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Abstract Production of fumaric acid from alkali-pretreated corncob (APC) at high solids
loading was investigated using a combination of separated hydrolysis and fermentation (SHF)
and fed-batch simultaneous saccharification and fermentation (SSF) by Rhizopus oryzae. Four
different fermentation modes were tested to maximize fumaric acid concentration at high
solids loading. The highest concentration of 41.32 g/L fumaric acid was obtained from 20 %
(w/v) APC at 38 °C in the combined SHF and fed-batch SSF process, compared with 19.13 g/L
fumaric acid in batch SSF alone. The results indicated that a combination of SHF and fed-
batch SSF significantly improved production of fumaric acid from lignocellulose by R. oryzae
than that achieved with batch SSF at high solids loading.

Keywords Fumaric acid .Rhizopus oryzae . Alkali-pretreated corncob . High solids loading .

Fed-batch simultaneous saccharification and fermentation

Introduction

Fumaric acid, a four-carbon unsaturated dicarboxylic acid, serves as an important organic
compound and bulk chemical reagent. On account of its non-toxic and non-hygroscopic
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properties, it is not only used widely in the food and beverage industry but also in etherification
and polymer chemistry [1]. Traditionally, fumaric acid has been synthesized using a chemical
process [2]. However, this mode of production is energy intensive and environmentally
unfriendly, and the development of a biotechnological route for fumaric acid production has
captured the attention of researchers.

Lignocellulosic materials (LCMs), derived from agricultural and forestry residues, are a
cheap and renewable feedstock from which can be obtained bioenergy and bio-based
chemicals such as fumaric acid. The structure of LCMs is complex, which is a potential
barrier to their further utilization. LCMs have three structural components: cellulose, a
polysaccharide made up of glucose units, with a high degree of crystallinity and polymeriza-
tion; hemicellulose, made up of various sugar units that can be substituted; and lignin, a
polymer of phenolic nature [3]. LCMs are in many ways an ideal raw material for the
production of bio-based chemicals using microorganisms, which has many advantages over
traditional chemical synthesis-based methods. Feedstocks are widely available in most geo-
graphical locations, which can improve the local economy, and fermentation is less energy
intensive and generates less toxic pollutants and is therefore more environmentally friendly [4].

Rhizopus species are saprophytic fungi that grow on simple nutrients through fermentation,
and Rhizopus oryzae is among the most widely used strains for fumaric acid production [5],
which can be produced using lignocellulose-based carbohydrates as a carbon source. A two-
stage corn straw utilization strategy was reported to convert concentrated glucose (80 g/L) into
27.79 g/L fumaric acid with a yield of 0.35 g/g glucose [6]. R. oryzae ATCC 20344 can use
dairy manure hydrolysate (lignocellulosic materials) supplemented with glucose to produce
31 g/L fumaric acid with a yield of 31 % [7]. In this process, enzymatic hydrolysis of
pretreated lignocellulosic material was performed before fermentation by R. oryzae in what
was described as separated hydrolysis and fermentation (SHF). However, SHF may meet with
several problems, such as end-product inhibition of enzymatic hydrolysis, slow hydrolysis
rate, and a low yield and product concentration. A simultaneous saccharification and fermen-
tation (SSF) process could afford enzymatic hydrolysis of lignocellulose and fermentation of
released sugars in the same vessel and hence overcome the problems associated with SHF.

Our previous study showed that R. oryzae could produce fumaric acid from alkali-pretreated
corncob (APC) in a SSF process [8]. Under optimal conditions, SSF by R. oryzae produced
13.78 g/L fumaric acid from 5 % (w/v) APC, while direct fermentation only yielded 6.21 g/L
using an equivalent amount of glucose as the carbon source [8]. Unfortunately, the low level of
solids loading resulted in a low concentration of fumaric acid, and a high solids loading is
desirable for both technical and economic reasons [9, 10]. Increasing solids loading could not only
improve product concentration and reduce production costs but also reduce equipment size,
energy consumption, and the burden of downstream processing [3]. An economically feasible
process using lignocellulose as feedstock requires a solids concentration above 15 % (on dry
basis) [3, 11]. However, high solids loading can lead to the potentially serious problem of high
viscosity and lower transfer efficiency. Indeed, this has proved to be the main limiting factor for
SSF by R. oryzae at high solids loading [11–14]. Fed-batch SSF may overcome mass transfer
limitation and allow higher solids loading, and when applied in the production of ethanol from
pretreated corncob, solids loading could be increased from 19 % (w/v) to 25 % (w/v), yielding
84.7 g/L ethanol [15].

In the present study, we investigated production of fumaric acid from alkali-pretreated corncob
by R. oryzae CICC 40351 at high solids loading. Fed-batch SSF was compared with batch SSF,
and the effect of increasing dry mass (DM) up to a solids loading of 20 % (w/v) was assessed.
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Materials and Methods

Materials

Strains

The R. oryzae CICC 40351 strain was purchased from the China Center of Industrial Culture
Collection (CICC, Beijing, China).

Raw Materials

Alkali-pretreated corncob (APC) was a gift from Jiangsu Kangwei Biologic Co., Ltd.
(Dongtai, Jiangsu, China).

Enzymes

Cellulase and β-glucosidase were purchased from Sigma Aldrich (USA) and Novozymes
(Denmark), respectively.

Media

Agar Slant

The composition of the slant medium was as follows: 10.0 g/L glucose, 3.0 g/L yeast extract,
3.0 g/L malt extract, 5.0 g/L peptone, and 20.0 g/L agar. The inoculated slant was cultured in a
constant temperature incubator at 30 °C for 1 week, and then stored at 4 °C.

Seed Medium

The seed medium was composed of 40 g/L glucose, 4.4 g/L (NH4)2SO4, 0.5 g/L MgSO4·7H2O,
0.6 g/L KH2PO4, 0.0176 g/L ZnSO4·7H2O, and 0.000498 g/L FeSO4·7H2O. Spores were washed
from the slant with sterile water and the spore density was adjusted to 107 spores/mL.

Fermentation Medium

SSFmedium containedAPC, 0.71 g/L (NH4)2SO4, 0.5 g/LMgSO4·7H2O, 0.6 g/LKH2PO4, 0.01 g/L
ZnSO4·7H2O, 0.0004 g/L FeSO4·7H2O, and 30 g/L CaCO3 in 0.05 mol/L NaAc-Ac buffer (pH 4.8).

SHF medium contained enzymatic hydrolysate of APC, 0.71 g/L (NH4)2SO4, 0.5 g/L
MgSO4·7H2O, 0.6 g/L KH2PO4, 0.01 g/L ZnSO4·7H2O, 0.0004 g/L FeSO4·7H2O, and 30 g/L
CaCO3.

Methods

Pretreatment

APCwas derived from alkali-pretreatment of corncobs following digestion in 7% (w/v) sodium
hydroxide at 85–90 °C for 1 h. After filtration, the liquid fraction containing hemicellulose was
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used for production of xylooligosaccharides, while the solid fraction was soaked in water at a
solid-liquid ratio of 1:10 (w/v) and then neutralized by 72 % (w/w) sulfuric acid to pH 4.8–5.0.
APC was obtained by filtration to remove the liquid fraction and stored in plastic bags at 4 °C.

Enzymatic Hydrolysis

Enzymatic hydrolysis of APC was conducted in an incubator at 50 °C with shaking at
150 rpm. The dosage of cellulase and β-glucosidase was 25 FPIU/g and 20 IU/g,
respectively. The glucose yield was calculated as follows:

Glocose yield %ð Þ ¼ glucose gð Þ � 0:9� 100

initial cellulose in substrate gð Þ

Seed Culture

The seed suspension was transferred to seed medium and cultured for 24 h at 35 °C with
shaking at 200 rpm.

Simultaneous Saccharification and Fermentation

SSF using free enzymes (cellulase and β-glucosidase) was carried out at 38 °C and 220 rpm in
fermentation medium (50 mL) with a 10 % (v/v) inoculum. The conversion yield was
calculated as follows:

Conversion yield ¼ fumaric acid gð Þ
substrate gð Þ

Fed-Batch Simultaneous Saccharification and Fermentation

Fed-batch simultaneous saccharification and fermentation (Fed-batch SSF) experiments
were carried out with different initial solids loading. Fresh substrate was added every
12 h, giving a final solids loading of 20 % (w/v). The fermentation conditions,
enzyme loadings, and nutrient concentrations were the same as in the batch SSF.

Separated Hydrolysis and Fermentation

Enzymatic hydrolysis of APC was conducted with a cellulase cocktail at 50 °C and
150 rpm. The supernatant from the enzymatic hydrolysate was obtained by centrifu-
gation at 2742×g for 10 min. The supernatant and other fermentation medium
components together formed the separated hydrolysis and fermentation (SHF) medium.
Fermentation of SHF medium was carried out at 38 °C and 220 rpm.
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Analytical Methods

Fumaric acid, ethanol, and glucose were determined by high-performance liquid chromatog-
raphy (HPLC) using a Bio-Rad Aminex HPX-87H column and a refractive index detector. The
mobile phase was 5 mmol/L H2SO4, and the flow rate was maintained at 0.6 ml/min.

Due to the low solubility of fumaric acid at room temperature [16], the final culture broth
was treated with 25 % (w/w) NaOH in order to convert fumaric acid into soluble sodium
fumarate. Excess NaOH was neutralized with 36 % (w/w) H2SO4 before samples were taken.

Analysis of the chemical composition of APC was carried out according to the National
Renewable Energy Laboratory standard methods for the determination of structural carbohy-
drates and lignin in biomass [17]. Filter paper activity and β-glucosidase activity were
determined according to standard International Union of Pure and Applied Chemistry
(IUPAC) procedures [18]. One FPIU was defined as the amount of enzyme that releases
1 μmol of glucose equivalents from Whatman No.1 filter paper per min. One unit of β-
glucosidase was defined as the amount of enzyme that converts 1 μmol of cellobiose to 2 μmol
of glucose per min.

All data presented in this study are the averages of two experiments. All of experiments
were carried in 250-mL flasks containing 50-mL medium.

Results and Discussion

Components and Enzymatic Hydrolysis of Alkali-Pretreated Corncob

Corncob material was treated with sodium hydroxide to generate APC, and the composition
was compared with raw material (Table 1). Corncob contains (%, dry weight basis) 36.01 %
cellulose, 36.84 % hemicellulose, 17.43 % lignin (including acid-soluble lignin and acid-
insoluble lignin), and 3.43 % ash. After alkali pretreatment, APC contains 66.95 % cellulose,
21.87 % hemicellulose, 5.92 % lignin (including acid-soluble lignin and acid-insoluble lignin),
and 1.20% ash. The percentage of cellulose (66.95%) after pretreatment increased in relation to
raw material (36.01 %) due to solubilization of xylan. Alkali pretreatment simultaneously
increased cellulose and decreased hemicellulose and lignin, as shown previously [19, 20]. This
treatment disrupted the crystalline structure of cellulose to make it more accessible for enzymes
to attack APC [21].

High fumaric acid concentration relies on a high cellulose concentration in SSF [15]. In order
to improve the cellulose concentration, a simple and easy method involves increasing the solids
loading for enzymatic hydrolysis. As shown in Fig. 1, higher solids loading resulted in a higher
glucose concentration after enzymatic hydrolysis. A 72-h enzymatic hydrolysis of (20 % w/v)
APC released 135.20 g/L glucose, which was 3.47 times higher than that obtained from 5% (w/v)
APC. However, the glucose yield was nearly 100 % at 5 % (w/v) APC compared with 90.87 % at

Table 1 Components of corncob after different pretreatments

Pretreatment Cellulose (%) Hemicellulose (%) Lignin (%) Ash (%)

Untreated 36.01 36.84 17.43 3.43

Alkali-treated 66.95 21.87 5.92 1.20
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20 % (w/v) APC. Increasing the APC concentration therefore decreased the glucose yield. The
hydrolytic performance of cellulase at high solids loading was likely limited due to a decline in
cellulase-binding capacity [11] or mass transfer limitation [3].

Comparison of Simultaneous Saccharification and Fermentation and Separated
Hydrolysis and Fermentation at 5 % (w/v) Solids Loading

SSF was tested for production of fumaric acid from lignocellulose by R. oryzae. Firstly, we
tried to produce fumaric acid from 5 % (w/v) APC in SSF mode, and compared this with SHF
at a 5 % (w/v) substrate concentration.

Figure 2a, b shows a comparison of SSF and SHF at the same solids loading. In SHF, the
hydrolysate containing 39.16 g/L glucose was used as a sole carbon source, which resulted
from enzymatic hydrolysis of 5 % (w/v) APC. The glucose concentration remained relatively
constant during the first 12 h of fermentation in SHF, presumably due to the complex
composition in the lignocellulosic hydrolysate that prompted R. oryzae to need a 12-h adaption
period [22]. Glucose was exhausted at 60 h in both SSF and SHF, but the fumaric acid
concentration was 12.9 % higher in SSF. Indeed, the SSF process secreted up to 14.72 g/L
fumaric acid from lignocellulosic material in a one-pot process. When APC was used directly
as a sole carbon source for fumaric acid production, a significantly higher yield (0.44 g/g) was
achieved using SSF.

Production of Fumaric Acid by Batch Simultaneous Saccharification
and Fermentation at Different Solids Loading

Achieving a higher concentration of fumaric acid is dependent on the cellulose content in the
SSF system. Table 2 shows production of fumaric acid by batch SSF at 5–15 % (w/v) solids
loading. When the substrate concentration is 5 % (w/v), we achieve the highest fumaric acid
concentration (14.12 g/L) with a yield of 0.28 g/g substrate. However, a higher DM did not
result in a higher fumaric acid concentration. The concentrations of fumaric acid were 8.83 g/L
at 10 % (w/v) APC and 10.36 g/L at 15 % (w/v) APC, respectively. Ethanol, a major byproduct,
reached a final concentration of 10.85 g/L in batch SSF with 15 % (w/v) APC. Furthermore,
>26 g/L residual glucose remained in the SSF medium. A higher substrate concentration is
known to decrease fermentation efficiency and allow accumulation of glucose in the SSF
medium [23]. High solids loading limited mass transfer to an extent, especially oxygen mass
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Fig. 1 Glucose concentration after a 72 h enzymatic hydrolysis with different solids loading
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transfer, which generates anaerobic-like conditions. As a consequence, R. oryzae fermentation
switched from aerobic-based to anaerobic-based metabolism, and anaerobic-like fermentation
increased ethanol and decreased fumaric acid. Zhang et al. [15] reported that a high solids
loading of lignocellulosic material during SSF resulted in high-viscosity slurry in the reactor,
and the actual product yield was far less than the theoretical yield [15]. We also carried out
batch SSF with 20 % (w/v) APC, but unfortunately, no fermentation products were detected
(data not shown). Therefore, a very high viscosity fermentation suspension limited oxygen
mass transfer at a solids loading of 20 % (w/v), which generated anaerobic-like conditions and
diminished fumaric acid production.

To overcome the high solids loading conundrum associated with SSF, a fed-batch mode
with prehydrolysis was explored. Intermittent addition of fresh substrate in a fed-batch SSF
system could avoid the problem of high viscosity, improve mass transfer, and increase the final

Table 2 Fermentation conditions and fumaric acid production by SSF at different solids loading

Substrate
concentration
(w/v %)

Time
(h)

Fumaric acid
(g/L)

Ethanol
(g/L)

Glucose
(g/L)

Glucose
utilization
(%)

Conversion
yield
(g/g substrate)

5 48 14.12 ± 0.20 1.95 ± 0.02 0.92 ± 0.01 97.59 0.28

10 60 8.83 ± 0.12 8.19 ± 0.07 16.99 ± 0.43 77.16 0.09

15 72 10.36 ± 0.14 10.85 ± 0.16 26.27 ± 0.29 75.37 0.07
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Fig. 2 Comparison of SSF and SHF by R. oryzae at 5 % (w/v) APC. a SSF, b SHF
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product concentration. Intermittent addition of fresh pretreated corncob during the first 24 h of
fed-batch SSF achieved a final solids loading of 25 % (w/v) based on an initial solids loading
of 19 % (w/v) and resulted in a final ethanol concentration of 84.7 g/L with an ethanol yield of
79.6 % [15].

Production of Fumaric Acid by Fed-Batch Simultaneous Saccharification
and Fermentation at High Solids Loading

In order to increase the final solids loading to 20 % (w/v) and avoid mass transfer
limitation, enzymatic prehydrolysis and a fed-batch approach were applied to the SSF
process [24–26]. The operating conditions of different SSF modes and the accompanying
results are shown in Table 3 and Fig. 3. In the first three SSF modes (a, 20 % SSF; b, 5 %
SSF + 5 % SSF + 5 % SSF + 5 % SSF; c, 10 % SSF + 10 % SSF), a 24-h enzymatic
prehydrolysis was performed, followed by batch or fed-batch SSF for production of
fumaric acid. The purpose of enzymatic prehydrolysis was not only to increase the initial
glucose concentration in the hydrolysate but also to decrease the initial viscosity of the
fermentation broth. As a result, diffusion and mixing could be improved significantly [27].

Batch SSF (mode a) with 20 % (w/v) APC was compared with fed-batch SSF b (5 %
SSF + 5 % SSF + 5 % SSF + 5 % SSF), and fumaric acid increased from 19.13 to 33.32 g/
L (Fig. 3a, b). A high solids loading resulted in high viscosity [15], but the fed-batch SSF
mode alleviated the mass transfer limitation and improved production of fumaric acid from
20 % (w/v) APC. The four-stage mode b (5 % SSF + 5 % SSF + 5 % SSF + 5 % SSF) was
next compared with the two-stage mode c (10 % SSF + 10 % SSF). As shown in Table 3,
there was little difference in fumaric acid concentration between modes b and c (Fig. 3b,
c). As a result, adding different amounts of fresh APC every 12 h had no influence on the
final fumaric acid concentration. In SSF mode d, the final fumaric acid concentration
increased up to 41.32 g/L with a yield of 0.21 g/g substrate, and there was no ethanol
byproduct in the SSF medium. SSF mode d involved three stages: 48 h enzymatic
hydrolysis with 10 % (w/v) APC and fermentation by R. oryzae for 36 h; fed-batch SSF
of 5 % (w/v) APC for 12 h; fed-batch SSF of 5 % (w/v) APC until the end of the SSF
process. In this mode, the first stage provided sufficient glucose and improved glucose
consumption, and subsequent stages improved mass transfer compared with one large
addition at the beginning of the process.

Table 3 Fermentation conditions and fumaric acid production by different SSF modes

Label Prehydrolysis
time (h)

SSF mode (w/v %) Interval
addition
time (h)

Fumaric acid
conc. (g/L)

Ethanol
conc. (g/L)

Conversion
yield
(g/g substrate)

A 24 20 % SSF – 19.13 ± 0.93 1.52 ± 0.02 0.10

B 24 5 % SSF + 5 %
SSF +5 %
SSF + 5 % SSF

12 33.32 ± 1.01 3.84 ± 0.06 0.17

C 24 10 % SSF + 10 %
SSF

12 34.45 ± 0.88 2.29 ± 0.10 0.17

D – 10 % SHF + 5 %
SSF + 5 % SSF

12 41.32 ± 2.02 0.00 ± 0.00 0.21
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In this study, a combination of SHF and fed-batch SSF at 20 % (w/v) APC produced the
highest concentration of fumaric acid (41.32 g/L). This combined mode reduced the viscosity
of the fermentation broth and improved glucose consumption. To our knowledge, this is the
first report on combining SHF and fed-batch SSF for production of fumaric acid from
lignocellulose by R. oryzae at high solids loading.

Although the production of fumaric acid by R. oryzae have been increased by using a
combination of SHF and fed-batch SSF at a relatively high solids loading, the fermentative
production of fumaric acid is still facing some problems such as lower fumaric acid concen-
tration (< 50 g/L) and lower conversion yield obtained in the present work. Increased solids
loading led to higher potential product concentration, reducing equipment’s size, energy
consumption, and the burden of the downstream processing [3]. From the perspective of
economics, higher fumaric acid concentrationwould be beneficial for the large-scale production
of fumaric acid and cut down the production cost. Further study would focus on improving the
concentration of fumaric acid by diverse fermentative modes at higher solids loading.

Conclusions

Four different fermentation modes were assessed for production of fumaric acid by R. oryzae
at a high solids loading of lignocellulosic materials. The combination of SHF and fed-batch
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SSF yielded the highest fumaric acid concentration (41.32 g/L) from 20 % (w/v) APC at 38 °C,
compared with 19.13 g/L fumaric acid in a batch SSF process. Consequently, it can be
concluded that production of fumaric acid from LCMs with high solids loading was signifi-
cantly improved by combining SHF and fed-batch SSF processes that reduced viscosity and
improved glucose utilization.
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