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Abstract−Conversion of corn fiber (CF), a by-product from the corn-to-ethanol conversion process, into fermentable
sugar and succinic acid was investigated using soaking in aqueous ammonia (SAA) pretreatment followed by biologi-
cal conversions, including enzymatic hydrolysis and fermentation using genetically engineered E. coli (AFP184). The
SAA pretreatment (using a 15% w/w NH4OH solution at a solid-to-liquid ratio of 1 : 10 at 60 oC for 24 h) removed 20-
38% of lignin and significantly improved the digestibility of the treated solid (85-99% of glucan digestibility). Following
the enzymatic hydrolysis, the sugar-rich hydrolysate was subjected to dilute sulfuric acid treatment (1 wt% sulfuric acid
and 120 oC for 1 h), which hydrolyzed the oligosaccharides in the hydrolysate into fermentable monomeric sugars. The
mixed sugar hydrolysates containing hexose and pentose obtained from the two-step hydrolysis and SAA pretreatment
were fermented to succinic acid using a genetically engineered microorganism, Escherichia coli AFP184, for evaluating
the fermentability. Engineered E. coli AFP184 effectively converted soluble sugars in the hydrolysate to succinic acid
(20.7 g/L), and the production rate and yield were further enhanced with additional nutrients; the highest concentra-
tion of succinic acid was 26.3 g/L for 48 h of fermentation.
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INTRODUCTION

There has been strong interest in fuel ethanol, which is a biode-
gradable, high-octane alternative fuel. It can be produced from lig-
nocellulosic biomass, such as forest and agricultural residues, as
well as from grains like corn and sugarcane. Ethanol can replace
some fossil fuels and thus reduce dependency on petroleum and
thus lower gasoline costs. Moreover, it is expected to create domes-
tic jobs and decrease carbon dioxide emissions [1]. According to
the most recent RFA’s report [2], the annual ethanol production in
the U.S. was 3.9 billion gal/year in 2005 and increased to 14.3 bil-
lion gal/year in 2014. This ethanol production accounts for 10% of
the U.S. gasoline supply [3]. Although different sources of fer-
mentable sugars, including corn, sugarcane, woody biomass, grasses
and algae, have been investigated, corn is still the largest feedstock
for commercial fuel ethanol production in the U.S. (98% in 2014)
[3]. Unfortunately, profiting from corn ethanol still relies on gov-
ernment support. Therefore, more efficient conversion processes
and/or value-added co-products are necessary.

Corn fiber (CF) is one of the major byproducts from the corn
wet-milling process. It is cellulosic material that is mainly com-
posed of carbohydrates, including starch, cellulose and hemicellu-

lose (~65%) with small fractions of lignin and protein [4]. It has
been used as a low-value animal feed. However, a high content of
polysaccharides in CF allows it to be a potential feedstock for pro-
ducing additional ethanol or value-added products. This promis-
ing feature has attracted strong interest in the utilization of car-
bohydrates in CF for production of value-added products such as
succinic acid.

Succinic acid is a useful 4-carbon intermediate for many appli-
cations. It is a platform chemical in pharmaceuticals, foods, cos-
metics and biodegradable polymers [5-7]. Several routes including
hydrogenation of maleic acid, oxidation of 1,4-butanediol, carbon-
ylation of ethylene glycol and fermentation of carbohydrates have
been introduced for succinic acid production [6,8,9]. Thus far, most
succinic acid is petroleum-based, but a bio-based route via fermen-
tation has been getting more attention in recent years. It has been
shown that bio-based succinic acid obtained by fermentation of
renewable carbohydrates has many advantages because it is envi-
ronmentally friendly and cost-competitive over chemical processes
[5]. For these reasons, succinic acid fermentation could be one of
the possible applications for CF utilization.

For economically-feasible CF utilization, effective pretreatment
methods for overcoming the native recalcitrance of CF and well-
developed organisms for fermenting carbohydrates to the target
product are essential. Since CF contains a large fraction of hemicel-
lulose compared to other lignocellulose and is relatively easy to re-
move and decompose during pretreatment, minimizing this loss is
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as important as reducing the structural barriers of the solid matrix
to improve enzymatic hydrolysis for production of fermentable
sugars. Soaking in aqueous ammonia (SAA) has been demon-
strated as a pretreatment method that can be used to effectively
remove lignin without significant losses of cellulose and hemicel-
lulose under moderate reaction conditions compared to other pre-
treatment methods [10,11]. In this study, we investigated the effects
of SAA pretreatment on chemical composition and enzymatic
digestibility of CF and production of succinic acid from the fer-
mentable sugars obtained in sequential enzymatic and mild dilute
acid hydrolysis of the pretreated material. Escherichia coli strain
AFP184, which is capable of metabolizing both glucose and xylose
[12], was used in the production of the succinic acid.

MATERIALS AND METHODS

1. Materials
1-1. Chemicals and Substrates

Dried CF was obtained from the Cargill corn wet mill in Day-
ton, Ohio, USA. Corn steep liquor, sugars used for analytical stan-
dards including glucose, xylose, arabinose, galactose and mannose,
and chemicals used in the formulation of fermentation media
were purchased from Sigma-Aldrich (St. Louis, MO, USA). Am-
monium hydroxide (ACS grade, Fisher catalog no. A669) and sul-
furic acid (ACS grade, Fisher catalog no. A300) for the CF pre-
treatment and hydrolysis of hemicellulose oligomers were purchased
from Fisher Scientific (Pittsburgh, PA, USA).
1-2. Microbial Strain

E. coli AFP184 was obtained from the American Type Culture
Collection (ATCC PTA 5132, Manassas, Virginia, USA). The freeze-
dried culture was reconstituted in an LB medium [13]. The recon-
stituted culture was grown in 50-mL medium in a 250-mL shake
flask. Following incubation at 37 oC and 250 rpm for 16 h, two
volumes of the broth were mixed with one volume of sterile glyc-
erol and then the stock cultures were stored at −70 oC.
1-3. Corn Fiber Destarching

Corn fiber (CF) was processed in batches of 500 g (dry basis −
db) to make the hydrolysate for use in succinic acid fermentation
experiments. Fig. 1 presents the overall process flow diagram from
corn fiber to succinic acid. The first step in the hydrolysate mak-
ing process was destarching. In each batch, 500 g (db) CF was
placed in a 4-L beaker with 2,500 g deionized (DI) water. The pH
was adjusted to 5, and then 45.5µL Spezyme XTRA was added
(0.1 g enzyme per kg of CF on db). The beaker was maintained at
95 oC in a water bath for 2 h. The contents of the beaker were
mixed by a mechanical agitator. DI water was added as needed to
replace the water loss by evaporation. At the end of the 2-h period,
the beaker content was allowed to cool to about 25 oC. The pH
was readjusted to 5 and 91µL Fermenzyme L-400 was added (0.2
g/kg CF on db). The beaker content was split into two approxi-
mately equal portions and placed in two Fernbach flasks. The flasks
were then incubated at 55 oC and shaken at 250 rpm for 16 h to
complete the hydrolysis. The destarching water and the residual
solids were separated by centrifugation at 2,000 rpm for 15 min.
The supernatant (destarching water) was collected and stored fro-
zen until further use. The wet cake was spread out on aluminum

foil and dried in an oven at 55 oC with periodic stirring for 2 to 3
days. The dried solids (with about 5.4% moisture) were ground in
a small tabletop coffee grinder (Krups, model F203) and used in
the SAA pretreatment.
1-4. SAA Pretreatment and Hydrolysate Preparation

Pretreatment of the destarched CF was performed in Pyrex glass
medium bottles with plastic caps with a soft plastic lining inside.
Each bottle contained 70 g (db) of destarched CF and 700 g of
15 wt% NH4OH (a solid-to-liquid ratio of 1 : 10). The bottles with
the caps tightly squeezed in place were incubated in an oven at
60 oC for 24 h. The pretreated solids then were collected by vac-
uum filtration and washed repeatedly with DI water until the opti-
cal density at 465 nm (OD 465) of the wash water (diluted 10 times
with DI water) measured by a Spectronic® 20 D+ spectrophotome-
ter (Thermo Electron Corporation, Waltham, MA, USA) reached
a constant value (about 0.03-0.05). The recovered solids were stored
refrigerated at about 4 oC until they were used in the subsequent
enzymatic hydrolysis.

Enzymatic hydrolysis of the SAA-pretreated CF (at 60 oC for
24 h) was performed in destarching water at 5 wt% solid and pH 5
in a 2-L flask. Accellerase® 1500 was added at a dosage of 0.25 mL/
g solid (db). The flask was incubated at 50 oC and 250 rpm for
45 h. The liquid and residual solids were separated by centrifuga-
tion at 2,000 rpm for 15 min. Sulfuric acid was added to the recov-
ered supernatant to a final concentration of 1 wt% H2SO4 in the
hydrolysate. The acidified hydrolysate then was placed in an auto-

Fig. 1. Overall process diagram for succinic acid fermentation with
corn fiber.



Production of fermentable sugars from corn fiber using SAA pretreatment and fermentation to succinic acid using E. coli AFP184 2865

Korean J. Chem. Eng.(Vol. 33, No. 10)

clave at 121 oC for 1 h to hydrolyze the solubilized arabinoxylan to
free xylose and arabinose.
1-5. Succinic Acid Fermentation

The final hydrolysate containing glucose, xylose and arabinose
was used for succinic acid fermentation in 500-ml fermentors
(Moubio Knowledge, Taipei, Taiwan). Two experiments were per-
formed. In the first experiment, the final hydrolysate was used with-
out any modification. In the second experiment, the final hydrolysate
was enriched with the following ingredients (in g/L): K2HPO4 1.4,
KH2PO4 0.6, (NH4)2SO4 3.3, MgSO4·7H2O 0.4, and corn steep
liquor (Sigma-Aldrich, St. Louis, MO, USA) 15. In each fermen-
tor, 350mL of fermentation media was prepared, and these fermen-
tors were then sterilized by autoclaving at 121 oC for 20 min. The
inoculum medium was prepared in DI water, which contained the
same components as in the nutrient-enriched final hydrolysate used
for the second experiment plus 10 g/L glucose and was also ad-
justed to pH 6.5. The inoculum medium was placed in 250-ml flasks
(25 mL/flask). The flasks were capped with foam plugs and steril-
ized as described previously. Upon cooling, each flask was inocu-
lated with 0.1 mL thawed glycerol stock culture of E. coli AFP184.
The flasks were incubated at 37 oC and 250 rpm for 16 h before
they were used to inoculate the fermentors. Each fermentor received
the entire content of one inoculum flask. Prior to inoculation, the
fermentors were placed in an incubator maintained at 37 oC for
about 1 h, and then kept under the same conditions for the rest of
the experiments. During the first 6 h, the fermentors were aerated
with 0.2-micron filter-sterilized air at 1 vvm (volume per volume
per min). Aeration was then stopped to establish an anaerobic envi-
ronment, which triggered succinic acid synthesis. During the entire
course of the fermentation, the pH was maintained at 6.5 by auto-
matic addition of 1.5M Na2CO3 via a pH controller (model 270002,
Aquatic Life, Burbank, CA). Samples (1 mL) were taken at inter-
vals, centrifuged at 12,000 rpm on an Eppendorf microcentrifuge
(Eppendorf, Hauppauge, NY, USA) and syringe-filtered through a
0.2-micron membrane for subsequent analysis.
1-6. Analysis

Lignin and carbohydrate content in the solid samples were ana-
lyzed by the NREL Procedure [13]. Quantification of monosac-
charides including glucose, xylose, and arabinose after hydrolysis
was conducted using a high performance liquid chromatography
system (HPLC, Varian 356-LC, Agilent, CA, USA) using a refrac-
tive index (RI) detector and Bio-Rad Aminex HPX-87P column

(Bio-Rad Laboratories Inc., Hercules, CA, USA). HPLC analysis
conditions were 85 oC of column temperature and 0.6 mL of DI
water/min.

The fermentation samples were analyzed for sugars (glucose,
xylose, and arabinose) and organic acids (succinic and acetic acid)
by HPLC using an Agilent Technologies system (series 1200) (Santa
Clara, CA, USA) equipped with a refractive index detector. The
sugar concentration was determined using a Bio-Rad Aminex HPX-
87P column maintained at 80 oC with DI water as the mobile phase
at a flow rate of 0.6 mL/min. For organic acid analysis, a Bio-Rad
Aminex HPX-87H column maintained at 65 oC was used with
5 mM H2SO4 as the mobile phase at a flow rate of 0.6 mL/min.

RESULTS AND DISCUSSION

1. SAA Pretreatment on Chemical Composition and Enzy-
matic Hydrolysis of CF 

The compositional data of untreated (but destarched) and SAA-
pretreated CF are shown in Table 1. The carbohydrates and lignin
compositions of CF under different pretreatment conditions were
calculated based on the initial destarched CF weight. Delignifica-
tion after the pretreatment was also presented. The results in Table
1 indicate that delignification generally increased as the reaction
time increased; however, an extended reaction increased the risk
of carbohydrate fraction loss, in particular, pentosan such as xylan
and arabinan. Delignification of CF was not significantly increased
when the temperature was increased from 60 oC to 80 oC, while
more carbohydrate fractions in destarched CF were solubilized at
a higher reaction temperature.

The effect of SAA pretreatment on enzymatic digestibility of CF
was also evaluated. Fig. 2 summarizes the glucan, xylan, and arabi-
nan digestibilities of the SAA-pretreated CF treated with the afore-
mentioned reaction conditions. In Fig. 2(a), the glucan digestibility
of CF was notably improved from 19% to 85% by 6 h-SAA pre-
treatment at 60 oC, and the digestibility further increased to 92%
as the pretreatment time was extended to 24 h. With the SAA-pre-
treated CF at a higher reaction temperature (80 oC) and longer time
(up to 48 h), the glucan digestibilities increased to the range of 88-
99%. It has been reported that the removal of lignin and hemicel-
lulose enhances enzyme access to cellulose; therefore, the enzy-
matic digestibility of the cellulose increased. In addition, effective
pretreatment can change the cellulose structure to be more amena-

Table 1. Composition of SAA pretreated corn fiber

Temp.
[oC]

Time
[h]

S.R.
[wt%]

Lignin
[wt%]

Delignification
[%]

Solid composition (based on the initial untreated biomass)
Glucan [wt%] Xylan [wt%] Galactan [wt%] Arabinan [wt%] Mannan [wt%]

Untreated 100 8.8 - 22.1 25.7 4.5 16.1 1.9

60
06 71.7 7.1 20.1 21.5 20.9 3.8 14.6 1.1
12 62.2 6.2 29.6 20.5 16.4 3.0 11.5 1.0
24 52.7 6.1 30.6 19.9 12.6 2.3 08.7 1.0

80
12 50.4 7.1 19.6 20.0 11.5 2.0 07.7 0.9
24 46.1 6.2 29.2 20.0 10.1 1.8 06.3 1.0
48 40.8 5.5 37.5 19.6 08.6 1.5 05.1 1.0

Note. S.R.: Solid remaining (wt%) after pretreatment; Lignin: Acid insoluble lignin
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Fig. 2. Enzymatic digestibilities with SAA-pretreated corn fiber: (a) Glucan digestibility; (b) xylan digestibility; (c) arabinan digestibility.
Note. Pretreatment reaction conditions: 15 wt% NH4OH at 60-80 oC for 6-48 h.
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ble to enzymatic reaction, as discussed in previous studies [14-16].
Therefore, the initial enzymatic hydrolysis rate of the pretreated CF
was even faster than that of α-cellulose, pure cellulose as control,
for the first 48 h.

Figs. 2(b) and (c) show the xylan and arabinan digestibilities of
SAA pretreated CF treated at various reaction temperatures and
times. The xylan and arabinan digestibilities were not significantly
improved by SAA pretreatment compared to the increase in glu-
can digestibility. The xylan digestibility of pretreated CF was mea-
sured in the range of 11-27% after the pretreatment, which was
increased from that (~3%) of untreated CF. Similarly, the arabinan
digestibility also slightly increased from 7% of untreated CF to 22%
of pretreated CF. Note that most commercial cellulase products
contain both glucanase and hemicellulase activities. Although the
digestibilities in Figs. 2(b) and (c) were higher than the xylose and
arabinose yields from untreated CF, further hydrolysis with addi-
tional hemicellulase or acids is necessary to efficiently utilize the
pentose sugars in the CF.

Overall, SAA pretreatment of CF rendered it more digestible by
changing its chemical composition and structure as reaction con-
ditions became more severe, while the total available carbohydrate
content decreased with an increasing reaction temperature and
time. We also propose that further optimization for SAA pretreat-
ment of CF should be able to achieve maximum utilization of car-
bohydrates in CF for production of fermentable sugars.
2. Fermentation of CF Hydrolysate

We produced the succinic acid with hydrolysate obtained from
sequential hydrolysis of pretreated CF (see Fig. 1). The destarch-
ing water contained 20.0 g/L glucose. After enzymatic hydrolysis
with Accellerase® 1500 and 1wt% H2SO4 treatment, the glucose con-
centration was increased to 31.2 g/L. The concentration of xylose
and arabinose in the final hydrolysate was 15.0 and 7.0 g/L, respec-
tively. In the first succinic acid fermentation experiment, where the
final hydrolysate was used with no nutrient addition, the OD660 at
the end of the growth stage (first 6 h) was 5.8. The concentration
profiles of the substrates (glucose, xylose and arabinose) and prod-
uct (succinic acid) are shown in Fig. 3(a). It has been reported that
E. coli AFP184 is capable of simultaneously utilizing glucose and
xylose [17]. The results obtained in the present study indicate that
this strain is also capable of simultaneously utilizing arabinose to-
gether with the other two sugars. When the experiment was stopped
at 73 h, all of the arabinose was consumed and only about 6% of
the initial glucose remained, but xylose utilization was incomplete
at 59% consumption of the initial amount. The final succinic acid
concentration was 20.7 g/L. Thus, the overall productivity of the
succinic acid was 0.31g/L-h. The final succinic acid yield was 0.35g
succinic acid/g total sugar consumed. Significant improvement of
succinic acid fermentation was observed when nutrients were added
to the medium. At the end of the 6-h growth stage, the OD660 was
10.0. The concentration profiles of the substrates (glucose, xylose
and arabinose) and product (succinic acid) in this experiment are
shown in Fig. 3(b). Complete consumption of glucose and arabi-
nose was observed and xylose consumption was increased to 80%
of the initial amount. It was observed that the rate of succinic acid
production was also relatively high. Maximum succinic acid con-
centration was achieved in less than 48 h. Because no sample was

taken between 33.5 h and 48 h where the succinic acid concentra-
tion was 25.6 g/L and 26.3 g/L, respectively, it was not possible to
determine the exact time when maximum succinic acid concen-
tration was reached. The overall productivity, which was calculated
using the end point of 48 h, was 0.49 g/L-h. This value is much
higher than the productivity obtained in the experiment in which
the additional nutrients were not added to the medium. The final
succinic acid yield obtained with addition of nutrients to the medium
was 0.53 g succinic acid/g total sugar consumed, which was also
higher than the value observed in the experiment without nutri-
ent addition. The results obtained in these two experiments dem-
onstrate the feasibility of using the hydrolysate obtained by sequen-
tial enzymatic and dilute sulfuric acid hydrolysis of the SAA-treated
corn fiber for production of succinic acid. The results obtained in
the second experiment in which nutrients were supplemented to
the medium also pointed to the possibility that addition of glucose
in this case might increase the final succinic acid concentration.

CONCLUSION

Pretreatment of CF, a by-product of the corn wet milling pro-
cess, can provide an additional carbohydrate source to the existing

Fig. 3. Succinic acid fermentation with hydrolysate from corn fiber:
(a) Without nutrients; (b) with nutrients.
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corn ethanol process. It was found that the effective delignification
and minimal carbohydrate loss along with low cost pretreatment
should be factors to consider, as they enhance the enzymatic hy-
drolysis yield and rate of pretreated solid. Fermentation of succinic
acid using hydrolysate obtained from sequential hydrolysis pro-
cess resulted in 20.7 g-succinic acid/L without additional nutrients
in 73 h. Addition of nutrients to the medium resulted in near com-
plete consumption of glucose and arabinose in the hydrolysate,
which also improved xylose consumption effectively. Overall it im-
proved not only succinic acid conversion (26.3 g/L), but also the
productivity of the fermentation process, which allowed succinic
acid to reach the maximum concentration within 48 h.
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