < Xg), less space and oxygen were available for
growth of hyphae [107, 108]. Therefore, substrates with a particle size of 1 cm
appeared to have appropriate steric hindrance, nutrient mass transfer as well as
oxygen supply for hyphae branching. According to Eq. (7.14), d and lM at this
stage were influenced by Xg and DBM, therefore, relations between the two
parameters were nonlinear.

Actually, fractal dimension can specifically reflect the fungal growth in different
substrates. Previous researches have confirmed that the growth profiles of
Rhizoctonia solani in soil [109, 110], Rhizopus oligosporus in barley tempeh [111]
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and Physisporinus vitreus in woods [112] could be described with fractal dimen-
sion. Therefore, the image processing and constructed fractal-based kinetic models
present the versatility of predicting the growth profile of filamentous fungi in porous
structured matrix.

Filamentous microorganisms commonly owned special fractal features, and the
analytical system constructed in this chapter was applicable to determine fungi. By
photographing the mycelia matrix dynamically with high-resolution camera and
image processing, the variation curve of fractal dimension was obtained. Based on
the proved kinetic models, parameters can be estimated for calculating the specific
growth rate of mycelia. Also, biomass in different periods can be further estimated
with reasonable accuracy. Especially, with adjustable focus of image acquisition,
this method is applicable for matrixes in various ranges of surface areas.

In conclusion, the coupling of dynamic imaging with kinetic models based on
quantitative fractal geometry was proved effective in the determination of fungal
biomass in SSF. Because the variation rates of fractal dimension of mycelia matrix
in the constructed models presented strong specificity for fungal growth rate, this
method could be used universally in various environments. With advantages of
reasonable accuracy and low cost, this nondestructive method shows potential in
the online determination and further control of SSF, especially for the lignocellu-
loses substrates [2].
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Chapter 8
Industrial Application of High-solid
and Multi-phase Bioprocess

Abstract In this chapter, two typical high-solid and multi-phase bioprocesses
including cellulosic ethanol fermentation and cellulase fermentation are discussed.
In cellulosic ethanol production, selective fractionation and oriented conversion of
lignocellulose based on steam explosion is the core of the whole technology.
Selective fractionation is realized by steam explosion and whole components of
lignocellulose are effectively used. Gas double-dynamic solid-state fermentation is
employed for cellulase production. Both technological and economic feasibility in
the two systems are analyzed. The two demonstration projects prove that high-solid
and multi-phase bioprocess have economic and environmental benefits, which can
effectively promote Chinese bioindustry development.

Keywords Steam explosion � Selective fractionation � Gas double dynamic
Industrial application

8.1 Industrialization Application of High-solid Enzymatic
Hydrolysis Coupled with Fermentation Technology

There are many problems in submerged fermentation which are considered as the
majority of fermentation industry. Annual wastewater production in submerged
fermentation industry is 2.8 billion m3 which causes environmental pollution
because of high concentration of organics produced. Additionally, complex mate-
rial pretreatment and mechanical agitation result in high energy consumption. Low
products concentration lead to high separation cost [1]. Huge pressure from
resources and environment have become the bottleneck restricting the sustainable
development of bioindustry [2]. At present, the crisis of energy, grain, and envi-
ronment is becoming more serious. High-solid fermentation technology which is
featured by high-solid content and less water can be the solution. In high-solid and
multi-phase system, cheap materials (such as corn stover, wheat straw) can be used.
Less water is produced in solid-state fermentation and energy cost is low.
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Therefore, solid-state fermentation could be a solution to energy, food and envi-
ronmental crisis and the focus in green bioindustry [3].

Lignocellulose is sustainable resources which widely spread on earth [4].
Producing high value-added chemicals from lignocellulose has been the hot topic in
various fields around the world. United States Department of Energy has claimed
that no less than 10% petroleum-based products will be taken from biomass by
2020 and increase to 50% by 2050. In 2030, biomass will provide 5% electric
power, 20% fuels, and 25% chemicals. In China, Laws of Renewable Resource
stipulates that 10% primary energy should be taken from renewable energy [5]. No
matter from the view of energy demand or environmental protection, producing
chemical from lignocellulose (such as corn stover) is beneficial to boosting sus-
tainable development and reducing greenhouse gases.

Bioethanol is a promising biofuel which could be produced from lignocellulose.
It has the advantages of environmental friendly and has attracted much attention.
Bioethanol can be used as fuels for cars which could reduce exhaust pollution.
Therefore, as an environmental friendly industry, it should be greatly encouraged.
In the long term, from the perspective of whole ecological balance, it is a great ideal
to produce ethanol from agricultural wastes [6–8]. High-solid loading is the nec-
essary condition to reduce total cost in lignocellulose conversion system and has
become the hot topic in biorefinery. Most scholars focus on converting cellulose
into ethanol while neglecting lignin and hemicellulose in lignocellulose. The single
component utilization will inevitably hinder industrialization of ethanol production
in economy. Additionally, the unused composition will lead to waste of resources
and environmental pollution when released to nature. Selective fractionation and
oriented conversion in biorefinery of lignocellulose targets to break the traditional
concept of single product with single component. It makes the most use of com-
ponents and intermediates, realizing whole components usage and achieving the
most value of the lignocellulose.

8.1.1 Key Technologies of Producing Bioethanol
from Lignocellulose

Ethanol production from lignocellulose has been widely reported at home and
abroad. It has stagnated and the reasons are concluded as follows. (1) It is hard for
one single technology to take the utilization of cellulose, hemicellulose, and lignin
at the same time. Single component usage will cause environmental pollution and
waste of resources. (2) Lacking of the breakthrough of key technologies on the
conversion of cellulosic materials. Pretreatment of the raw material is premise for
lignocellulose conversion. Traditional acid hydrolysis pretreatment could cause
high cost and serious environmental pollution. High price of cellulase directly
increases total cost in ethanol production. (3) Technology integration for industrial
production is deficient [6]. It is difficult to rely on a single technology or take
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utilization of one single component to realize the preparation of ethanol from corn
stover. Biological properties of the raw materials must be fully understood and
methods should be greatly polished. Only by this can the key technological prob-
lems can be solved. The key technical problems and solving strategies during the
development of cellulosic ethanol industrialization are shown in Table 8.1.

8.1.1.1 Efficient and Clean Technology of Components Selective
Fractionation

Steam explosion pretreatment could break down the original organization structure
through instantaneous pressure discharge, pressure difference inside and outside the
material, and collision force between materials and equipment. Compared with
untreated corn stover, porosity and pore size of steam-exploded corn stover
increased 10.12% and 3.74 times, respectively. Specific surface area and curvature
of steam-exploded corn stover deceased 81.79% and 55.27%, respectively. All
changes of the cornstalk proved that steam explosion is an efficient method to break
down the intrinsic tight porous structure of the original plant biomass.

Based on the cognition of porous properties of lignocellulose, steam explosion
can be an effective solution in selective fractionation of lignocellulose refinery. It
can maintain the original macromolecular structure and activate the bioactivity of
degradable components. Most of the components can be made the most use after
steam explosion treatment. From the perspective of efficiency, economy and
cleanness steam is a favorable selective fractionation technology. Based on the
properties of lignocellulose, steam explosion realizes selective fractionation of
hemicellulose and high-valued usage. The cellulose in lignocellulose has been

Table 8.1 Key technical problems and solving strategies during the development of cellulosic
ethanol industrialization

Process Industrialization problems Key technology

Pretreatment of
raw material

Lack of a new, clean, efficient, and less
inhibitors existed process to remove
biomass recalcitrance naturally

With steam explosion as the
core, resolve refining
technology system selectively

Bacterial strain
for fermentation

Problems about pentose/hexose
simultaneous fermentation to ethanol,
how to remove the inhibitors in
enzymatic hydrolysis liquid glucose
efficiently

Strains for pentose/hexose
simultaneous fermentation

Enzymatic
hydrolysis
fermentation
pattern

Long process cycle time of a two-step
method for enzymatic hydrolysis
fermentation

Coordinated enzymatic
hydrolysis of multienzyme
system; new process of solid
phase depolymerization
simultaneous fermentation

Comprehensive
utilization

How to take higher value applications
on each component among raw material

Process of higher value
applications of biomass
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maintained. The destroyed biomass recalcitrance is beneficial to the degradation of
cellulose and improves enzymatic hydrolytic efficiency. Additionally, reducing
inhibitors during pretreatment process can be realized by optimizing steam explo-
sion intensity. The intermediate products can be made the most use. Therefore,
selective fractionation technology based on steam explosion is the breakthrough in
lignocellulose pretreatment, which builds a firm foundation for the industrialization
of ethanol production.

8.1.1.2 Construction and Domestication of Strain Capable
of Co-fermenting Pentose and Hexose

The productivity of bioethanol depends on three factors, including strains, fer-
mentation process, and subsequent extraction process. Good industrial strain has
great significance on quality, output, and production cost of ethanol fermentation
directly. Saccharomyces Cerevisiae is a traditional strain for producing ethanol,
whose genome has been sequenced completely. Saccharomyces Cerevisiae could
make use of xylulose. Constructing metabolic engineering strain of Saccharomyces
Cerevisiae that can make use of the pentose and hexose simultaneously.
Steam-exploded corn stover is considered as the substrate to domesticate modified
yeast strain. And concentrations of glucose and xylose hydrolysate were 135 g/L
and 25.8 g/L respectively in steam explosion corn stover enzymatic hydrolysate.
Ethanol production capacity of the naturalized strain on steam-exploded straw
hydrolysate was investigated. Results showed that resistance and ability of
five-carbon sugar metabolism of the strain were enhanced. Ethanol yield increased
significantly when the steam-exploded corn stover hydrolysate was used as sub-
strate. Dynamic domestication may effectively reduce the sensitivity of ATP syn-
thase to H+ gradient on both sides of cytoplasm membrane of strains. This ensured
normal usage of the oxidative phosphorylation in yeast cells and made the gly-
colysis process smoothly, contributing to improve the cell tolerance ability.

8.1.1.3 Efficient Multienzyme System Enzymatic Hydrolysis
and Synergistic Cooperation

It is the key of reducing enzymatic hydrolysis cost and realizing ethanol production
industrialization to improve the enzymatic hydrolysis efficiency of lignocellulose. With
the development of genetic engineering, the cellulase production also improved sig-
nificantly. However, genetic engineering is never the only way of solving problems in
ethanol production. It must be noticed that lignocellulose is a biomass with complicated
chemical composition and physical structure. High content of lignin–hemicellulose
complex in lignocellulose can lead to invalid adsorption and shielding effect of cel-
lulase. The author has proposed a new enzymatic technology that takes synergetic
advantages among laccase, ferulic acid esterase, helicase, and cellulase. Reducing sugar
yield increased 37.9% and ethanol yield increased by 13.8 times in laccase–cellulase
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system. Additionally, in synergetic system of ferulic acid esterase and cellulase,
enzymatic efficiency of steam-exploded corn stover increased 32%.

8.1.1.4 Enhancing of Depolymerization and Simultaneous
Saccharification by High-solid Enzymatic Hydrolysis

High energy consumption and large amount of wastewater discharge is one of the
key problems for the economic operation of ethanol industrialization [7]. In order to
reduce energy consumption, a new technology was established. High-solid enzy-
matic hydrolysis was employed to enhance deploymerization, followed by simul-
taneous saccharification and fermentation of the whole sugar. Steam-exploded corn
stover is degraded under the condition of 45–50 °C for 7–9 h with high-solid
loading. The pre-degraded substrate was incubated with naturalized yeast for
simultaneous saccharification and fermentation. Over 60 g/L ethanol was obtained
under the condition of 30–35 °C for 63–65 h. In a 400 m3 enzymatic bioreactor,
over 13% reducing sugar was obtained in high-solid enzymatic system. Compared
with step enzymatic and fermentation technology, the period was shortened and
sugar in high-solid enzymatic system did not inhabit enzymatic and fermentation
process. Compared with regular simultaneous saccharification and fermentation,
high initial sugar content improved ethanol productivity and shortened fermentation
period, therefore, increasing economy of biomass-based ethanol.

8.1.2 Demonstration Project

In May 2014, based on the above ethanol conversion technology system, a 10,000
ton ethanol production line has been established in Jilin province, China, which has
realized the large-scale production of straw ethanol. The technical route is shown as
follows (Fig. 8.1).

In this technical route, steam-exploded corn stover was directly subjected to
pre-degradation in multienzyme system after steam explosion treatment. There is no
need for detoxification so as to simplify the technological process. The naturalized
yeast can make use of both pentose and hexose for ethanol fermentation, hence
improving the utilization rate of raw materials and reducing the cost of ethanol
fermentation. Fermented mash was used to produce marsh methane which could be
used in cars after being cleaned and compressed. The residual which was featured
by high lignin content was used for thermoplastic composite material production
with additionally PVC. The multiproduct technology is simple and has great
potential in solving single product in domestic ethanol production market.

The ten-thousand ton ethanol production line includes six steam explosion tanks
(50 m3), eight enzymatic hydrolysis and fermentation bioreactors (400 m3), and
distillation equipment. The line has the production capacity of 20-thousand tons
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lignocellulose-based ethanol, 60-thousand tons thermoplastic composite material
and one million m3 CNG.

An assessment on the economic feasibility has been made for this demonstration
project, and analysis results are shown in Table 8.2. Ethanol, thermoplastic com-
posite materials, and CNG are 20-thousand tons/year, one million m3/year, and
60-thousand tons/year, respectively. The total cost of is distributed to the material
cost, cost of operating, cost of maintenance, and cost of investment. Product cost of
ethanol is mainly affected by the costs of material and investment, the costs of
maintenance and operating accounted for less proportion. It can be seen from
Table 8.2 that the total cost of ethanol production is 6888 yuan/ton. Material costs
accounted for 52.1% of the total cost, including 25.41% of corn stover and 21.78%
of enzyme preparations. Since the project for coproduction demonstration project,
taking the thermoplastic composite materials and CNG production into account, the
comprehensive production cost of cellulosic ethanol is about 5572 yuan/ton, which
is similar to grain ethanol.

The coupling technology of high-solid enzymatic hydrolysis and fermentation
for ethanol production is the solution to improving enzymatic hydrolytic efficiency
and reducing ethanol production cost. This technology has the advantages of less
cellulase, lower cost, and less wastewater. Saccharification and fermentation were
conducted in separate region of the bioreactor which is beneficial to coordinate the
optimum temperature. Additionally, this technology combined saccharification,
fermentation, and adsorption separation, which reduced ethanol cost. The estab-
lished industrial straw refinery technology realized multi-composition utilization
and high-value conversion of the materials. It promotes the footsteps of renewable
energy development and is beneficial to realize the independence of national energy
and reduce environmental pollution. Additionally, the established industrial pro-
duction line of coproduct can greatly promote the development of biomass-based
energy industry and serve human beings.

Fig. 8.1 Ton class of straw refinery industrialization of ethanol production line
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8.1.2.1 Industrialization Application of Gas Double-Dynamic
Solid-State Fermentation Technology

With the continuous consumption of fossil fuels and the increasingly serious
environmental pollution, the world’s energy problem is becoming more and more
prominent. In order to alleviate the problem of the shortage of fossil fuels and
environmental degradation, people have been focused on looking for renewable
energy. Cellulose is the most abundant renewable resource on earth, which accounts
for 80% of terrestrial ecosystem biomass. The full utilization of cellulose is of great
significance in solving environmental pollution, energy crisis, and food shortage
[8]. If cellulose can be economically and effectively converted into fuel ethanol
which could produce biodiesel will alleviate the current energy crisis and envi-
ronmental pollution crisis. Additionally, it will be conducive to human society to
achieve sustainable development. Cellulase is an environmental friendly biocatalyst
and is one of the most important elements in bioconversion of cellulose materials.
However, the cost of cellulase production accounts for about 50–60% of the pro-
duction cost of cellulose-based fuel ethanol, which directly impacts the industri-
alization of cellulose-based fuel ethanol production [9]. Therefore, it is of great
significance to study the production of cellulase with high yield.

The cellulase is mainly composed of three kinds of enzymes including
endo-b-glucanase, exo-b-glucanase, and b-glucosidase. They form the multicom-
ponent enzyme system and play the role through synergy during enzymatic
hydrolysis. Endo-b-glucanase and exo-b-glucanase play the role of degrading
cellulose into oligosaccharides and cellobiose, and b-glucosidase was used to
degrade oligosaccharides and cellobiose into glucose [10, 11].

Table 8.2 Cost of each part in cellulosic production

Name Cost
(¥/ton ethanol)

Product

Ethanol Lignin
thermoplastic
composites

Compressed
natural
gas (CNG) fueling
for vehicles

Material cost 1750.00 1050.00 525.00 175.00

Enzyme cost 1500.00 1500.00

Other material costs 357.13 357.13

Electricity 1135.00 829.20 305.80

Water 36.33 36.33

Steam 540.54 540.54

Wastewater treatment 79.00 79.00

Maintenance
operation

200.00 200.00

Investment 1290.00 1058.4 231.60

Total cost 6888.00 5571.60 1062.40 254.00
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Cellulase has many advantages such as high specificity, mild reaction condition,
and low environmental pollution. However, due to the low efficiency of enzyme
production, long produce cycle, poor heat resistance, short life and high cost, which
limited industrial production of cellulase. Submerged fermentation has been the
main method for cellulose production. Large-scale production of cellulase can be
realized by liquid fermentation, but there are some problems limiting the cellulase
in industrial applications including low productivity and high production costs. The
use of solid-state fermentation for cellulase production has many advantages, such
as low cost and higher productivity (2–3 folds yield of submerged fermentation)
[12]. In addition, the purity of the enzyme is not demanding for the conversion of
cellulose to cellulose-based fuel ethanol, cellulase production by solid-state fer-
mentation can be directly used for enzymolysis of lignocellulose. Cellulase by
solid-state fermentation has high content which reduces the concentration steps of
downstream, further reducing the cost of cellulose production.

But the large-scale production of cellulase by solid-state fermentation is not
rapidly developed, mainly because solid-state fermentation has difficulties in
large-scale sterilization, heat transfer, and mass transfer in the solid substrate [13,
14]. Gas is the continuous phase in solid-state fermentation, and due to the low
thermal conductivity of gas phase and inhomogeneous heat distribution in the solid
matrix, the strict sterilization is usually hard to complete. However, in the heat
sterilization process, heat will not only cause damage to microbial cells but also
cause damage to the nutrients in the medium. In the research of solid medium
sterilization, solid matrix properties should be taken account. In the traditional
solid-state fermentation, mechanical agitation was employed to strengthen mass and
heat transfer in the solid matrix. However, too much mechanical agitation is
harmful to the growth of microorganism, and breaks the mycelium, the shear force
caused by agitation is often harmful to the cell. So it is necessary to study new
solid-state fermentation technology and reactor to solve the problems of difficult
heat transfer and difficult mass transfer in solid matrix of traditional solid-state
fermentation.

8.1.2.2 New Method for High Efficient Sterilization of Solid Medium

As a new method of sterilization, steam explosion is used to sterilize solid medium.
Steam explosion sterilization could reduce the destruction of nutrients as much as
possible under the premise of achieving the sterilization effect. And it improves the
utilization of sterilization equipment and enhances production efficiency. Steam
explosion operating procedures are described as follows: steam explosion tank is
inlet the saturated steam, the pressure can be maintained in a steam explosion tank
for a specific period of time while a certain pressure in steam explosion tank is
reached, and then suddenly relief pressure in the tank. Then the material is
instantaneously excreted with steam [15].
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Steam explosion sterilization is feasible and efficient for solid culture medium.
Two main processes are included in the steam explosion sterilization, including
pressure maintenance stage and pressure discharge stage. During pressure main-
tenance stage, the steam with high temperature and high pressure in steam explo-
sion tank has the thermal sterilization effect. During pressure discharge stage, the
pressure in the tank is suddenly released which will cause the destruction of
microbial cell structure. When sterilized by steam explosion at 128 °C for 1 min,
the microbial survival rate has reached 10−5.1, meeting sterilization requirement
which is less than 10−3. When the conditions of steam explosion sterilization are at
128 °C for 5 min, microbe was completely killed in this system.

Steam explosion sterilization improves the nutrient content of solid medium and
promotes the performance of solid-state fermentation. Under the premise of satis-
fying sterilization, the glucose content of culture medium by steam explosion
sterilized with high-temperature and short-term conditions were 66.7–157.1%
higher than that of the conventional steam sterilization at 121 °C for 20 min of the
same culture medium, steam explosion sterilization effectively raises the solid-state
fermentation level.

Steam explosion sterilization increased the sterilization temperature and which
has instantaneous blasting effect could shorten the high-temperature maintenance
time and reduce the stage of cooling. Comparing with conventional steam steril-
ization with batch operation, steam explosion sterilization shortened 69.8% of the
sterilization time. The total steam consumption of steam explosion sterilization was
1.66% lower than that of conventional steam sterilization. Steam explosion steril-
ization is more efficient than conventional steam sterilization in achieving steril-
ization industrialization, and therefore, promoting solid-state fermentation
development [16].

8.1.2.3 Development of New Type Reactor for Solid-State
Fermentation Process

The key to the success of the industrialization of solid-state fermentation of cel-
lulase is the reactor. As a new kind of solid-state fermentation reactor, gas
double-dynamic solid-state fermentation bioreactor has been applied to the indus-
trial production of cellulase, which has already showed its industrial feasibility. The
pulsation and circulation of airflow in gas-phase double-dynamic solid-state fer-
mentation reactor can effectively improve the heat transfer and oxygen transfer in
the solid-state fermentation process, which could promote the growth and meta-
bolism of the cell and realize large-scale pure culture of strains. The main features
are as follows:

(1) Compared with the traditional solid-state fermentation, the heat transfer and
oxygen transfer in the solid bed in the gas-phase double-dynamic solid-state fer-
mentation reactor can be effectively enhanced by pressure pulsation and the cir-
culation rate. Gas-phase double-dynamic solid-state fermentation reactor can
eliminate the temperature gradient of the solid bed.
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(2) Based on pressure pulsation, air circulation, gas double dynamic (pressure
pulsation and air circulation) was formed, which further improves the temperature
distribution and humidity distribution of solid-state fermentation, and optimizes the
cell growth and metabolism.

(3) Developed a gas double-dynamic solid-state fermentation bioreactor of
100 m3 production scale, which is the largest solid-state fermentation process for
the production of cellulase and other preparations both at home and abroad.

The enhanced effect of the gas double-dynamic state on the solid-state fer-
mentation process is concluded as follows: (1) the gradient of temperature and
humidity in the culture medium is reduced [12]; (2) the particles of the medium are
loosened, and the space for microbial growth is provided [17]; (3) Medium and heat
exchange between the reactor; (4) it can stimulate microorganisms and boost
microbial growth [18]. The gas double-dynamic solid-state fermentation effectively
enhances the heat transfer and oxygen transfer in the solid bed in the fermentation
reactor, and eliminates the temperature gradient in the solid bed. It overcomes the
limitations of traditional solid-state fermentation (such as pure microorganism
culture in large scale) and greatly broadens the application of solid-state fermen-
tation in modern fermentation industry. Additionally, it changes the idea that
solid-state fermentation is an old and backward production method. Compared with
the submerged fermentation, the energy consumption was reduced by 87.5%, and a
large amount of organic wastewater was eliminated.

8.1.2.4 Application of Gas Double-Dynamic Solid-State Fermentation
in the Industrialization of Cellulase

Based on the gas-phase double-dynamic solid-state fermentation, cellulase pro-
duction line with 800 tons of cellulase annually year has been established in
Dongping County, Shandong province, China, and the technical routes which are
shown in Fig. 8.2.

In the technical route, straw is pretreated by steam explosion then directly goes
to gas double-dynamic solid-state fermentation, which has simplified the process.

corn straw
10248 tons per 

year
pretreatment

steam 
explosion

fermentation exteaction

chromatographyfiltrationdrypackaging
cellulase

800 tons per 
year

Fig. 8.2 Flowchart of the cellulase procedure
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Technical route of cellulase production in 100 m3 gas double-dynamic solid-state
fermentation bioreactor is described in Fig. 8.3.

Production of cellulase with steam-exploded corn stover by gas double-dynamic
solid-state fermentation not only shortened the fermentation period (The period of
traditional solid-state fermentation from 6–7 d to 4–5 d) but also improved the
cellulase enzyme activity. After 5 batch experiments, the average activity of cel-
lulase has reached to 120 FPA/g dry medium, which even could reach the highest of
210 FPA/g dry medium.

The cellulase production process by gas double-dynamic solid-state fermentation
reactor has the following characteristics: (1) There is no solid layer mechanical
stirring device. Gas double dynamic and circulating fan could achieve the

Fig. 8.3 Technical route of cellulase production
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requirement of mass transfer and heat transfer together; (2) The positive pressure is
maintained by sterile compressed air so as to strictly meet the requirements of pure
microorganism culture; (3) Gas double dynamic could effectively promote micro-
bial metabolism, and strengthen intracellular and extracellular mass transfer, reduce
the feedback inhibition of metabolite, thereby shorten the fermentation period and
improve the fermentation yield; (4) Air circulation forced by blower ensures the
uniformity of temperature and humidity of the reactor.

The cellulase production line has included four steam explosion tanks with the
volume of 5 m3, and five gas double-dynamic solid-state fermentation tanks with
the volume of 100 m3. This production line could produce 800 tons cellulase
enzyme every year. And the main equipment and models are shown in Table 8.3.

Figure 8.4 shows the 5 m3 steam explosion for high efficient sterilization of
solid medium. And Fig. 8.5 is the 100 m3 gas double-dynamic solid-state fer-
mentation reactor applied to the cellulase production.

This product line has been made an economic feasibility analysis, and the
analysis results are concluded as follows: production capacity of cellulase is 800
tons per year, and the production cost of cellulase is mainly influenced by raw
material cost and the investment cost. From Table 8.4, the total cost of cellulase
production is 19,836 yuan/t, and the cost of raw material occupied 19.4% of total
costs.

Submerged fermentation for cellulase production will not only produce large
amounts of organic wastewater (80 tons of wastewater/per ton of product), but also
consume a large amount of energy. With the application of gas double-dynamic
solid-state fermentation technology to cellulase production, there is no need to
invest in the construction of large organic wastewater treatment plant and save 20
million yuan. Prices of cellulase produced with traditional solid-state fermentation
and submerged fermentation technology for cellulase production were 150,000 and
119,000 yuan/t, respectively. However, the factory price of cellulase produced with

Table 8.3 Main equipment and models

No Equipment and model Size Quantity

1 Solid-state fermentation reactor V100 m3 5

2 Steam explosion tank V5 m3 4

3 Steam braising tank V3 m3 2

4 Germ container V1 m3 N7.5KW 4

5 Air purifier Q120Nm3/min 4

6 Extraction tank V25 m3 4

7 Filter 5 m3/h 2

8 Ultrafilter hollow fiber 2

9 Plate tank 1.5 m3 2

10 Vacuum drying oven 28 kg/h N10KW 2

11 Water ring vacuum pump 2SK-A N7.5KW 2
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gas double-dynamic solid-state fermentation technology is 72,800 yuan/t, consid-
ering all aspects of the production process included. Cellulase price is dropped
substantially which means the biofuel could make a breakthrough in the future.

Fig. 8.4 5 m3 steam explosion tank

Fig. 8.5 100 m3 gas double-dynamic solid-state fermentation tanks
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The production line has established 5 sets of 100 m3 gas double-dynamic solid-state
fermentation tanks. The annual profit could reach 32.1208 million and 10.28004
million yuan of tax.
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