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Abstract In this study, an integrated citric acid-methane
fermentation process was established to solve the problem
of wastewater treatment in citric acid production. Citric
acid wastewater was treated through anaerobic digestion
and then the anaerobic digestion effluent (ADE) was fur-
ther treated and recycled for the next batch citric acid
fermentation. This process could eliminate wastewater
discharge and reduce water resource consumption. Propi-
onic acid was found in the ADE and its concentration
continually increased in recycling. Effect of propionic acid
on citric acid fermentation was investigated, and results
indicated that influence of propionic acid on citric acid
fermentation was contributed to the undissociated form.
Citric acid fermentation was inhibited when the concen-
tration of propionic acid was above 2, 4, and 6 mM in
initial pH 4.0, 4.5 and, 5.0, respectively. However, low
concentration of propionic acid could promote isomaltase
activity which converted more isomaltose to available
sugar, thereby increasing citric acid production. High
concentration of propionic acid could influence the vitality
of cell and prolong the lag phase, causing large amount of
glucose still remaining in medium at the end of fermen-
tation and decreasing citric acid production.
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Introduction

Citric acid (2-hydroxy-1, 2, 3-propanetricarboxylic acid),
first isolated from lemon juice in 1784, is one of the most
important organic acids today and has been widely used in
food, beverage, chemical, and metallurgical industries [1-
3]. Currently, the majority of citric acid is manufactured
through submerged fermentation of starch-based or
sucrose-based feedstock by the filamentous fungus A. niger
due to its high citric acid productivity [4]. In 2010,
approximately one million tons of citric acid was produced
in China and 50-60 million tons of citric acid wastewater
were generated as each ton product of citric acid can pro-
duce 50-60 tons of wastewater [5]. This wastewater con-
tains high concentration of chemical oxygen demand
(COD) (15,000-20,000 mg/L) and low pH (4.5-4.8) and its
treatment has seriously restricted the development of citric
acid production plant [6, 7].

In the conventional process, citric acid wastewater is
usually treated with anaerobic—aerobic digestion and then
the effluent is transported to municipal sewage plant and
further treated with physical and chemical methods to meet
the national discharge standard (Fig. 1a) [8, 9]. However,
capital investment and operation costs of the aerobic
digestion are high. Fenton’s reagent, emulsion liquid
membrane, microwave radiation and other physical-
chemical methods are also investigated to treat citric acid
wastewater [10—12]. Efficiencies of these methods are high
and their COD removal rates are 69.0-98.0 %. However,
these methods have the disadvantages of large amount of
inorganic reagents consumption and complex operation in
practice. Recently, Photosynthetic bacteria and Chlorella
vulgaris which can grow in polluted wastewater and pro-
duce valuable sources of proteins, vitamins, and other
compounds for animal feed constitution, have been widely
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Fig. 1 Flow chart of the integrated citric acid—methane fermentation process

used for citric acid wastewater treatment [5, 13]. Using this
method, the removal rates of COD, biochemical oxygen
demand, and nitrogen in wastewater are all above 90 % and
the remains can be used as animal feedstuff. However, the
effluent after such treatment cannot meet national dis-
charge standard and further treatment is still necessary.
Therefore, the treatment of wastewater is still a tough work
for the citric acid manufacturers.

To completely solve the disposal problem of citric acid
wastewater mentioned above, an integrated citric acid—
methane fermentation process was developed by our lab-
oratory [14]. In this process, cassava and corn starch are
used as raw materials to produce citric acid, while unused
materials (fiber and pectin) and metabolites of A. niger in
citric acid fermentation are converted to biogas through
mesophilic anaerobic digestion (Fig. 1b). The biogas can
be used to produce electricity and heat, while the ADE was
further treated by air stripping and solid-liquid separation
to remove ammonia and part of precipitable metal ions
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which were confirmed to be the inhibitors for citric acid
fermentation in pervious experiment [15]. Then the
supernatant was recycled for the next batch citric acid
fermentation, thereby avoiding the wastewater discharge
and decreasing the water resource consumption.

Tap water was used to make mash for the first batch of
citric acid fermentation and performed as the control. The
proposed process had performed for 10 batches and citric
acid production in recycling (2nd-10th) decreased by
2.5 % compared with the control [16], indicating inhibitors
were contained in the treated ADE and could inhibit citric
acid fermentation. In this paper, essential chemical char-
acteristics of ADE were detected and the accumulation of
propionic acid was found in recycling process. Therefore,
effects of propionic acid on the citric acid fermentation
were investigated. Based on the results, corresponding
approaches were provided to avoid further deterioration of
the proposed process when acidification conditions occur-
red in anaerobic digestion system.
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Materials and methods

Strain and seed culture conditions for citric acid
fermentation

A. niger strain used for citric acid fermentation throughout
this study was obtained from Anhui Fengyuan Co., Ltd.,
China, which was an industrial strain, and potato dextrose
agar (PDA) slants stored at 4 °C was used for its preser-
vation. Subculture was performed every 2 months to
maintain the strain vitality.

100 g cassava powder (starch content 65-70 % (w/w),
size is approximately 0.45 mm, provide by the Henan
Tianguan Co. Ltd., China) was mixed with 400 mL tap
water to prepare seed culture medium in this study and the
slurry pH was adjusted to 6.0 using 30 % (w/w) sulfuric
acid or 10 % (w/v) sodium hydroxide. Then, 10 U/g high-
temperature amylase (20,000 U/mL, provide by Genencor
China Co. Ltd.) was added and the slurry was maintained at
100 °C for 2 h. When the slurry is cooled to room tem-
perature, water loss during liquefaction was made up with
tap water and 0.1 % (w/v) ammonium sulfate was sup-
plemented as nitrogen source for spore germination. The
slurry pH was adjusted to 5.5 before autoclaving at 115 °C
for 20 min and conidia from a 7-day-old PDA slant were
used for inoculation. 10 mL of a spore suspension in sterile
water, containing approximately 6 x 10%mL of conidia,
was inoculated to the 70 mL sterile medium in a 1000 mL
shake flask. The shake flask was conducted at 200 rpm,
36 &£ 1 °C for 20 h before the seed culture was used for
citric acid fermentation.

Citric acid fermentation

80 g cassava powder and 20 g corn powder (starch content
75-80 % (w/w), size is approximately 0.45 mm, provide
by the Henan Tianguan Co. Ltd., China) were added to
450 mL process water to prepare the fermentation media.
The liquefaction and autoclave operation were same to that
of seed medium, and the initial total sugar of fermentation
media was regulated to approximately 155 g/L. 6 mL, seed
broth was inoculated to 34 mL sterile fermentation media
in a 500 mL shake flask and then conducted at 260 rpm,
37.5 £ 1 °C for 92 h. All shake flask experiments were
conducted in triplicates. For the citric acid fermentation in
agitator bioreactor (LiFlus GX, provide by Korea biore-
actor Co. Ltd., with 5-L total capacity), 450 mL seed broth
was inoculated to 2550 mL sterile fermentation media to
initiate the fermentation. Temperature during the fermen-
tation was maintained at 37.5 £ 1 °C using a heating
jacket, while dissolved oxygen was monitored online by
the dissolved oxygen electrode (InPro6800, provide by

Mettler Toledo, Greifensee, Switzerland) and was con-
ducted by the three-bladed impellers operating at 600 rpm
with an aeration rate of 2 vvm. The pH in the fermentation
was monitored by the pH electrode (K8S-325, provide by
Mettler Toledo, Greifensee, Switzerland). Fermentation
time was conducted at 72 h and samples were analyzed in
an interval of 12 h.

Effect of propionic acid on citric acid fermentation
in different initial pH

Propionic acid was added to the mash to the final con-
centrations of 1.0, 2.0, 4.0, 6.0, 8.0, and 10.0 mM,
respectively. The resulting slurry pH was adjusted to
approximately 4.1, 5.5 or 6.8 using 30 % (w/w) sulfuric
acid or 10 % (w/v) sodium hydroxide, thereby the fer-
mentation pH after inoculation dropped to approximately
4.0, 4.5, and 5.0, respectively. Undissociated propionic
acid was calculated using the Henderson-Hasselbalch
equation, pH = pKa + log ([A—]/[HA]), and propionic
acid pKa of 4.87.

Methane fermentation condition

Methane fermentation in this paper was performed in
upflow anaerobic sludge blanket reactor (provide by
Shanghai Daming, China, with a working volume of 5 L).
Circulator bath was used to maintain temperature at
35+ 1°C and approximately 30 % of the mesophilic
anaerobic granular sludge (provide by Yixing Xielian
Biological Chemical Co. Ltd., China) was inoculated in
reactor. Citric acid wastewater from a citric acid produc-
tion plant (Yixing Xielian Biological Chemical Co. Ltd.,
China) was used to start the methane fermentation and in
recycling batches, citric acid wastewater was obtained from
the extraction operation of the medium at the end of citric
acid fermentation by our laboratory. Every day citric acid
wastewater was entered into reactor for methane fermen-
tation by an adjustable-speed peristaltic pump. The
hydraulic retention time was approximately 8.7 + 0.8 days
and the mean organic loading rate was approximately
2.2 + 0.2 kg/m*/day. After the methane fermentation, the
ADE was centrifuged at 4000xg for 20 min and the
supernatant was analyzed prior to store at 4 °C and recy-
cled for citric acid fermentation.

Analytical methods
Citric acid, residual glucose, isomaltose, acetic, and pro-
pionic acid were detected using a Dionex U3000 high-

performance liquid chromatography (HPLC), which was
equipped with an ultraviolet and refraction index detector
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(UV/RID) and C18 3.9 x 300 mm column. The column
was operated at 65 °C and eluted with 0.005 mol/L sulfuric
acid at a flow rate of 0.6 mL/min. The collected samples
were centrifuged at 10,000xg for 20 min, followed by
filtering through a 0.45 pm membrane prior to analysis.
Total sugars were measured using the biosensor (SBA-40B,
provide by Shandong Academy of Sciences, China) after
the samples were subject to acid hydrolysis (20 g/L
hydrochloric acid, 100 °C for 2 h). Isomaltase activity in
citric acid fermentation was analyzed by measuring the
decrease of isomaltose concentration in the reaction mix-
ture which contained 1 mL acetate buffer (pH 4.5, 0.1 M),
1 mL isomaltose (10 g/L) and 1 mL supernatant of fer-
mentation broth. One unit of isomaltase activity was
defined as the amount of enzyme which consumed 1 mg
isomaltose per minute at pH 4.5, 50 °C. Biomass in fer-
mentation medium was evaluated by microscope count
method after suitably diluted and 20 times analyzed for
each sample to obtain sufficiently precise measurements.
COD, NHj;-N, volatile fatty acids (VFAs) and, alkalinity
were determined according to standard methods [17].
Methane production in anaerobic digestion was measured
using water replacement method with the removal of car-
bon dioxide and hydrogen sulfide by 2 N sodium hydroxide
solutions [18].

Results and discussion
Chemical characteristics of the ADE in recycling

Chemical characteristics of the ADE in recycling were
detected and the results are shown in Fig. 2. The COD
concentration in ADE was stable in the first three batches and
then 93.6 % of increase from 1100 to 2130 mg/L. was
detected from the fourth batch (Fig. 2a). Correspondingly,
the COD removal rate slightly increased in the first three
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Fig. 2 Changes of chemical characteristics of the ADE in recycling
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batches and then significantly decreased in the following
batches. However, the COD removal rates were still above
90 % throughout the recycling process which indicated that
the anaerobic digestion operation was relatively stable.
Moreover, the average methane yield and pH was approxi-
mately 292.3 £+ 15.2 mL/g TCODemoveq and 7.06 = 0.05
(Fig. 2a, b), respectively. This also proved the anaerobic
digestion was efficient and stable in operation as Speece [19]
had reported that the theory methane yield in anaerobic
digestion was 350 mL/g TCOD,emoveq and the optimum pH
range was 6.5-8.2. Meanwhile, 32.4 % decrease of the
ammonia concentration in ADE, from 506.8 to 342.8 mg/L
in recycling, was found (Fig. 2b). This result was consistent
with our previous study which suggested that wastewater
from the citric acid factory was used to start the methane
production and this feed contained relatively more organic
nitrogen because of the extensive extraction process, thus
causing high initial ammonia concentration in the effluent
[14]. In recycling, citric acid wastewater produced by our
laboratory was used as influent which contained relatively
less organic nitrogen and caused the decreased concentration
of ammonia in reactor.

Alkalinity in ADE slightly increased from 3225 to
3500 mg CaCOs/L, increasing by 7.8 % in recycling while
the VFAs concentrations significantly increased from 55.8
to 505.5 mg/L. Sung and Santha [20] reported that the ratio
of VFAs to alkalinity is a key indicator to evaluate the
stability of anaerobic digestion and this ratio should be
below 0.10 in mesophilic reactor. In the first six batches,
the ratios of VFAs to alkalinity were below 0.10, however,
they are above 0.10 from the seventh batch, indicating the
slight acidification occurred in methane production.

VFAs were the main precursors of methane production in
anaerobic conditions and accumulated as the fluctuation of
organic loading rate, causing the acidification of anaerobic
digestion [21, 22]. Except for anaerobic digestion, there was
no way to further remove VFAs from ADE in proposed
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process, and therefore VFAs could enter and influence citric
acid fermentation system. The composition of VFAs was
detected by HPLC and the results indicated that acetic acid
and propionic acid were the two most abundant acids in
recycling, with concentration up to 268 mg/L (4.7 mM) and
218 mg/L (2.9 mM), respectively (Fig. 3). The previous
experiment indicated that citric acid fermentation was not
inhibited by acetic acid when acetic acid concentration was
below 8 mM in initial pH 4.5 [23], therefore, acetic acid in
recycling could not influence citric acid fermentation. As for

(@) 1«0 (b)

propionic acid, the concentration contained in ADE was
lower than acetic acid and its influence on the citric acid
fermentation was unknown. However, we considered it
exhibited a stronger inhibition to A. niger than acetic acid as
Freese et al. [24] reported that low propionate concentrations
inhibited amino acid transport across bacterial membrane
vesicles and were thus more toxic than other acids. Mean-
while, acetic acid could be used by A. niger when glucose
was at a low concentration [25], while propionic acid had not
been reported to be utilized by A. niger in citric acid fer-
mentation. Moreover, the rate of propionic acid conversion
to methane was much lower compared with acetic acid under
the same conditions [26, 27]. Therefore, propionic acid more
easily and gradually accumulated and influenced the inte-
grated process. It is necessary to investigate the effect of
propionic acid on citric acid fermentation and the established
recycling process.

Effect of propionic acid on citric acid fermentation
in a 5-L fermenter

Effect of propionic acid on citric acid fermentation was
investigated in a 5-L fermenter and citric acid fermentation
with tap water was performed as control in this study.
Propionic acid was added to fermentation medium to the
final concentration of 2.0, 4.0, 6.0 or 8.0 mM after inocu-
lation and the pH at the start of the fermentation was
adjusted to approximately 4.5 (Fig.4). With 2 mM
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Fig. 4 Effect of propionic acid on a citric acid production, b residual total sugar concentration, ¢ residual glucose, d pH, e isomaltose activity
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propionic acid addition, the citric acid fermentation was
hardly influenced and the citric acid production was
146.1 g/L. which was even slightly higher than the control
(144.3 g/L) (Fig. 4a). When propionic acid contained in
medium increased to 4 mM, the citric acid fermentation
was slightly inhibited and the lag phase increased to 6 h,
while only lag phase of 4 h was found when fermented
with tap water. However, the final citric acid production
approached to 146.8 g/L. which was still higher than the
control. This result was similar to our previous experiments
with acetic acid addition, which proved that citric acid
production increased as acetic acid concentration was
below 8 mM in initial pH 4.5 [23]. Moreover, ethanol
fermentation by S. cerevisiae with acetic acid and propi-
onic acid addition also achieved the similar result. Thomas
et al. [28] confirmed that ethanol production increased by
20 % with 167 mM acetic acid addition in pH 4.5 medium.
Taherzadeh et al. [29] proved that a 21 % increase in
ethanol yield was found when 3.5 g/L of acetic acid was
added at pH 3.5. Zhang et al. [30] reported that ethanol
production increased by 11.1 % when 30 mM propionic
acid contained in fermentation medium with the initial pH
of 4.0. Therefore, it should be noted that low concentration
of propionic acid (below 4 mM) could slightly improve
citric acid production and appropriate concentration of
propionic acid contained in the ADE could be useful to
promote citric acid fermentation in the integrated citric
acid-methane fermentation process.

As propionic acid concentration continuously increased
to 6 mM, the citric acid fermentation was significantly
inhibited and the lag phase extended to 10 h was found.
The citric acid production at the end of fermentation was
133.4 g/L, decreasing by 7.6 % compared with the control.
When 8 mM propionic acid was added to medium, the lag
phase of citric acid fermentation significantly increased to
28 h and the citric acid production was only 60.6 g/L,
declined by 58.0 %. This phenomenon indicated that high
concentration of propionic acid could prolong the lag phase
of citric acid fermentation and decrease the citric acid
production. These results were also supported by the
change of pH and citric acid production rate during fer-
mentation (Fig. 4d, f). Papagianni [31] reported that med-
ium pH could sharply decline to below 3.0 at the initial
growth stage in normal citric acid fermentation by A. niger.
When propionic acid in medium was below 4 mM, the
changes of pH in citric acid fermentation were almost same
to the control which sharply declined to below 3.0 in the
first 12 h. As the propionic acid concentration increased to
6 mM and 8 mM, the difference occurred and the pH
decreased to below 3.0 at 24 and 48 h, respectively, indi-
cating the extension of the lag phase. Similarly, the citric
acid production rate was hardly influenced when propionic
acid concentration was below 4 mM and the highest citric
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acid production rate was found at 24 h. As increasing the
propionic acid concentration, the highest citric acid pro-
duction rate was extended at 36 and 72 h. Meanwhile, the
citric acid production rate also decreased as the propionic
acid concentration increased. These results were similar to
the reports by Zhang et al. [32] who confirmed that in
ethanol fermentation by S. cerevisiae, fermentation time
and ethanol productivity were rarely influenced by low
propionic acid concentrations, however, fermentation time
prolonged and ethanol productivity decreased with high
propionic acid concentrations addition. Therefore, it should
be noted that high concentration of propionic acid (above
6 mM) could inhibit citric acid fermentation by prolonging
the lag phase and decreasing the citric acid production rate.

Changes of residual total sugar and glucose in citric acid
fermentation were also detected (Fig. 4b, c). When propi-
onic acid concentration in fermentation medium was below
4 mM, the consumption rates of total sugar were same to
the control. The residual total sugars at the end of fer-
mentation were 17 g/L which were even lower than those
of the control (18 g/L) (Fig. 4b). Moreover, the changes of
the residual glucose were almost same to the control which
were approximately 35 g/L in initial culture medium and
then completely consumed at the end of fermentation
(Fig. 4c). This result indicated that part of sugars which
could not be used in the fermentation with tap water, had
been consumed to produce citric acid when low concen-
tration of propionic acid (below 4 mM) was added to fer-
mentation medium. Ion chromatography (provide by
Dionex ICS-5000, USA) was used to separate the compo-
nents of residual sugar at the end of fermentation and the
result indicated that the concentration of residual isomal-
tose decreased with propionic acid addition (data not
shown). Xu et al. [16] reported that residual isomaltose
concentration could be an important parameter to evaluate
the normal of citric acid fermentation, and inhibition of
citric acid fermentation could result in increasing of
residual isomaltose. When 2 and 4 mM propionic acid was
added, the residual isomaltose (the initial isomaltose con-
centration in culture medium is approximately 28.6 g/L)
were 0.82 and 1.07 g/L, respectively, which were lower
than the control (1.82 g/L). Isomaltase activity in citric
acid fermentation with propionic acid addition was detec-
ted and the result is shown in Fig. 4e. Fermentation with
tap water, the isomaltase activity in medium increased in
first 24 h and then sharp decrease occurred, followed by
inactivation in 60 h. When low concentration of propionic
acid was contained in medium, the change trends of iso-
maltase activity were the same to the control which also
increased in first 24 h and the highest isomaltase activity
approached to the control. Then the declines of isomaltase
activities were found and the decreasing rates were lower
than the control where the enzyme activities could not be
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detected until 72 h. These results indicated that low con-
centration of propionic acid (below 4 mM) could promote
isomaltase activity in citric acid fermentation which con-
verted more isomaltose to available sugar, causing residual
isomaltose concentration decrease and citric acid produc-
tion increase. When 6 and 8 mM propionic acid was added
to medium, the residual total sugars were 24 and 85 g/L,
respectively, which were significantly higher than the
control (Fig. 4b). Moreover, part of glucose were also not
completely consumed and still contained in medium at the
end of citric acid fermentation (Fig. 4c), while the residual
isomaltose concentrations were 3.91 and 19.25 g/L,
respectively. The isomaltase activities during citric acid
fermentation were detected and the result showed that the
activities of isomaltase were greatly inhibited and the
highest isomaltase activities were lower than the control
(Fig. 4e). These results indicated that high concentration of
propionic acid (above 6 mM) could greatly inhibit the
vitality of A. niger and decrease the ability of consuming
glucose to produce citric acid.

Although a maximum of 2.9 mM propionic acid in
recycling could not inhibit citric acid fermentation (Fig. 4),
ADE sample from citric acid industrial was detected and
1.50 g/l (approximately 20.3 mM) propionic acid was
found under acidification conditions [23]. Therefore, it was
necessary to systematically evaluate the effect of propionic
acid on citric acid fermentation under different conditions
to support and understand the application of this coupled
process on the industrial scale.

Effect of propionic acid on citric acid fermentation
in different initial pH

Many researchers have reported that the inhibitory effect of
weak organic acids on microorganisms could be related to
the medium pH [28, 32, 33]. Therefore, effect of propionic

acid on citric acid fermentation in different initial pH was
investigated in this study and the result is shown in Fig. 5.
The inhibition of citric acid fermentation by propionic acid
became stronger as the initial pH of medium decreased
(Fig. 5a). Citric acid production declined when the con-
centration of propionic acid was above 2, 4, and 6 mM in
initial pH 4.0, 4.5, and 5.0, respectively. Below inhibition
concentration, citric acid production was hardly influenced
by propionic acid and even slightly higher than the control.
However, citric acid production significantly decreased as
the concentration of propionic acid increased to the above
inhibition value.

The mechanisms of the propionic acid influencing citric
acid fermentation by A. niger have been hardly investi-
gated up to now. As to S. cerevisiae, propionic acid is
considered to diffuse freely into the cell in the undissoci-
ated form [30]. Previous study has also proved that
undissociated acetic acid was the effective inhibitory form
to influence the citric acid fermentation by A. niger [23].
Therefore, the effect of undissociated propionic acid on
citric acid fermentation was investigated. As shown in
Fig. 5b, the effect of propionic acid on citric acid pro-
duction was most likely associated with undissociated
propionic acid, regardless of its total concentration at dif-
ferent pH. Consequently, it should be noted that similar to
acetic acid, the influence of propionic acid on citric acid
fermentation could also be through its undissociated form.
Effect of propionic acid on biomass in medium in different
initial pH was also studied to confirm above conclusion
(Fig. 6). Biomass in medium decreased sharply when the
concentration of propionic acid was above 2, 4, and 6 mM
in initial pH 4.0, 4.5, and 5.0, respectively (Fig. 6a).
Similarly, the effect of propionic acid on biomass was most
likely related to undissociated acid (Fig. 6b), which also
proved that the effect of propionic acid on citric acid fer-
mentation was due to its undissociated form.
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When the concentration of undissociated propionic acid
was below 2.82 mM, citric acid production slightly
improved, while biomass in medium was hardly influenced
(Figs. 5b, 6b). This phenomenon was similar to widely
reported results of ethanol fermentation by S. cerevisiae
when propionic acid is added to the medium. Zhang et al.
[30] explained that propionic acid can diffuse through the
plasma membrane, dissociate intracellularly, and thus
acidify the cytoplasm. Concurrently, to maintain a constant
intracellular pH, protons must be transported across the
membrane by plasma membrane ATPase, resulting in
increased ATP consumption and improved ethanol pro-
duction. Similarly, the intracellular pH of A. niger cell in
normal citric acid fermentation was 6.5-7.0 [34]. With
propionic acid addition, the greater demand for ATP to
maintain a constant intracellular pH led to more glucose
entering into tricarboxylate cycle and participating in the
synthesis of ATP which could also be the reason to
increase citric acid production in our experiment and rel-
ative research is underway. When the undissociated pro-
pionic acid concentration was above 2.82 mM, citric acid
fermentation was inhibited and the citric acid production
and biomass in medium decreased sharply. This phe-
nomenon could be explained that undissociated propionic
acid entering into the cell had exceeded the ability of cell to
pump out the protons to remain the intracellular pH stable.
Therefore, cytoplasmic acidification and intracellular
accumulation of acid anion occurred, which could influ-
ence the vitality of cell and even result in complete
autolysis [35], causing the citric acid production and bio-
mass in medium decreased.

Concentrations of residual total sugar, glucose, and
isomaltose at the end of fermentation are shown in Table 1.
Fermentation with tap water in initial pH 4.0, residual total
sugar, and isomaltose significantly increased compared
with fermentation with higher initial pH, while glucose in
medium was almost completely consumed at the end of

@ Springer

fermentation. Moreover, citric acid production in initial pH
4.0 was also lower than the others (Fig. 5a). Therefore, it
should be noted that the breakdown of isomaltose was
influenced by the low initial pH which decreased the
available sugar concentration for citric acid fermentation,
causing residual total sugar increase and decreased citric
acid production. When propionic acid concentration was
below inhibition value, glucose in medium was almost
completely consumed, while residual total sugar and iso-
maltose were lower than the control, indicating the pro-
motion of the isomaltase activity. Increasing propionic acid
concentration to above inhibition value, citric acid fer-
mentation was inhibited and residual total sugar concen-
tration and isomaltose were increased, while residual
glucose was not completely consumed and still remained in
medium. When acetic acid was added to the medium in
ethanol fermentation by S. cerevisiae, increased yeast
growth and ethanol production were also considered to the
function of the buffer pairs formed from acetic acid which
could protect against a rapid decrease in medium pH [28].
Propionic acid was a weak organic acid which could also
form buffer pairs and maintain the stablility of the medium
pH. With propionic acid addition, the pH decline was
slower than the control (Fig. 4d) and the isomaltase was
functioned until 72 h (Fig. 4e). Therefore, propionic acid
addition that promoted the citric acid fermentation could
also be the reason of forming buffer pairs and maintaining
the stable pH of the medium, which promoted the activity
of isomaltase and decreased residual isomaltose concen-
tration to achieve more available sugar and improve the
citric acid production.

In normal citric acid fermentation by A. niger, pH of
medium could sharply decline to below 3 at the initial
growth stage [31]. In our experiment in the 5-L fermenter,
the pH of medium in normal citric acid fermentation was
also decreased to below 3.0 in first 12 h (Fig. 4d) and under
this condition propionic acid completely existed in the
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Table 1 The concentration of residual total sugar, glucose and isomaltose at the end of citric acid fermentation (units are g/L)

pH 5.0

pH 4.5

pH 4.0

Propionic acid

(mM)

Residual Residual

glucose

Residual total

Residual Residual
sugar

glucose

Residual total

Residual
sugar

Residual
glucose

Residual total

sugar

isomaltose

isomaltose

isomaltose

1.01 &+ 0.30
0.66 + 0.24
0.84 £ 0.39
0.97 £ 0.28
0.83 £ 0.21
237 £0.13
2.92 £+ 0.83

0.44 £+ 0.04
0.28 + 0.16
0.16 £ 0.06
0.38 £0.35
0.42 £ 0.07
4.75 £ 1.02

18.33 £ 0.58
17.00 £ 0.00
17.33 £ 0.58
18.33 £ 1.53
18.67 £ 1.15
23.67 £ 1.52

26.33 £ 5.13

2.06 + 0.52
1.15 £ 0.21
1.65 £ 0.75
1.07 £ 0.28
7.05 £2.72
16.57 £ 1.90
18.55 £ 0.40

0.18 + 0.08
0.20 £ 0.01
0.20 £ 0.07
041 £ 0.11
16.81 £ 8.44
96.50 £+ 5.72
122.34 £+ 4.52

18.67 £ 0.58
16.67 £+ 0.58
17.67 £ 0.58
15.67 £ 0.58
37.33 £9.71
128.33 £+ 7.02

154.67 £ 1.15

9.22 + 0.38
8.43 + 0.40
8.83 + 0.05
10.70 £ 0.25
12.30 £ 3.02
18.16 £ 0.45
18.45 £ 0.97

0.17 + 0.07
0.15 + 0.00
0.24 £ 0.11

25.33 £ 0.58
23.67 £+ 1.15

25.33 £ 0.58
26.67 £+ 0.58

128.33 + 9.61

1.18 £ 0.66
104.86 + 8.18

123.32 £ 1.51

154.67 £+ 2.52

8.84 + 5.67

121.20 £+ 0.24

155.67 £ 2.08

10

undissociated form (propionic acid pKa of 4.88). If citric
acid fermentation was inhibited by propionic acid at fer-
mentation stage, the magnitude of inhibition should depend
on total concentration and regardless of initial medium pH,
which was opposite with the result. Therefore, similar to
acetic acid [23], propionic acid might influence citric acid
fermentation at growth stage.

In the normal anaerobic digestion, propionic acid could
be completely consumed to produce methane [30]. How-
ever, acidification of methane fermentation could result in
propionic acid accumulation in ADE and significant inhibit
citric acid fermentation in recycling. Therefore, methane
fermentation must be strictly controlled to ensure the
propionic acid concentration below inhibition value.
Meanwhile, initial fermentation pH could be adjusted to
avoid or alleviate the potential inhibitory effect when
propionic acid concentration in ADE was excessive.

Conclusions

In this study, an integrated citric acid-methane fermenta-
tion process was proposed to solve the problem of
wastewater treatment in citric acid production. Citric acid
wastewater was used to produce biogas through anaerobic
digestion and then the ADE was further treated and recy-
cled to make mash for next batch citric acid fermentation,
thus eliminating wastewater discharge and reducing water
resource consumption. Propionic acid was found in ADE
which could significantly inhibit citric acid fermentation in
high concentration. However, low concentration of propi-
onic acid could promote isomaltase activity and slightly
increase citric acid production. Therefore, propionic acid
in the ADE was not always harmful to citric acid fer-
mentation, and regulating propionic acid concentration
within a reasonable range could be useful to promote the
integrated citric acid-methane fermentation process.
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