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Abstract 

Corn fiber, a by-product from the corn processing industry, mainly composed of residual starch, cellulose, and hemi-
celluloses, is a promising raw material for producing cellulosic ethanol and value-added products due to its abundant 
reserves and low costs of collection and transportation. Now, several technologies for the production of cellulosic 
ethanol from corn fiber have been reported, such as the D3MAX process, Cellerate™ process, etc., and part of the 
technologies have also been used in industrial production in the United States. The ethanol yields range from 64 to 
91% of the theoretical maximum, depending on different production processes. Because of the multicomponent of 
corn fiber and the complex structures highly substituted by a variety of side chains in hemicelluloses of corn fiber, 
however, there are many challenges in cellulosic ethanol production from corn fiber, such as the low conversion of 
hemicelluloses to fermentable sugars in enzymatic hydrolysis, high production of inhibitors during pretreatment, etc. 
Some technologies, including an effective pretreatment process for minimizing inhibitors production and maximiz-
ing fermentable sugars recovery, production of enzyme preparations with suitable protein compositions, and the 
engineering of microorganisms capable of fermenting hexose and pentose in hydrolysates and inhibitors tolerance, 
etc., need to be further developed. The process integration of cellulosic ethanol and value-added products also needs 
to be developed to improve the economic benefits of the whole process. This review summarizes the status and 
progresses of cellulosic ethanol production and potential value-added products from corn fiber and presents some 
challenges in this field at present.
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Introduction
Owing to the need to reduce greenhouse gas emissions 
and the ever-increasing energy demand, biofuels, such as 
bioethanol, as an alternative energy source, are attract-
ing worldwide attention (Pragya et al. 2013; Rocha et al. 
2014). Biofuel is a multiple objective sustainable resource 
that promises to substitute fossil fuels with energy from 
agricultural and forestry sources while providing a range 
of other benefits (Lovett et al. 2011). In addition, bioeth-
anol can diversify energy supplies while contributing 
significantly to reducing carbon and particle emissions 

(Moore et  al. 2017). Bioethanol is classified into three 
generations depending on the raw materials used in 
production. The first-generation bioethanol is produced 
from grains and starch-based feedstocks, such as sugar 
cane, corn, potato, and cassava. Currently, commercial 
bioethanol is mainly first-generation ethanol. Among 
them, ethanol produced from sugar crops, such as sug-
arcane and beet accounts for 40%, and the remaining 
60% of total ethanol is produced by starch crops, such 
as corn (Mussatto et  al. 2010; Vohra et  al. 2014). Now, 
tens of millions cubic meters of the annual production of 
bioethanol still cannot meet the growing energy demand 
(Lennartsson et al. 2014); on the other hand, the demand 
for feedstocks for first-generation ethanol production 
requires huge cultivatable land while directly competing 
with the food supply (Saha and Cotta 2010; Nigam and 
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Singh 2011; Saini et  al. 2015; Searchinger et  al. 2018). 
This problem has promoted the rise of second-generation 
biofuels (Puri et al. 2012). The second-generation bioeth-
anol is produced from lignocellulosic biomass, such as 
crop residues, woody crops, or energy grasses, which is 
abundant and relatively cheap (Vohra et al. 2014; Byadgi 
and Kalburgi 2016; Robak and Balcerek 2020). At present, 
it is well known that the production of second-generation 
ethanol is technically feasible, but the high production 
costs hinder cellulosic ethanol’s fully commercial produc-
tion (Sims et  al. 2010), which include the raw materials 
cost, pretreatment cost, enzyme cost, etc. Among them, 
the costs of collection and transportation are important 
factors affecting the cost of raw materials.

As one of the easily available lignocellulosic materi-
als, corn fiber has attracted much attention from many 
researchers. Corn fiber is composed of residual starch, 
cellulose, and hemicelluloses and makes up about 10% 
of the weight of corn kernel. In traditional corn ethanol 
facilities, corn fiber passes through the fermentation 
and distillation stages and ends up in the distiller’s dried 
grains with solubles (DDGS) (Bothast and Schlicher 
2005). As a byproduct of the corn ethanol industry, it is 
easily collected and inexpensive for transport. According 
to the estimation, if the corn fiber can be economically 
converted into ethanol, it would increase the total corn 
ethanol production by up to 13% on the existing basis 
while improving the protein content of DDGS (Bothast 
and Schlicher 2005; Nair et al. 2017).

In recent years, several technologies for ethanol pro-
duction from corn fiber have been reported and applied 
in the United States, which have increased the yield 
of ethanol to different degrees. For example, using a 
D3MAX process from D3MAX LLC (USA), the cellulose 
and hemicelluloses in the wet cake are hydrolyzed to fer-
mentable sugars by dilute acid steam explosion pretreat-
ment and enzymatic hydrolysis, which not only increases 
the ethanol production by 10% but also increases the pro-
tein content in DDGS to about 40% (https://​www.​d3max​
llc.​com/​techn​ology). ICM (ICM International) used 
Selective Milling Technology™ to further grind the gran-
ules to release more starch during ethanol production, 
and Fiber Separation Technology™ to separate the fiber 
through counterflow washing. Then both hexose and 
pentose from the fiber were further converted to etha-
nol through pretreatment, enzymatic hydrolysis, and fer-
mentation process. Finally, the total ethanol production 
was increased by about 10%, and the protein content in 
DDGS was significantly increased (https://​icminc.​com/​
proce​ss-​techn​ologi​es/​selec​tive-​milli​ng-​techn​ology/). 
Fluid quip technologies company used Selective Grind 
Technology™ and Fiber By-Pass System™ to expose 
more starch and to shear open the germ to release more 

corn oil, while separating and grinding the fibers after 
the starch was liquefied to increase ethanol production, 
which resulted in a 3% increase in ethanol production 
and 30% increase in corn oil production (https://​fluid​
quipt​echno​logies.​com/​proven-​techn​ologi​es/). Syngenta 
used Cellerate™ process technology to perform dilute 
acid pretreatment and enzymatic fermentation on the 
stillage. In addition, Enogen® corn enzyme technology 
was used to deliver robust alpha-amylase enzyme directly 
in the grain and thus reduced liquid enzyme and chemi-
cal costs. Finally, the ethanol production increased by 6%, 
the protein content in DDGS increased to 40%, and the 
yield of corn oil was also increased (https://​www.​synge​
nta-​us.​com/​corn/​enogen/). In addition, industry play-
ers also include DuPont and Novozymes, which provide 
enzyme preparations for the production of corn fiber 
ethanol. Aiming at the different stages of corn fiber etha-
nol production, Novozymes introduced several enzyme 
preparations, including Frontia®, Fiberex®, etc. For 
example, the wet milling enzyme Frontia® could improve 
the grinding capacity and increase the starch yield, while 
Fiberex® could increase the production of ethanol and 
corn oil.

However, the current production cost of ethanol using 
corn fiber is still relatively high. Besides further research 
on the production process, the concept of biorefinery, 
which produces ethanol and other high-value chemicals 
from corn fiber, has been introduced. The other value-
added products include dietary fiber, corn fiber oil, corn 
fiber gum, xylitol, and so on (Rose et al. 2010). This paper 
reviews the chemical compositions and structure of corn 
fiber, and the status and progress of corn fiber etha-
nol production technology, including the pretreatment 
process, enzymatic hydrolysis, enzyme system, and fer-
mentation. Several value-added products are presented 
(Fig.  1), and some researches in further work are also 
proposed for promoting the technology development of 
corn fiber bioethanol.

Chemical compositions and structure of corn fiber
Corn fiber contains approximately 70% carbohydrates, 
including cellulose, xylan, residual starch, and other 
components, such as lignin, protein, and phenolic acid 
(Noureddini and Byun 2010). Table  1 lists the chemical 
compositions of corn fiber. The total glucan content of 
corn fiber was similar to that of corn stover (30.6%) and 
corn cob (34.8%) (Eylen et al. 2011); however, unlike glu-
cose in corn stover originates mainly from cellulose, the 
glucose in corn fiber is mainly present in starch (Eylen 
et al. 2011). The chemical compositions of corn fiber also 
vary according to the variety and place of production.

Cellulose, the major structural component of plant 
cell walls, is a linear homopolysaccharide consisting of 

https://www.d3maxllc.com/technology
https://www.d3maxllc.com/technology
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glucose units (500–15,000) linked by β-1, 4-glucoside 
bonds, with cellobiose as the smallest repetitive unit 
(Chen 2014; Saini et al. 2015). Hydrogen bonds and van 
der Waals forces make this native cellulose highly crys-
talline, insoluble in water at high temperatures, and 
resistant to enzymatic hydrolysis (Chatterjee et al. 2015). 
Depending on its structural form, cellulose can be either 
ordered (crystalline) or disordered (amorphous) regions 
(Horn et al. 2012).

Hemicelluloses are the main component of corn fiber. 
Hemicelluloses are short, highly branched heteropoly-
mers with 50–200 units consisting of different pentose 
sugars (e.g., d-xylose and l-arabinose), hexose (e.g., 

d-mannose, d-galactose, and d-glucose), and uronic acids 
(Saha 2003). Its acetate groups are randomly attached to 
the hydroxyl groups of the sugar rings with ester linkages 
(Saini et  al. 2015). Hemicelluloses mainly include xylo-
glucans, xylans, mannans, and glucomannans. Compared 
to corn stover, corn fiber had similar xylan content (about 
19% in corn stover) (Eylen et  al. 2011), but significantly 
high contents of other hemicelluloses sugars (Table  1). 
Unlike wood, the hemicelluloses in corn fiber are mostly 
xylan with the common feature of a backbone of β-1,4-
linked xylose residues (Fig. 2). This xylan usually contains 
many arabinose residues attached to the main chain and 
is called arabinoxylan and glucuronoarabinoxylan (GAX) 
(Scheller and Ulvskov 2010). The backbone of xylan is 
highly substituted by various side chains, including ara-
binose, 4-O-methyl glucuronic acid, xylose, ferulic acid, 
and galactose (Beri et al. 2020). Besides monosaccharide 
residues, there are disaccharide residues, trisaccharide 
residues, and even tetrasaccharide residues in the side 
chains. The variety of terminal sugar residues in corn 
fiber hemicelluloses also indicates that its side chain sub-
stitutions are very rich (Kang et al. 2019). Hemicelluloses, 
cellulose, and lignin are cross-linked to form a complex 
network structure, improving the structural stability and 
making hemicelluloses difficult to dissolve and be hydro-
lyzed (Yadav et al. 2007; Kang et al. 2019).

Lignin, found in all land plants, is a complex phenolic 
polymer composed of three phenylpropane units (cou-
marin, sinocrosinol, and coniferous alcohol) connected 
by carbon–carbon (C–C) and ether (C–O) linkages 
(Sharma et  al. 2020). Lignin is mainly located between 
cellulose fibers, plays a role in resisting pressure, and 
keeps the plant’s rigid structure (de Gonzalo et al. 2016). 

Fig. 1  Biorefining of corn fiber to produce fuel and other value-added products

Table 1  Chemical composition (%) of corn fiber (Eylen et  al. 
2011)

Component Composition 
(% dry weight)

Starch 16

Cellulose 14

Hemicelluloses (total) 39

Xylose 18

Arabinose 12

Galactose 3.3

Mannose + Rhamnose 2.0

Glucuronic acid 3.7

Ferulic acid (esters) 3.1

Coumaric acid (esters) 0.3

Acetic acid (esters) 3.2

Protein 10

Lignin 5.7
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At the same time, lignin is also a physical barrier for 
enzymatic hydrolysis and microbial degradation, because 
it is closely combined with cellulose and hemicelluloses 
to form a lignin–carbohydrate complex (LCC) (Bajpai 
2016). Lignin also inevitably leads to the decrease of the 
hydrolysis yield by non-productive adsorbing cellulase, 
blocking the enzyme access to cellulose and reducing the 
cellulases activity (Lu et al. 2018; Feng et al. 2021). Com-
pared with straw or wood (about 20%), the lignin content 
of corn fiber was relatively low (Bertrand et  al. 2016). 
Phenolic acids are the most widely distributed plant non-
flavonoid phenolic compounds found in free, conjugated 
soluble, and insoluble binding forms. They are one of the 
health-promoting phytochemicals found in cereals. The 
common phenolic acids in corn fiber include ferulic acid 
and p-coumaric acid (Menon et al. 2016). Phenolic acids 
have antioxidant properties and avoid cell damage caused 
by free radical oxidation reactions.

Status and progress of cellulosic ethanol 
production technologies from corn fiber
In the traditional corn ethanol production process, the 
starch in corn kernels is gelatinized, liquefied, and fur-
ther fermented into ethanol using simultaneous sac-
charification and fermentation. In this process, the 
recalcitrant structure of corn fiber decreases its accessi-
bility to enzymes, resulting in most corn fiber not being 

converted. To effectively use the corn fiber, pretreatment 
is needed to destroy the structure. It is then converted 
into ethanol by enzymatic hydrolysis and fermenta-
tion (Kurambhatti et al. 2018; Juneja et al. 2021). Similar 
to the second-generation ethanol production process, 
bioethanol production from corn fiber mainly includes 
three steps, pretreatment, enzymatic hydrolysis into fer-
mentable sugars, and ethanol fermentation.

Pretreatment of corn fiber
The complex structure of corn fiber makes it difficult 
to be directly hydrolyzed by enzymes, so it needs to be 
pretreated to improve the enzymatic hydrolysis effi-
ciency. Pretreatment could promote the hydrolysis of 
cellulosic substances by destroying cellulose’s crystallin-
ity, and removing lignin and/or hemicelluloses (Mankar 
et  al. 2021). Effective pretreatment must improve enzy-
matic hydrolysis, reduce carbohydrate loss, and prevent 
the formation of byproducts that may inhibit subsequent 
enzymatic hydrolysis and fermentation steps, such as fur-
fural, hydroxymethylfurfural (HMF), phenolic acids, etc. 
(Qureshi et  al. 2008; Kurambhatti et  al. 2018). Physical, 
physical–chemical, chemical and biological processes 
have been extensively studied for the pretreatment of 
lignocellulosic materials (Hendriks and Zeeman 2009; 
Alvira et al. 2010). This section briefly describes the main 
types of pretreatments related to corn fiber.

Fig. 2  Schematic structure of the sugar moiety of heteroxylans from corn fiber (Saha 2003)
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Physical pretreatment
The purpose of physical pretreatments, for example, 
milling, grinding, and extrusion, is to increase the sur-
face area of the cellulosic substrate and reduce its par-
ticle size and cellulose crystallinity (Harun et al. 2011; 
Mankar et  al. 2021). During physical pretreatment, 
mechanical tools and techniques, such as milling 
machines, grinders, ball mills, etc., are usually used to 
cut or grind the corn fiber, thereby releasing the starch 
bound to it, realizing the homogenization and disper-
sion of the material, and making the enzymatic hydrol-
ysis rate significantly increase. However, physical 
pretreatment such as grinding is an energy-intensive 
process and is not economically feasible commercially.

Lin and Ryu (2014) applied thermo-mechanical 
extrusion to pretreat corn fiber to reduce particle size 
(PS) and evaluated their effects on the bioconver-
sion of corn fiber into fermentable sugars and ethanol 
production. The extrusion was conducted at 140  °C, 
raw and the extruded corn fiber were separated into 
three different PSs (1 > PS ≥ 0.5, 0.5 > PS ≥ 0.3, and 
0.3 > PS ≥ 0.15  mm) with a wire sieve. The results 
showed that thermo-mechanical extrusion pretreat-
ment and PS reduction significantly increased the 
yields of total sugars and reducing sugars, thereby 
improving the fermentation performance, increas-
ing the ethanol yield and the conversion rate of corn 
fiber. Heating during extrusion accelerated the deg-
radation of corn fiber structure and the release of 
hemicelluloses soluble compounds, and reduced 
total content of phenolics degraded from pretreated 
corn fiber. The decrease in total phenol content may 
be due to the decomposition of phenolic compounds 
at high extrusion temperature or changes in molecu-
lar structure (Sharma et  al. 2012). However, unlike 
the corn fiber with large PS, using the corn fiber at 
0.3 > PS ≥ 0.15  mm did not reduce total phenol con-
tent after thermo-mechanical extrusion pretreatment, 
which may be due to the excessive reduction in size 
that caused a large number of phenolic components 
to be released. This was also similar to the results 
reported by Kim et  al. (2017), indicating that a large 
degree of size reduction is not desirable. Singkhornart 
et  al. (2013) combined extrusion pretreatment with 
a chemical pretreatment, through, respectively, per-
formed sulfuric acid pretreatment and sodium hydrox-
ide pretreatment on the extruded corn fiber, further 
increasing the reducing sugar content in the pretreat-
ment filtrate. This indicated the extrusion technology 
was an efficient tool for the dispersion and reduction 
of particle size of corn fiber.

Physical–chemical pretreatment
The physicochemical pretreatments include steam explo-
sion pretreatment, ammonia fiber explosion (AFEX) pre-
treatment, and liquid hot water (LHW) pretreatment.

Steam explosion pretreatment is often used to treat 
lignocellulosic biomass, and its energy consumption and 
cost are relatively moderate (Conde-Mejía et  al. 2012). 
In the steam explosion, high temperature (160–260  °C) 
and high-pressure steam are used to heat the biomass for 
a few seconds to a few minutes. At the end of the reac-
tion, the pressure drops suddenly, making the material 
explode and decompress. During this process, hemicellu-
loses are partially degraded, and the structure of cellulose 
becomes loose due to the destruction of the crystalline 
area, which is conducive to enzymatic hydrolysis (Taher-
zadeh and Karimi 2008). Bura et al. (2002) used a batch 
reactor to steam explode corn fiber at various degrees of 
severity. The corn fiber was impregnated overnight with 
anhydrous SO2 in plastic bags and then put into the reac-
tor for the steam explosion. The results indicated that 
maximum sugar yield (81%) was recovered from corn 
fiber pretreated at 190  °C for 5  min with 6% SO2. Sub-
sequently, Bura et  al. (2003) studied the effect of each 
parameter in the steam explosion pretreatment process 
on the sugar yield through the response surface model. 
It was found that all the parameters studied in the steam 
explosion pretreatment process had significant effects 
on the sugar recovery, inhibitory formation, enzymatic 
conversion efficiency, and fermentation capacity of yeast. 
Steam explosion pretreatment uses limited chemicals 
and requires low energy input, but its high temperature 
and pressure can also lead to the formation of fermenta-
tion inhibitors and further degradation of products.

AFEX pretreatment is an alkaline physicochemical pre-
treatment process, in which, lignocellulose is pretreated 
with liquid ammonia–water mixtures (Balat et  al. 2008; 
Behera et al. 2014). In this process, biomass is exposed to 
liquid ammonia at a moderate temperature. After a brief 
residence time under set pressure, the pressure decreases 
suddenly, which leads to the cracking of the lignin–car-
bohydrate complex and the physical destruction of bio-
mass fiber. AFEX pretreatment has the advantages of 
lower moisture content and lower formation of sugar 
degradation products. Hanchar et al. (2007) mixed corn 
fiber with an equal weight of liquid ammonia at 90  °C 
and released the pressure after holding it for 30  min. 
After AFEX treatment, 84% of glucan conversion rate 
was obtained after 24 h of enzymatic hydrolysis of corn 
fiber, and xylan and arabinan were also dissolved in the 
hydrolysate. Corn fiber gum was precipitated by adding 
ethanol, and then corn fiber gum was hydrolyzed into 
monosaccharides with dilute acid. This indicated that 
although AFEX pretreatment can effectively hydrolyze 
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the cellulose in corn fiber, it is difficult to destroy the net-
work structure of hemicelluloses in corn fiber. Another 
problem of AFEX pretreatment is the cost of ammonia 
and the need for recovery technology.

In the LHW, lignocellulosic materials are treated using 
water at high pressure and high temperature (160–
220  °C) for a certain time. By controlling pH between 4 
and 7, inhibitor formation and sugar degradation could 
be effectively prevented during LHW pretreatment (Hen-
driks and Zeeman 2009). LHW pretreatment can dissolve 
more than 80% of hemicelluloses in biomass and expand 
cellulose’s accessible and susceptible surface area by 
removing hemicelluloses, making it easier to be used by 
hydrolases (Li et al. 2014). Allen et al. (2001) fractionated 
corn fiber by treatment with hot liquid water at low solids 
loadings (5–10%) at 210–220  °C for 2  min, the solubili-
zation of corn fiber reached 54% at 215 °C, and most of 
the pentosans in the hydrolysate were in the form of oli-
gomers. The glucan-rich lignocellulose residue from this 
hot liquid water fractionation was reactive to enzymatic 
hydrolysis and fermentation, exhibiting higher conver-
sion of glucan to ethanol (86%) than that with untreated 
corn fiber (64%), but the liquid fraction from the process 
did not inhibit the final yield of glucose fermentation, 
while the fermentation rate was reduced. Juneja et  al. 
(2021) performed a two-step pretreatment on corn fiber 
separated from whole stillage, including LHW pretreat-
ment and disk milling. The best conditions were that 
corn fiber was treated by liquid hot water pretreatment 
under 25% of solids content at 180  °C for 10  min, fol-
lowed by three cycles of disk milling. Under these con-
ditions, glucose, xylose, and arabinose yields were 94.9%, 
74.2%, and 66.3%, respectively. After fermentation, the 
protein content in the residual solids (DDGS) reached 
52.05%. LHW is a mild pretreatment without chemicals 
addition, which can minimize the formation of inhibitory 
products, but the conversion of cellulose in the solid sub-
strate from LHW pretreatment is lower than that from 
dilute acid pretreatment during enzymatic hydrolysis. To 
obtain similar enzymatic digestibility of substrate, longer 
residence time and higher temperature are required. The 
LHW pretreatment is regarded as energy-demanding 
because of higher pressures and large amounts of water 
supplied to the system.

Chemical pretreatment
Chemical pretreatment uses a chemical reaction to 
change the recalcitrant structure of lignocellulosic mate-
rials. The commonly used chemicals for the pretreatment 
of corn fiber include acid, alkali, and peroxide. Chemi-
cal pretreatments have been observed to be more effec-
tive than non-chemical pretreatments; however, they 
also have limitations, such as inhibiting compounds 

formation, neutralization requirements of downstream 
processes, and environmental issues.

Acid pretreatment is the most commonly used chemi-
cal method for lignocellulosic materials, and sulfuric acid 
is one of the best solvents for hemicelluloses dissolution. 
During the acid pretreatment, hemicelluloses are hydro-
lyzed into soluble sugars, making cellulose more accessi-
ble. Eylen et al. (2011) reported that, as the pretreatment 
conditions became severe, the solid residues became 
less after pretreatment of corn fiber with dilute acid, and 
the concentrations of monosaccharides in the pretreat-
ment liquid increased, but there were still a large num-
ber of oligosaccharides in hydrolysates. Granados-Arvizu 
et  al. (2017) optimized dilute sulfuric acid pretreatment 
of corn peel by response surface methodology to maxi-
mize the yield of reducing sugars. This indicated that 
under the optimal conditions (sulfuric acid concentra-
tion 3.43% (w/v), solid concentration 20% (w/v), 121  °C 
for 22.3 min), almost all hemicelluloses in corn pericarp 
were solubilized, and 78.9 g/L ± 1.9 g/L of total reducing 
sugars, and 11.7 g/L ± 0.8 g/L of glucose were obtained. 
However, the disadvantages of the dilute acid pretreat-
ment are that it can corrode equipment and produce 
inhibitors, such as furfural and HMF (Jönsson and Mar-
tín 2016). Therefore, dilute acid pretreatment is usually 
performed at low temperatures to reduce the cost and the 
formation of inhibitors (Bhutto et al. 2017). For example, 
Noureddini and Byun (2010) reported that using dilute 
sulfuric acid to pretreat DDGS and corn fiber, the high-
est yield of monomeric sugars was observed at 140  °C, 
but it was also accompanied by more furfural formation. 
When reducing the pretreatment temperature to 120 °C, 
the furfural concentration in hydrolysates was signifi-
cantly decreased. Inhibitors in the hydrolysate are usu-
ally removed by water washing or overliming, but this 
can cause problems, such as wastewater and the loss of 
sugars. Different from this, Zhang et  al. (2021) adopted 
biodetoxification by inoculating Paecilomyces variotii to 
remove inhibitors produced by citric acid pretreatment, 
and the ethanol concentration reached 70.2  g/L using 
semi-SSF at 25% of solid content, and ethanol production 
reached 0.280 g/g initial corn fiber. Guo et al. (2022) opti-
mized the pretreatment conditions by response surface 
methodology to obtain high yield fermentable sugars and 
reduce the formation of inhibitors, the mixture of solid 
and hydrolysates obtained by dilute acid pretreatment of 
corn fiber was directly used for semi-simultaneous sac-
charification and fermentation without detoxification, 
and the ethanol yield reached about 81% of the theoreti-
cal yield.

Alkali pretreatment destroys the cell walls structure of 
lignocellulosic material by dissolving part hemicelluloses 
and lignin, hydrolyzing uronic and acetic acid esters, 
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and reducing cellulose crystallinity, thereby promoting 
enzymatic degradation (Taherzadeh and Karimi 2008; 
Hendriks and Zeeman 2009). Shrestha et al. (2010) pre-
treated corn fiber with 2% (w/w) NaOH at 30 °C for 2 h to 
study the effect of mild alkali pretreatment on saccharifi-
cation by white-rot fungus and sequential simultaneous 
saccharification and fermentation (SSF) to ethanol and 
found that compared with unpretreated corn fiber, mild 
alkaline pretreatment resulted in higher glucose yield 
and similar ethanol production. Myat and Ryu (2014) 
used thermo-mechanical extrusion followed by NaOH 
of 0.75% (w/v) to treat destarched corn fiber, and found 
that the combined method pretreatment significantly 
decreased lignin content, crystallinity index and cellu-
lose polymerization degree, thereby effectively improved 
enzymatic saccharification and significantly increased 
ethanol yield (from 8.64 to 35.13 g/L). However, a signifi-
cant disadvantage of alkali pretreatment is that the alkali 
will be converted into unrecoverable salts and/or the salts 
will be mixed into the biomass during the pretreatment 
reaction. Therefore, treating large amounts of salts has 
become a challenging problem in alkaline pretreatment.

Biological pretreatment
Biological pretreatment is an environmentally friendly 
pretreatment method that applies microorganisms, espe-
cially fungi, such as white rot fungi, brown rot fungi, and 
soft rot fungi, to convert lignocellulosic materials into 
more accessible components for hydrolysis (Singh et  al. 
2008). Compared with other pretreatments, biological 
pretreatment is low energy consumption and mild con-
ditions but a very slow process (Wyman et  al. 2005). 
Shrestha et  al. (2008) mixed corn fiber with Phanero‑
chaete chrysosporium fungal pellets for pretreating corn 
fiber by solid fermentation, and the weight loss rate of 
biomass and reduction rate of lignin after 3 days of cul-
tivation were 34% and 41%, respectively. After aerobic 
solid-substrate fermentation of 3  days and anaerobic 
static submerged culture of 6  days, the ethanol yield 
was 1.7 g ethanol/100 g corn fiber. The low ethanol yield 
indicated incomplete bioconversion. Subsequently, they 
combined the solid-state fermentation of corn fiber by 
white rot fungi or brown rot fungi with simultaneous sac-
charification and fermentation, and the highest ethanol 
yield reached 8.6 g ethanol/100 g initial corn fiber, which 
was equivalent to 35% of the theoretical ethanol yield of 
starch and cellulose in corn fiber. However, its entire pro-
cess time (15 days) was very long (Shrestha et al. 2009), 
making it difficult to realize industrial production.

As mentioned above, compared to other lignocel-
lulosic biomass, such as corn stover and wood, the 
prominent features of corn fiber are that corn fiber con-
tains a higher proportion of hemicelluloses, more types 

of hemicelluloses sugars, more complex structure of 
hemicelluloses, and very low content of lignin. Thus, 
it is required to pay more attention to the degradation 
of hemicelluloses structure during pretreatment for 
decreasing hemicelluloses sugars being further degraded 
into inhibitors as well as improving the enzymatic digest-
ibility of corn fiber.

Enzyme used for hydrolysis of corn fiber
After the pretreatment step, enzymes need to be added 
to hydrolyze the lignocellulosic biomass to release fer-
mentable sugars. The complex components and struc-
ture of corn fiber require a complex enzyme system to 
achieve effective hydrolysis, and the enzyme mixture was 
composed of several enzyme entities, such as cellulases, 
hemicellulases, and accessory proteins.

Cellulase
Cellulase refers to the general name of the multi-compo-
nent enzymes involved in the degradation of cellulose, 
which mainly includes three major categories: endoglu-
canase (EC 3.2.1.4), exoglucanase or cellobiohydrolase 
(EC 3.2.1.91) and β-glucosidase (EC 3.2.1.21) (Zhang 
et al. 2006). The above three enzymes can synergistically 
degrade cellulose: endoglucanase can randomly cleave 
the cellulose chain in the amorphous region of cellulose 
to reduce the polymerization degree of cellulose and 
form new reaction sites for exoglucanase; exoglucanase 
attacks the end of the cellulose chain to produce cello-
biose; β-glucosidase hydrolyzes cellobiose into glucose. 
In the degradation of cellulose, the three hydrolysis pro-
cesses co-occur. The primary enzymatic hydrolysis occurs 
on the surface of the solid substrate, here, endoglucanase 
and exoglucanase hydrolyze cellulose and release low-
polymerization cello-oligosaccharides into the liquid 
phase, which is the rate-limiting step of the entire cel-
lulose hydrolysis, followed by secondary hydrolysis by 
β-glucosidase in the liquid phase, mainly involving the 
hydrolysis of cellobiose to glucose. However, most cellu-
lases produced by fungi lack the activity of β-glucosidase, 
and the accumulation of cellobiose results in the inhibi-
tion on cellulase activity, but the feedback inhibition of 
cellobiose could be relieved by overexpressing homolo-
gous or heterologous β-glucosidase in cellulase produc-
ing strain, thus enhancing the hydrolysis efficiency of 
cellulase mixtures (Yao et al. 2016; Gao et al. 2017).

Hemicellulases
Hemicelluloses have very complex compositions, most 
of which are based on xylan as the main chain, and 
the side chains have various substituents, so the enzy-
matic hydrolysis of hemicelluloses requires a variety of 
enzymes (Sun et  al. 2012). The core enzymes used for 
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the degradation of the xylan skeleton mainly include 
endo-β-1,4-xylanase (EC 3.2.1.8) and β-xylosidase (EC 
3.2.1.37) (Méndez-Líter et al. 2021). Endo-β-1,4-xylanase 
can break the β-1,4 glycoside bonds on the xylan skel-
eton, thereby reducing the polymerization degree of 
xylan. β-xylosidase can release β-xylose by acting on 
the non-reductive end of hypoxic oligosaccharides. In 
addition, some accessory enzymes are needed to cleave 
the side chains, including α-L-arabinofuranosidase (EC 
3.2.1.55), α-glucuronidase (EC 3.2.1.139), acetylxylan 
esterase (EC 3.1.1.72), ferulic acid esterase (EC 3.1.1.73), 
α-galactosidase (EC 3.2.1.22) and α-xylosidases (EC 
3.2.1.177) (Saha, 2003). α-l-Arabinofuranosidases hydro-
lyze the linkages between the α-l-arabinofuranosyl 
substituent and the xylopyranose unit of the backbone, 
and they act from the non-reducing end of the tar-
get linkages to release the arabinofuranose (Poria et  al. 
2020). α-Glucuronidases hydrolyze the glycosidic bonds 
between glucuronic acid or 4-O-methylglucuronic acid 
and the xylopyranose unit of the xylan backbone (Juturu 
and Wu 2014). Acetylxylan esterases catalyze the hydrol-
ysis of ester linkages between xylopyranose residues and 
their acetyl substituents and belong to the carbohydrate 
esterases (CE) superfamily (Kameshwar and Qin 2018). 
Feruloyl esterases hydrolyze ferulic acid residues esteri-
fied to certain arabinoses in the side chains of xylan and 
are grouped exclusively in family CE1 (Oliveira et  al. 
2019). α-Galactosidase of GH95 hydrolyzes α-L-Gal-
1,2-Xyl linkages on side branches of corn glucurono-
arabinoxylan to release l-galactose. α-Xylosidases act 
on xyloglucan and hydrolyze α-d-xylopyranosyl-1,6-d-
glucopyranose into d-xylose and d-glucose (Matsuzawa 
et al. 2020).

Due to the complex structure and sugar compositions 
of hemicelluloses in corn fiber, the enzyme system with 
multiple enzymes is required to synergistically degrade 
the hemicelluloses in corn fiber. For example, a variety 
of α-arabinofuranosidases (GH43, GH51, GH54, GH62), 
α-galactosidase, β-galactosidase, α-glucuronidase, 
mannosidase, etc. sequentially hydrolyze and remove 
the sugar residues in the side chain, and then xyla-
nase and xylosidase break the xylan skeleton to form 
monosaccharides.

Accessory proteins
In addition to cellulases and hemicellulases, some acces-
sory proteins can also promote the hydrolysis of corn 
fiber by breaking down the structure of cellulose, increas-
ing the accessibility and looseness of cellulose, and fur-
ther enhancing the hydrolysis performance of various 
enzymes against the substrate (Yang et  al. 2018). For 
example, LPMOs (lytic polysaccharide monooxygenases) 
are copper-dependent enzymes that cleave glycosidic 

bonds in cellulose fibers in an oxidative manner, but 
these glycosidic bonds can’t be degraded by cellulase. It 
has been considered a booster for biomass deconstruc-
tion (Singhania et  al. 2021). When the LPMOs act in 
synergism with cellulase components, the number of sol-
uble fragments increase dramatically, thus significantly 
improving the hydrolysis efficiency of cellulase. Swol-
lenin is a kind of expansin-like protein secreted by vari-
ous microorganisms, and it can loosen cellulose fibers 
and increase porosity by breaking the hydrogen bonds in 
the cellulose microfiber network, thereby enhancing the 
accessibility of cellulose. Swollenin is active on substrates 
containing β-1,4 glycosidic bonds, such as carboxymethyl 
cellulose, hydroxyethyl cellulose, and β-glucan (Meng 
et al. 2020).

Cellulase producing strain
Cellulase can be produced by a wide range of organisms, 
including bacteria, actinomycetes, filamentous fungi, 
and plants and animals (Kuhad et al. 2011). Among these 
organisms, filamentous fungi are the most prominent, 
including Trichoderma, Penicillium, and Aspergillus 
(Druzhinina and Kubicek 2017; Qian et al. 2017; Liu and 
Qu 2019).

Trichoderma reesei is the most widely used strain for 
cellulase production and has been used by many leading 
enzyme production groups in the world, such as Novo-
zymes (Bischof et  al. 2016). The types and numbers of 
lignocellulose-degrading enzyme genes of T. reesei are 
relatively few, and many of which are considered to be 
derived from horizontal gene transfer, but the cellulase 
from T. reesei has a strong ability to degrade crystalline 
cellulose (Druzhinina and Kubicek 2016; Druzhinina 
et al. 2018).

There are many types of Penicillium that can secrete 
cellulase, among which Penicillium oxalicum is repre-
sentative (Liu et  al. 2013a). Compared with T. reesei, 
P. oxalicum can secrete the cellulase enzyme contain-
ing rich hemicellulase species, and the more balanced 
enzyme compositions may be more favorable for hydro-
lyzing corn fiber (Liu et al. 2013b; Gong et al. 2015; Gao 
et al. 2021). In addition, Penicillium has a faster growth 
rate than Trichoderma, and its enzyme has good stability 
during enzymatic hydrolysis. All these make Penicillium 
have certain advantages and become a good choice for 
developing cellulase preparations for producing cellulosic 
ethanol from corn fiber.

Aspergillus niger, one of the most important cell fac-
tories in biotechnology research, has the advantages 
of high protein yield, high protein secretion efficiency, 
and high safety of synthetic products (Cairns et  al. 
2018). The enzyme mixture from Aspergillus usually 
has high activities of amylase, hemicellulase, pectinase, 
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and β-glucosidase, which are conducive to degrading 
the components, such as starch, hemicelluloses, pectin, 
cello-oligosaccharides in biomass, but A. niger is gen-
erally poor utilization of crystalline cellulose (Coutinho 
et al. 2009).

Neurospora crassa is a model organism that can pro-
duce cellulase using microcrystalline cellulose as a car-
bon source, and the number of cellulase genes far exceed 
that of T. reesei (Roche et al. 2014). However, there is still 
a big gap between the level of enzyme production and the 
requirements of industrial production.

The high cost of enzyme is a key bottleneck for the 
commercial production of cellulosic biofuels (Liu et  al. 
2016), and optimizing the compositions of cellulase is the 
main strategy to reduce the enzyme cost by enhancing 
the hydrolysis efficiency of cellulase (Harris et al. 2014; Li 
et al. 2017). Although fungi have a better ability to pro-
duce cellulase, up to now, almost no single fungus can 
produce the cellulase system with all the enzyme compo-
nents required for lignocellulosic biomass degradation. 
Common methods for optimizing the enzyme system 
include overexpression of native or heterologous enzyme 
genes, the addition of exogenous components, such as 
auxiliary proteins, enhancement of the transcription of 
lignocellulolytic enzyme-coding genes, and the com-
pounding of multiple enzyme systems (Yao et  al. 2016; 
Du et al. 2018; Qu et al. 2018; Gao et al. 2021). For exam-
ple, by combinatorial engineering of three transcriptional 
activators ClrB, XlnR, and AraR in P. oxalicum strain 
M12, Gao et  al. (2021) generated a strain MCAX with 
3.1- to 51.0-fold increases in lignocellulolytic enzyme 
production compared with the parent strain M12. In 
addition, the fermentation liquid produced from MCAX 
strain showed 3.1-, 47.5-, 51.0-, 40.6-, and 4.4-fold 
increases in the volumetric activities of cellulase (FPase), 
α-l-arabinofuranosidase, α-galactosidase, xylanase, and 
β-xylosidase, respectively, relative to that from the strain 
M12. Using the cellulase from the MCAX strain, the 
release of fermentable sugars from corn fiber was signifi-
cantly increased compared to the cellulase of the M12 at 
the same protein dose. Zhang et  al. (2022) constructed 
the engineering strain Δ4celOExyr1 by overexpressing 
XYR1, a master transactivator controlling (hemi)cellulase 
gene expression, in T. reesei QM9414-∆pyr4 lacking four 
main cellulase-encoding genes, and found that the activi-
ties of xylanase, arabinofuranosidase, and mannanase 
in the enzyme solution produced from the engineering 
strain were increased. Using the cellulase from the strain 
Δ4celOExyr1, the final yields of xylose and arabinose 
were increased by 135% and 65%, respectively, compared 
to the parent strain T. reesei Q9414-Δpyr4. However, the 
conversion efficiency of xylose and arabinose in corn 
fiber were both less than 55% for these two strains.

At present, there is no mature enzyme system or com-
mercial enzyme preparation that can completely hydro-
lyze corn fiber. It was reported that Novozymes has 
developed an enzyme preparation called Fiberex® 2.5, 
which was uniquely able to break down important lay-
ers of the fiber, thus enhancing cellulose conversion while 
releasing more corn oil and residual starch. Although 
ethanol production was increased, only roughly 60% of 
the fiber was converted.

Fermentation of ethanol
Microorganism for ethanol fermentation of corn fiber
The corn fiber hydrolysates are mainly composed of 
glucose, xylose, arabinose, galactose, etc. Among them, 
glucose, xylose, and arabinose are the main sugars. In 
nature, there are a variety of microorganisms that can 
produce ethanol through sugars fermentation, including 
yeast, such as Saccharomyces cerevisiae, bacteria, such as 
Clostridium thermohydrosulfuricum, Zymomonas mobi‑
lis, and fungi, such as Fusarium oxysporum and N. crassa 
(Dien et  al. 2003). However, these traditional ethanol 
fermentation strains can only use hexose but not pen-
tose because of lacking the upstream pathway of pentose 
metabolism. Therefore, it is necessary to modify these 
strains through genetic engineering for converting the 
pentoses to ethanol.

S. cerevisiae  S. cerevisiae has high ethanol tolerance, low 
pH tolerance, insensitivity to bacteriophage infection, and 
the ability to ferment under strictly anaerobic conditions, 
which makes it more advantageous than other bacteria. At 
present, S. cerevisiae is still the preferred microorganism 
for fuel ethanol production. As it cannot effectively con-
vert xylose to ethanol, two metabolic pathways have been 
introduced into S. cerevisiae (Fig. 3), including the xylose 
oxidoreductase pathway (XR/XDH) derived from Pichia 
stipitis and xylose isomerase pathway (XI) derived from 
anaerobic microorganisms (Gao et al. 2019). Through two 
different pathways, xylose is converted to 5-xylulose, and 
then xylulose is phosphorylated to 5P-xylulose, which is 
further metabolized through the pentose phosphate path-
way and glycolysis. In the engineered S. cerevisiae strains 
expressing the xylose oxidoreductase pathway, the xylose 
consumption rate and ethanol productivity were relatively 
high, but by-products such as xylitol, glycerol, and acetate 
were also accumulated (Kwak and Jin 2017). In the engi-
neered S. cerevisiae strains expressing the xylose isomer-
ase pathway, although the accumulation of by-products 
was small, the rates of yeast growth and xylose fermenta-
tion were slow (Cai et al. 2012; Li et al. 2016). However, 
the simple introduction of the XR/XDH or XI pathways 
is insufficient to ensure that recombinant yeast could fer-
ment xylose effectively. According to the different path-
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ways, optimizing the engineered S. cerevisiae strains 
through genetic modification, evolutionary engineer-
ing, recombinant metabolic pathways, etc. are expected 
to effectively reduce the production of by-products and 
increase the ethanol yield (Zhang et al. 2010; Moysés et al. 
2016; Jeong et al. 2020). However, up to now, to improve 
the ability of S. cerevisiae to metabolize xylose, there are 
still many metabolic bottlenecks that need to be resolved, 
such as the xylose uptake, xylitol formation, improvement 
of catalytic efficiency of xylose isomerases, and increased 
specific growth in xylose.

Z. mobilis  Z. mobilis is an industrially important etha-
nol-producing strain with a high specific sugar uptake rate, 
low pH preference, high tolerance to sugar and ethanol, 
and high fermentation rate (Ofosu-Appiah et al. 2016). Z. 
mobilis metabolizes sugar through the Entner–Doudoroff 
(ED) with less ATP while making more sugar to be used 
for ethanol production (Fig. 4). However, Z. mobilis can-
not ferment C5 sugars, such as xylose natively. Through 
heterologous expression of genes encoding xylose isomer-
ase (xylA), xylose kinase (xyylb), transaldolase (tal), and 

transketolase (tktA), Z. mobilis that can utilize xylose has 
been developed (Zhang et al. 1995). Dunn and Rao (2014) 
heterologously expressed the xylose-specific transporter 
XlyE of Escherichia coli in Z. mobilis, which facilitated 
xylose transport and improved the utilization of xylose 
in the high concentration glucose–xylose mixed medium. 
However, now, xylose metabolism is still far slower than 
glucose metabolism for the engineered Z. mobilis. A 
similar strategy was also applied to engineer Z. mobilis to 
make it has the ability of arabinose metabolism (Deanda 
et al. 1996). However, the application of Z. mobilis also has 
many problems, such as the narrow substrate spectrum, 
the competition of alternative pathways, and the cytotoxic 
effects of ethanol and inhibitors. Wang et  al. (2017) co-
expressed the alcohol dehydrogenase gene and the tran-
shydrogenase gene in Z. mobilis, which enhanced the con-
version rate of furfural and HMF and accelerated ethanol 
fermentability from the lignocellulosic hydrolysate. Wang 
et al. (2013a, b) shut down the metabolic pathway of sorbi-
tol by inactivating the gfo gene encoding glucose–fructose 
oxidoreductase (GFOR), thereby increasing the growth 
rate of Z. mobilis and ethanol production. In addition, 
domestication, continuous cultivation, multiple strains 
working synergistically, and other microbial metabolism 
engineering strategies also positively affect the develop-
ment of more robust Z. mobilis strains for the efficient 
production of ethanol from lignocellulosic biomass.

E. coli  E. coli is a model strain used for genetic modifica-
tion. By heterologous expressing pyruvate decarboxylase 
and alcohol dehydrogenase II from Z. mobilis in E. coli, 
an engineered E. coli strain capable of producing ethanol 
was obtained (Ohta et al. 1991). Sanny et al. (2010) trans-
formed the E. coli strain FBR5 with the hemoglobin gene 
of Vitreoscilla and obtained a construct that produced 
more ethanol than the parental strain FBR5 when grown 
in glucose and xylose. Some strategies have been used to 
improve the tolerance of E. coli to ethanol and inhibitors 
produced from the pretreatment process. For example, 
Wang et al. (2008) isolated ethanol-tolerant mutant from 
parent strain by enrichment method and then heterolo-
gously expressed ethanol alcohol dehydrogenase II (adhB) 
and pyruvate decarboxylase (pdc) genes of Z. mobilis to 
obtain ethanol-tolerant recombinant strain. In addition, 
by heterologous expressing beneficial alcohol tolerance 
genes such as GroESL from Clostridium acetobutylicum 
and phasins (polyhydroxyalkanoate granule-associated 
protein) from Azotobacter sp. in E. coli, the tolerance of 
E. coli to alcohol was also improved (Zingaro and Papout-
sakis 2013; Mezzina et al. 2017). The furfural reductase in 
E. coli can convert furfural and HMF into less toxic alco-
hols, and the concentration of NADPH plays a vital role 
in the activity of furfural reductase (Chong et al. 2013). By 

Fig. 3  Xylose fermentation in S. cerevisiae. The fungal pathway uses 
xylose reductase (XR) and xylitol dehydrogenase (XDH), whereas the 
bacterial pathway uses xylose isomerase (XI). Both pathways produce 
d-xylulose which is converted to d-xylulose-5P by endogenous 
xylulokinase (XK). d-Xylulose-5P then enters the pentose phosphate 
pathway (PPP), where it is further metabolized to form ethanol under 
appropriate conditions. Arrows indicate the direction of the chemical 
reactions (Moysés et al. 2016)
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knocking out the oxidoreductase genes yqhD and dkgA of 
NADPH in E. coli, Ibraheem and Ndimba (2013) increased 
the availability of NADPH to furfural reductase, thereby 
increasing the tolerance of E. coli to furfural and HMF. 
Although the genetic modification of E. coli has been car-
ried out for many years, there are still some problems for 
these engineered strains, for example, the slow utilization 
rate of pentose, the slow growth rate, etc.

Ethanol production
The current common ethanol production processes 
include separate hydrolysis and fermentation (SHF), 
simultaneous saccharification and fermentation (SSF), 
semi-simultaneous saccharification and fermentation 
(S-SSF), and consolidated bioprocessing (CBP).

SHF process  SHF is a process of enzymatic hydrolysis 
and fermentation in sequence (Galbe et al. 2011). In this 
process, enzymatic hydrolysis is first performed under the 
optimum temperature of the saccharifying enzyme, sub-
sequently, yeast is added to ferment the saccharification 
solution. Because enzymatic hydrolysis and fermenta-
tion can be conducted separately under their respective 

optimal conditions, therefore, results in high enzyme effi-
ciency and ethanol productivity. In addition, in the SHF 
process, as the fermentation used liquid broth separated 
from enzymatic hydrolysis, thus the yeast after fermenta-
tion can also be recovered by filtration or centrifugation. 
The main disadvantage of SHF is that cellulase is inhibited 
by the hydrolysis products, such as oligosaccharides and 
glucose, that is, the productivity of the process decreases 
with increasing sugar concentration. In addition, after 
enzymatic hydrolysis, there will be a loss of sugar during 
the separation of solids and liquids.

SSF process  SSF is a process that combines enzymatic 
hydrolysis and fermentation, that is, both the enzymes 
and yeast are added simultaneously into the same fermen-
tor with the cellulosic substrate for allowing a single-step 
production of ethanol (Marulanda et al. 2019). Compared 
with SHF, SSF uses a single vessel for saccharification and 
fermentation, which reduces residence time and process 
devices cost. At the same time, the presence of ethanol 
in the fermentation broth reduces the chance of contami-
nation in the system, and the end-product inhibition of 
cellulase is significantly reduced because of fermenta-

Fig. 4  Entner–Doudoroff (ED) pathway for ethanol fermentation in Z. mobilis. ADH alcohol dehydrogenase; EDA 2-keto-3-deoxy-gluconate aldolase; 
EDD 6-phosphogluconate (Xia et al. 2019)
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tion in time. Liu et al. (2014) performed SSF and SHF of 
steam-exploded corn stover, and the results showed that 
compared with SHF, the conversion rate of glucan and 
the yield of ethanol in SSF increased by 13.6% and 18.7%, 
respectively. The disadvantage of SSF is that the tempera-
ture of the entire process is lower than the optimum action 
temperature of the enzyme, which may decrease enzy-
matic hydrolysis efficiency, thus resulting in the require-
ment for more enzymes. Second, it is not easy to recover 
yeast because of many insoluble solids in the fermentation 
system when using lignocellulosic biomass as feedstock.

S‑SSF process  In the S-SSF process, a short pre-hydrol-
ysis of biomass is carried out before SSF under the opti-
mal conditions of enzymatic hydrolysis, followed by SSF 
at a lower temperature to stimulate the vitality of micro-
organisms, which will promote ethanol fermentation. It 
is expected to combine the advantages of SSF and SHF 
and can obtain high productivity and ethanol yield by 
optimizing the suitable pre-hydrolysis process. Shen and 
Agblevor (2010) used a highly refined standard cellulose 
as a substrate and studied four different cases under the 
same total process time (enzymatic hydrolysis and fer-
mentation), that is, 24 h pre-hydrolysis + 48 h SSF (S-SSF 
24), 12 h pre-hydrolysis + 60 h SSF (S-SSF 12), 72 h SSF, 
and 48 h hydrolysis + 24 h fermentation (SHF). The results 
indicated that the S-SSF gave a higher yield and produc-
tivity of ethanol than the SSF and the SHF when a suit-
able pre-hydrolysis period is selected, in which the highest 
ethanol production and output were obtained using the 
S-SSF 24 process. Zhang et al. (2021) used corn bran as 
raw material, and after pretreatment, detoxification, and 
S-SSF, the final ethanol yield was 29.54 kg ethanol/100 kg 
corn bran. The feedstock mass balance for the production 
of cellulosic ethanol was shown in Fig. 5.

In the ethanol fermentation process, the high sub-
strate concentration increases the amounts of inhibitory 
substances, thereby affecting the process efficiency of 
enzymatic hydrolysis and fermentation. By adopting the 
fed-batch S-SSF process, the substrate was added several 
times during the pre-hydrolysis stage of S-SSF to increase 
the substrate concentration, Lu et al. (2013) found that it 
can improve the yield and concentration of ethanol with-
out affecting the conversion of cellulose to ethanol.

CBP process  As mentioned above, generally, the conver-
sion of lignocellulosic biomass to ethanol involves three 
main steps, pretreatment, enzymatic hydrolysis, and eth-
anol fermentation. The integration of these steps is very 
important for simplifying the process and reducing the 
production cost of cellulosic ethanol. CBP is a less energy-
intensive and potentially low-cost process to produce cel-
lulosic ethanol and other important industrial products 
(Agbor et al. 2014; Han et al. 2018). CBP has the poten-
tial to combine and simplify multiple processing steps, 
including cellulase production, enzymatic hydrolysis and 
bioconversion, into a one-step operation, that is, a single 
microorganism can fulfill hydrolytic enzymes production, 
polysaccharides hydrolysis, and ethanol fermentation. 
Compared with SHF and SSF, the CBP process can be 
conducted in a single vessel at a single optimized temper-
ature, simplifying the pilot test and process development. 
In addition, in the CBP process, less pretreatment of lig-
nocellulosic biomass is required, all of these keep the pro-
duction cost of cellulosic bioethanol at a very low level. 
However, the process also results in significant by-prod-
uct formation and low tolerance to ethanol. At present, 
there is no natural microorganism that can produce cel-
lulosic ethanol through this CBP strategy. It is necessary 
to develop suitable engineered strains through artificial 
modification. There are two directions for the modifica-

Fig. 5  Feedstock mass balance of cellulosic ethanol production from corn fiber. The steps of pre-saccharification, biodetoxification and SSCF were 
carried out in the same reactor, which were considered as continuous process (Zhang et al. 2021)
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tion of CBP engineered strains: (1) engineering cellulase 
producers to make them have the ability to produce etha-
nol; (2) engineering ethanol producers to make them 
produce cellulase (Liu et al. 2019). Although the CBP is 
suitable for producing high-value products and low-cost 
fuels, the engineered microorganisms used in CBP are 
still immature compared with traditional processes, limit-
ing its industrial application.

Other value‑added products
In addition to ethanol production, corn fiber can also be 
used to produce a variety of high value-added products 
through different processing technologies, the products 
include xylitol, corn fiber gum (CFG), corn fiber oil, die-
tary fiber (DF), etc.

Dietary fiber
Dietary fiber is usually defined as a macromolecule pre-
sent in the diet that is resistant to digestion by human 
endogenous enzymes. It is mainly composed of plant cell 
wall residues, such as cellulose, hemicelluloses, pectin 
polysaccharides, and lignin (Oomah et al. 2011). Accord-
ing to the solubility in water, dietary fiber is divided into 
two categories, namely, soluble dietary fiber and insolu-
ble dietary fiber. Dietary fiber plays an important role in 
improving health through disease prevention and con-
trol, for example, improving intestinal function, lower-
ing cholesterol, and increasing microbial biomass. Due to 
these health benefits, dietary fiber is a major part of the 
market for functional foods. Dietary fiber mainly exists 
in beans, grains, vegetables, etc., and corn fiber with high 
fiber content is one of the important sources of dietary 
fiber in grains. Wang et  al. (2013a, b) used microwave-
assisted extraction to produce dietary fiber from corn 
fiber, by optimizing extraction process conditions using 
response surface methodology analysis, including the 
optimal particle size of corn fiber (mesh size 40), the ratio 
of liquid to solid (25  mL/g), ultrasonic power (180  W) 
and ultrasonic time (80 min), the maximum yield of die-
tary fiber reached 86.84%.

Corn fiber gum (CFG)
CFG is a soluble and highly branched arabinoxylan with 
low viscosity, high molar mass, and good emulsifying 
performance. It could be obtained by extracting corn 
fiber with alkaline hydrogen peroxide and ethanol pre-
cipitation (Yadav et  al. 2007). Since hydrophobic pro-
teins and lipids are combined with the carbohydrate 
moiety in CFG, CFG shows the potential as an emulsi-
fier for oil-in-water emulsion systems. This allows CFG 
to be used as a substitute for gum Arabic in adhesives, 
thickeners, stabilizers, and emulsifiers. Yadav et al. (2010) 
covalently combined CFG with lactoglobulin and whey 

protein isolates to form a complex, compared to CFG or 
protein alone, the emulsification stability of the complex 
was significantly improved. In addition, due to the nutri-
tional phenolic compounds in CFG chains, CFG also 
exhibits unique biological activities, such as antioxidant 
activity, fermentability, and immunomodulatory proper-
ties. Singkhornart et  al. (2013) studied the effect of the 
combination of extrusion and alkali pretreatment on the 
extraction of CFG and found that extrusion conditions 
(moisture content and screw speed) affected the yield 
of CFG. The association between extrusion and sodium 
hydroxide pretreatment improved the fractionation of 
the corn fiber hemicelluloses polymer and increased the 
CFG yield by 12%. With the expansion of the market 
base, the new uses of CFG can be extended to snacks, 
baked goods, beverages, specialty foods, edible coatings, 
supplements, and other fields.

Corn fiber oil
Corn fiber oil contains phytosterols that lower serum 
LDL-cholesterol levels. There are three main phytoster-
ols in corn fiber oil: ferulate phytosterol esters, free phy-
tosterols, and fatty acyl phytosterol esters. Because of the 
low oil content in corn fiber, only 1.5–3% of the weight, 
increasing the concentrations of oil and phytosterols 
before extraction can significantly reduce the extraction 
cost. Singh et al. (2003) investigated the effects of differ-
ent treatments on removing non-lipid components (pol-
ysaccharides) from corn fibers. The results showed that 
the oil concentration in the residual solids increased from 
1.4 to 12.2%, and the total phytosterols level increased 
from 176.9 to 1433.1 mg/g after treatment with sulfuric 
acid at 121  °C compared with untreated corn fiber. In 
addition, it was also shown that the oil and phytosterols 
in the residue remained intact. At present, the extraction 
of corn fiber oil is usually combined with the production 
of corn fiber ethanol, and corn fiber oil is extracted from 
saccharified corn fiber residue to maximize the use of 
resources and increase revenue.

Xylitol
Xylitol is an expensive natural sweetener, and its sweet-
ness is equivalent to sucrose but does not cause tooth 
decay and is safe for diabetic patients (Rose et al. 2010). 
Xylitol is mostly produced by hydrotreating xylose, and 
corn fiber with high xylan content is a promising raw 
material. Xylitol is also produced by the biosynthesis 
method using some microorganisms. Although many 
microorganisms can produce xylitol from xylose in corn 
fiber hydrolysate, glucose and inhibitors in the hydro-
lysate may inhibit the use of xylose by yeast and the 
growth of yeast. To reduce the inhibition of glucose, 
Leathers and Dien (2000) produced xylitol from sugar 
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mixtures through a two-stage fermentation process. After 
the glucose was consumed, yeast cells were taken from 
the mixed sugar culture and replaced with cells grown in 
the xylose culture alone, and ultimately about 27% of the 
xylose in corn fiber hydrolysate was converted to xylitol. 
Rao et  al. (2006) studied the production of xylitol from 
corn fiber hydrolysates by Candida tropicalis. However, 
due to inhibitors in the hydrolysate, the xylitol yield was 
low (0.43 g/g xylose). To reduce the influence of inhibi-
tors in hydrolysate on yeast and improve the production 
of xylitol, the yeast cells were first grown on the corn 
fiber hydrolysate supplemented with certain nutrients. 
After growing to a certain stage, the cells were recov-
ered by centrifugation and resuspended in the same fresh 
hydrolysate, and the whole adaptation was continued for 
25 cycles. After adaptation, xylitol yield reached 0.58 g/g 
xylose with corn fiber hydrolysate.

After producing products, such as ethanol, xylitol, corn 
fiber gum, corn fiber oil, and dietary fiber, corn fiber can 
also be used to produce other products through biore-
fining. For example, the production of corn fiber gum 
by alkali treatment can simultaneously release the feru-
lic acid in the corn fiber into the solution, and it could 
be obtained by separating the corn fiber gum through 
ethanol precipitation (Saulnier et  al. 1995). In addition, 
Singh et al. (2003) found that by hydrolyzing and remov-
ing some non-oil components (such as starch, cellulose, 
and hemicellulose), the content of oil and phytosterol in 
corn fiber can be effectively increased. This can be com-
bined with ethanol production, where enzymes are used 
to convert carbohydrates into monosaccharides, and the 
remainder is used to produce corn fiber oil. At the same 
time, in the current ethanol production, glucose and 
xylose are mainly used, and l-arabinose can be separated 
from the fermentation broth, which has a good health 
care function.

Perspectives
As the advantages of corn fiber as raw material, such as 
high reserves and low costs of transportation and col-
lection, it will be of great benefit to the production of 
cellulosic ethanol if the corn fiber can be economically 
converted into ethanol, in particular, if it is combined 
with the existing ethanol production process with corn 
as a feedstock. (Bothast and Schlicher 2005; Nair et al. 
2017). To realize the combination of the two processes, 
(Li et al. 2019) developed an in-situ acid pretreatment 
method in the distillation process and integrated it into 
the dry grinding process to recycle the pretreated stil-
lage to the liquefication stage, which can effectively 
improve the yield of ethanol. In addition, by develop-
ing cellulases with tolerances of high sugar concentra-
tion and high-temperature, and appropriately cooling 

the starch liquefaction process, corn fiber and corn 
starch can be hydrolyzed and saccharified simultane-
ously. Another method that combining corn ethanol 
production process is that, in the grind stage, corn fiber 
can be separated by a wet milling process for separate 
enzymatic hydrolysis, and then the enzymatic hydroly-
sis solution can be added to the mash for simultaneous 
fermentation.

At present, the production of ethanol using corn 
fiber has been applied in many corn ethanol plants in 
the United States, and the ethanol yield has generally 
increased by more than 5%. Unlike other lignocellu-
losic materials, corn fiber is rich in hemicelluloses with 
a complex structure, accounting for about 40% of corn 
fiber. How to break the hemicelluloses barrier is very 
important for high-efficiency hydrolyzing corn fiber into 
fermentable sugars using enzyme. On the other hand, 
the enzyme cost for corn fiber ethanol production is 
still high, and the complex structure of hemicelluloses 
makes the degradation of corn fiber requires a very com-
plex enzyme system. However, the commercial enzymes 
on the market are not ideal for the degradation of corn 
fiber, and it is necessary to continue developing targeted 
enzyme preparations. The complex sugars compositions 
in the enzymatic hydrolysates of corn fiber require the 
strains capable of fermenting hexose and pentose simul-
taneously. There are still many works to be done in the 
field on the existing basis. For example, (1) optimizing 
suitable pretreatment process and process parameters 
to reduce inhibitors and devices cost; (2) developing an 
enzyme preparation that could hydrolyze corn fiber more 
efficiently according to the chemical components and 
structural characteristics of corn fiber to reduce enzyme 
dosage in enzymatic hydrolysis; (3) high-efficiency pro-
duction of enzyme by selecting appropriate enzyme-pro-
ducing strains and strain modification, and optimizing 
fermentation process for producing low-cost enzyme; 
(4) modifying the fermentation strain by various bio-
technologies including metabolic engineering, protein 
engineering and genome technology to simultaneously 
convert hexoses and pentoses in hydrolysates efficiently 
and to enhance the tolerance of strain to different toxic 
substances; (5) embedding corn fiber ethanol production 
into conventional corn ethanol process to reduce invest-
ment and production costs; (6) combining the produc-
tion of value-added products with the production of corn 
fiber ethanol to improve economic efficiency.
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