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Abstract Dilute acid hydrolysate of corn fiber was used as carbon source for the
production of succinic acid by Actinobacillus succinogenes NJ113. The optimized
hydrolysis conditions were obtained by orthogonal experiments. When corn fiber particles
were of 20 mesh in size and treated with 1.0% sulfuric acid at 121 °C for 2 h, the total sugar
yield could reach 63.3%. It was found that CaCO3 neutralization combined with activated
carbon adsorption was an effective method to remove fermentation inhibitors especially
furfural that presented in the acid hydrolysate of corn fiber. Only 5.2% of the total sugar
was lost, while 91.9% of furfural was removed. The yield of succinic acid was higher than
72.0% with the detoxified corn fiber hydrolysate as the carbon source in anaerobic bottles
or 7.5 L fermentor cultures. It was proved that the corn fiber hydrolysate could be an
alternative to glucose for the production of succinic acid by A. succinogenes NJ113.
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Introduction

Succinic acid, a common metabolite in plants, animals, and microorganisms, is valued for
its derivative chemicals, which can be used directly or as a precursor for many industrial
chemicals production including 1,4-butanediol, tetrahydrofuran, N-methyl pyrrolidinone,
2-pyrrolidinone, gamma-butyrolactone, and biodegradable polymers such as polybutyrate
succinate, and polyamides [1]. Currently, most of the commercialized production of
succinic acid has been successfully chemical synthesized from butane derived from
petroleum. However, because of concerns about future scarcity, cost, and environmental
impact of fossil fuel, much attention has recently been focused on the production of
succinic acid by microorganisms as an alternative to the petroleum-based processes [2, 3].
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Fermentation process for succinic acid production is desirable because renewable resources
and CO2 can be used as feedstock. Glucose, whey, and wood hydrolysate have been
reported as raw materials for the production of succinic acid [4–7].

Corn fiber, a by-product of corn wet milling facilities, is marketed as a low-cost animal
feed ingredient currently. It contains 60–70% carbohydrates which include starch, cellulose,
and hemicellulose [8]. Low cost and high carbohydrate content of corn fiber make it an
attractive potential substrate for bioconversion to chemicals. Several saccharification
procedures for conversion of corn fiber carbohydrate to fermentable sugars have been reported
[9–13]. Among the reported hydrolysis methods, dilute acid catalyzed hydrolysis could be
performed easily at low cost. Unfortunately, non-fermentable or toxic compounds, especially
furfural which is an inhibitor for cell growth by lowering cells membrane permeability [14],
are formed in side reactions during acid hydrolysis process [15–17]. Thus, the hydrolysate
must be detoxified to enable the microorganisms to grow and ferment. Several treatment
approaches have been used for detoxification including overliming [18, 19], fungal treatment
[20], ion-exchange resin [21], and activated charcoal [22–24].Nevertheless, the effectivity of
each method varies when different microorganism is used.

In this paper, dilute sulfuric acid was used for corn fiber hydrolysis, followed by
treatment processes to remove the inhibitors in the acid hydrolysate of corn fiber. Then the
effects of treatment methods were evaluated on fermentability of the corn fiber hydrolysate
for the production of succinic acid by Actinobacillus succinogenes NJ113.

Materials and Methods

Chemicals and Materials

All the chemicals were reagent grade and were received from Sinochem (Shanghai, P.R.
China) and from Fluka Chemical (Buchs, Switzerland). N2 and CO2 were obtained from
Nanjing Special Gases Factory (Nanjing, P.R. China). Dry corn fiber was obtained from
Shandong Zhengde Foods, P.R. China.

Preparation of Corn Fiber Hydrolysate

Prior to hydrolysis, corn fiber was ground using a commercial plant grinder (Tianjing
Taisite Apparatus, P.R. China) and passed through different mesh screens. Dry corn fiber
particles were mixed with dilute sulfuric acid aqueous solution at a concentration of 18% (w/v).
The suspensions were placed in 250 mL flasks and hydrolysed in an autoclave at 110 °C,
121 °C, or in water bath at 90 °C and 100 °C, respectively. Effects of the corn fiber particle
size, sulfuric acid concentration, hydrolysis temperature, and hydrolysis time on the total
sugar yields were investigated by orthogonal experimental design (Table 1).

Treatment Methods of Corn Fiber Hydrolysate

Two methods were applied to treat the hydrolysate.

NaOH Neutralization

The hydrolysate was neutralized to pH 6.0 by NaOH, and the resultant precipitates were
filtered with a Busher funnel. One drop of antifoaming agent per 200 mL of hydrolysate
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was added into the filtrate, and then the filtrate was concentrated from 200 to 80 mL using a
rotary vacuum evaporator at 60 °C, 100 rpm and 80 kPa. This is designated as the corn
fiber hydrolysate treated by sodium hydroxide neutralization (SCFH).

CaCO3 Neutralization Combined with Activated Carbon Adsorption

CaCO3 was added to the hydrolysate to adjust the pH at 6.0, and the subsequent treatment
process was the same as in “NaOH Neutralization.” After concentration, 1% (w/v) of
activated carbon was added to the concentrated hydrolysate, and the suspension was
agitated at 150 rpm and 30 °C for 30 min. The activated carbon was filtered with a Busher
funnel, and the filtrate was designated as the corn fiber hydrolysate (CCFH) treated by
CaCO3 neutralization combined with activated carbon adsorption (CNAA).

Microorganism and Cultivation Conditions

Microorganism

A. succinogenes NJ113 (isolated from rumen by our laboratory and stored at China General
Microbiological Culture Collection Center, CGMCC NO.1716) was used in all experiments.

Culture Media

The medium for inoculum preparation contained the following (in g/L): 10.0 glucose, 5.0
yeast extract, 10.0 NaHCO3, 8.5 NaH2PO4·H2O, and 15.5 K2HPO4.

The production medium contained the following (in g/L): 3.0 KH2PO4,
0.2 MgCl2·6H2O, 0.2 CaCl2, 1.0 NaCl, 5.0 corn liquor steep, and 10.0 yeast extract.
Carbon sources (glucose, SCFH, and CCFH) were autoclaved separately and added
aseptically.

Cultivation Conditions

Inoculum was prepared in 100 mL sealed anaerobic bottles with polytetrafluoroethylene on
open top caps containing 50 mL medium with CO2 as the gas phase. Vials were inoculated
with a syringe from the headspace to ensure anaerobic conditions. The cultures were grown
in a rotary shaker at 37 °C and 180 rpm for 12 h.

For anaerobic bottle fermentation, the cultures were performed using 100 mL anaerobic bottles
containing 50mLmediumwith CO2 as the gas phase, and 50 g/L MgCO3 was added to maintain
the pH of medium. The cultures were grown in a rotary shaker at 37 °C and 180 rpm for 36 h.

Batch fermentation was carried out in a 7.5 L fermentor (Bioflo 110, USA) with an
initial broth volume of 4.5 L, and nitrogen was bubbled through the medium for 30 min to

Table 1 Levels and factors of orthogonal experiments.

Factors Levels

Sulfuric acid concentration (%, v/v) 0.30 0.50 0.75 1.00
Particle size (mesh) 20 40 60 80
Hydrolysis temperature (°C) 90 100 110 121
Hydrolysis time (min) 50 75 100 120
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remove oxygen before inoculation. All fermentations were performed at 37 °C with the
agitation speed of 200 rpm and CO2 flow rate of 0.5 L/min. The pH was set at 6.8 and
maintained by addition of a concentrated base solution (10 N NaOH).

Analytical Methods

For evaluation of the corn fiber samples, Chinese standard method GB/T 5009.3-2003 and
GB/T 5009.9-2003 were used to determine moisture and starch content, respectively [25].
Cellulose was determined by nitric acid-ethanol method, and hemicellulose was determined
by phloroglucinol method [26]. All determinations were carried out in triplicate.

Glucose was analyzed by a SBA-40C biosensor analyzer (Institute of Biology, Shandong
Province Academy of Sciences, P.R. China); after acid hydrolysis, the total sugar
concentration in the corn fiber hydrolysate was determined by dinitrosalicyclic acid
method [27], and the gross concentration of other sugars was calculated by the total sugar
minus glucose concentration.

Furfural and fermentation products were analyzed by high-performance liquid
chromatography (Chromeleon server monitor, UVD 170U detector, P680 pump, Dionex,
USA). For determining furfural, a reversed-phase chromatographic column (Prevail C18
column, Grace, USA) was used, and the mobile phase was acetonitrile and water (50:50, v/v)
with the flow rate of 1 mL/min. To determine the fermentation products, an ion exchange
chromatographic column (Prevail organic acid column, Grace, USA) was used, and 25 mM
KH2PO4 (adjusted to pH 2.5 by H3PO4) was used as the mobile phase with the flow rate of
1 mL/min.

Dry cell weight (DCW) was computed from a curve relating optical density at 660 nm
(OD660) to dry weight. An OD660 of 1.0 represented 520 mg dry weight per liter.

Results and Discussion

Feedstock Composition

The chemical composition of the original untreated corn fiber was determined. The
moisture content of the corn fiber was 4.6%. The total polysaccharide content was proved
to be very high (68.7%), which included 15.4% starch in addition to 21.7% cellulose and
31.6% hemicellulose. These results conform to a previous literature report [28]. This
agricultural residue was an attractive material for saccharification and fermentation
processes for its high carbohydrate content. The remaining components (26.7%) of the
original untreated corn fiber, which may include protein, fat, lignin, and so on, were not
quantified.

Hydrolysis of Corn Fiber Based on Orthogonal Experimental Design

L16 (44) orthogonal experiments were designed to estimate the effects of particle size,
sulfuric acid concentration, hydrolysis temperature, and hydrolysis time on total sugar
yields. The results were shown in Table 2. The total sugar yield was calculated as a
percentage of the maximum theoretical yield based on the monosaccharides in starch,
cellulose, and hemicellulose.

It was shown that hydrolysis temperature had the most significant influence on the total
sugar yield; sulfuric acid concentration and hydrolysis time also had strong influence, while
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particle size had least influence among the four factors. The optimized hydrolysis
conditions were determined as follows: particle size was 20 mesh with 1.0% sulfuric acid
at 121 °C for 120 min. Under the optimized conditions, the total sugar yield could reach
63.3%. However, there were toxic compounds in the hydrolysate such as furfural which
would inhibit the growth of bacteria. The solution also presented chocolate, which
complicated the downstream process.

Treatment of Corn Fiber Hydrolysate

The effects of treatment methods of the corn fiber hydrolysate on the removal of furfural
and the loss of sugar were shown in Table 3.

Table 3 The effects of treatment methods on the removal of furfural and the loss of sugar.

Hydrolysate Total sugar concentration (g/L) Furfural (g/L)

Untreated hydrolysatea 217.5 2.98
SCFH 214.6 2.64
CCFH 206.1 0.24

a The hydrolysate was not neutralized by NaOH or CaCO3 before filtration and concentration

Table 2 Arrangement and results of L16 (44) orthogonal experiments.

No. Levels Total sugar
yield (%)

Sulfuric acid
concentration (%)

Particle size
(mesh)

Hydrolysis
temperature (°C)

Hydrolysis
time (min)

1 0.30 20 90 50 6.3
2 0.30 40 100 75 13.1
3 0.30 60 110 100 25.7
4 0.30 80 121 120 56.9
5 0.50 20 100 100 15.9
6 0.50 40 90 120 11.6
7 0.50 60 121 50 54.9
8 0.50 80 110 75 27.3
9 0.75 20 110 120 45.7
10 0.75 40 121 100 62.8
11 0.75 60 90 75 11.2
12 0.75 80 100 50 14.8
13 1.00 20 121 75 62.7
14 1.00 40 110 50 38.5
15 1.00 60 100 120 30.0
16 1.00 80 90 100 17.9
K1a 25.5 32.6 11.7 28.6
K2 27.4 31.5 18.5 28.6
K3 33.6 30.5 34.3 30.6
K4 37.2 29.2 59.3 36.1
Rb 11.8 3.4 47.6 7.5
Optimized design 1 20 121 120

a The average of the sum of experimental results
b R=Ki,max–Ki,min
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It could be seen that the method treating with CNAA was more effective which caused
91.9% reduction of furfural with only 5.2% loss of the total sugar. Although NaOH
neutralization caused less sugar loss too, the removal efficiency of furfural was low.

Both calcic compounds neutralization and activated carbon absorption were effective
ways to remove furfural from the hydrolysates [16, 29]. In this work, it was proved that
CaCO3 neutralization combined with activated carbon absorption was a more effective
method to remove furfural in the corn fiber hydrolysate.

Succinic Acid Production from Different Carbon Sources

To investigate the fermentability of the corn fiber hydrolysate, succinic acid fermentations
by A. succinogenes NJ113 from glucose, SCFH, and CCFH at the concentration from 10 to
50 g/L in medium were carried out, and the results were shown in Fig. 1.

As shown in Fig. 1, the succinic acid yield decreased 1.41-fold with the increase of
SCFH from 10 to 50 g/L. However, when CCFH was used as carbon source, even at a high
concentration of 50 g/L, the production yield reached above 72.0%, which was 23.2%
higher than that of SCFH. The poor fermentability of NaOH neutralized hydrolysate was
primarily due to the presence of high level of furfural which could decrease fermentation
efficiency of A. succinogenes NJ113. Therefore, it was proved again that CNAA was an
effective method to remove inhibitors especially furfural from acid hydrolysate of corn fiber
for succinic acid production by A. succinogenes NJ113.

As reported, the use of the more-reduced sugars resulted in the formation of higher
amounts of the more-reduced end products succinate [30]. Since saccharides in the corn
fiber hydrolysate are composed of xylose and arabinose in addition to glucose [10],
reducing power of the hydrolysate is lower than that of glucose [30]. So for the production
of succinic acid, if corn fiber hydrolysate was used as carbon source, the production yield
from CCFH was about 8% lower than that with glucose (data shown in Fig. 1).

Fig. 1 Effects of carbon sources
on succinic acid yield
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Succinic Acid Production from CCFH in Batch Fermentation

The results of succinic acid production from CCFH in a 7.5 L fermentor were shown in Fig. 2.
There existed some residual inhibition in the CCFH since the growth of A. succinogenes

NJ113 had a longer lag phase (6 h) than that with glucose as sole carbon source (Fig. 3). As
shown in Fig. 2, when CCFH was used as carbon source, glucose was consumed rapidly
and could be exhausted within 24 h. In the meanwhile, other sugars were also utilized but
with much lower utilization rate in comparison with that of glucose. It appeared that there
was no catabolite repression from glucose present for A. succinogenes NJ113.

At the end of 36 h fermentation, the concentration of succinic acid reached 35.4 g/L with
the yield of 72.5%, while 1.0 g/L of other sugars still remained.

Concluding remarks

Cost of raw materials is one of the major factors in economics of production media for
succinic acid fermentation. CaCO3 neutralization combined with activated carbon
absorption was an effective method to remove the inhibitory compound especially furfural
from acid hydrolysate of corn fiber, and the fermentability of hydrolysate for the production

Fig. 2 Succinic acid production
from CCFH in 7.5 L fermentor.
Open triangles other sugars,
closed squares glucose, open
diamonds DCW, closed triangles
succinic acid

Fig. 3 Succinic acid production
from glucose in 7.5 L fermentor.
Closed squares glucose, open
diamonds DCW, closed triangles
succinic acid
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of succinic acid by A. succinogenes NJ113 was improved. Therefore, corn fiber could be an
alternative carbon source for the economic production of succinic acid by A. succinogenes
NJ113.
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