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ABSTRACT

The integrated citric acid-methane production process was developed in previous study to recycle
wastewater in citric acid industry. This paper investigated the technical feasibility of wastewater
recovery by ultra filtration and electro dialysis in the integrated process. Treated with coagulation,
flocculation and ultra filtration (200 kD), the turbidity of anaerobic digestion ef fluent was bel ow
1 NTU. The optimized conditions of electro dialysis operations were applied voltage of 10 V, flow
velocity of 2.16 cm/s and concentrate to diluate stream of volume ratio of 1:4. The concentration of
Na* and ammonium in diluate of electro dialysis were 46 mg/L and 36 mg/L, respectively. The pH
of concentration in electro dialysis was adjusted to 6.5 by HCl and the scale of CaCO, was eliminated.
Citric acid production with treated anaerobic digestion effluent was comparable to production with
deionized water. The experiment further improved the technical feasibility of cleaner production
with integrated citric acid-methane production process.
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1. Introduction

Citric acid (2-hydroxy-1,2,3-propanetricarboxylic acid)
is one of most important intermediate compounds produced
by fermentation, widely applied in the food, medicine,
chemical, and other industries [1,2]. It has been reported
that 50-60 tons of wastewater arise from each ton of citric
acid produced [3]. Extraction wastewater has high levels of
chemical oxygen demand (COD) (15,000-20,000 mg/L) and
low pH (4.5-4.8). In 2010, approximately 1.3 million tons
of citric acid wastewater were produced in China, and it
is conventionally treated by an anaerobic-aerobic process
[4,5]. Anaerobic digestion effluent can produce valuable
methane, but aerobic digestion requires high investment,
operational charges, and large spaces. Additionally, anaer-
obic digestion effluent still needs to be treated further for it
to meet national discharge standards.

*Corresponding author.

Many scholars had tried various methods to deal with
citric acid wastewater [3,6], but the methods could not keep
up with its application in industry scale. Thus, our labora-
tory proposed an integrated process to deal with the citric
acid wastewater [7] (Fig. 1a). High concentrations of metal
ions, especially Na*, and ammonium in anaerobic digestion
effluent are inhibitors for citric acid fermentation. After
anaerobic digestion effluent was treated by the air stripping
and electro dialysis, citric acid production was comparable
to production with deionized water [8].

However, the integrated process is still restricted by
some factors. Firstly, ammonium ions can be also removed
by the electric field force in the electro dialysis process.
Electro dialysis has been confirmed as an efficient method,
and has been widely used for removing ammonia from
wastewater. Gain et al. investigated the use of membrane
electrolysis and electro dialysis for treating ammonium
nitrate wastewater [9]. Electro dialysis and reverse osmosis
was used to recycle and concentrate ammonia from swine
manure [10]. Without air stripping, electro dialysis is fully
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Fig. 1. Flow chart of the integrated citric acid-methane production process.

capable of removing either metal ions or ammonium ions
from anaerobic digestion effluent. In addition, the tempera-
ture of anaerobic digestion and the air stripping treatment
was respectively 35°C and 55°C. It meant the temperature
rise would cost a lot of heat energy to improve the effectiv-
ity in previous process. Secondly, the electro dialysis design
in a previous study [8] was different from the conventional
electro dialysis design, despite it being useful in previous
integrated citric acid-methane production process. The elec-
tro dialysis process conducted in the previous study only
used one tank, which meant that the diluate solution, con-
centrate solution, and electrode solution shared one tank.
The conductivity of the diluate solution increased with time,
as the concentrate solution was recycled in the shared tank.
The increase in conductivity of the diluate solution was
not beneficial for desalination. Finally, the turbidity of feed
water was not determined and controlled, which could lead
to membrane fouling in the electro dialysis process. When
handling high-salt organic wastewater, ion exchange mem-
brane of electro dialysis was usually polluted by organic
matter and inorganic scale. Negatively charged organic

matter in anaerobic digestion effluent migrated though the
anion exchange membrane under electric field forces [11].
Organic-fouling substances absorbed on the membrane’s
surface and in the membrane’s pores, which result in ion
exchange membrane organic pollution [12]. When the
polarization took place or the solution was supersaturated,
cation ions, such as Ca*, Mg* or high valance ions, can
scale on the surface or inner of ion exchange membrane. A
fluidized pellet reactor removed efficiently 74% of Ca** and
73% of Ni* [13], and reduced scaling in bipolar membrane
electro dialysis [14]. Calcium carbonate dissolves in acid, so
the addition of acid was an appropriate method for convert-
ing calcium carbonate into calcium bicarbonate and carbon
dioxide [15,16]. Adequate pretreatment for the electro dialy-
sis process must be conducted to produce high-quality feed
water. The ion exchange membranes are easily polluted by
suspended matter, colloids, and organic macromolecules,
particularly negatively charged organic macromolecules
[12,17]. Ultra filtration has been widely used as an efficient
pretreatment for electro dialysis. Lemaire et al. used ultra
filtration to remove macromolecules from hemi cellulosic
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hydrolysates before purifying pentose using electro dialy-
sis [18]. Yen et al. investigated the effects of different types
of ultra filtration on reversal electro dialysis and reverse
osmosis in a pilot-scale study [19]. It was very necessary to
introduce ultra filtration in integrated process.

In this study, a combination of ultra filtration and elec-
tro dialysis was proposed to replace air stripping and elec-
tro dialysis to manage anaerobic digestion effluent (Fig. 1b)
in the integrated process. Ultra filtration was investigated
as pretreatment for electro dialysis to reduce organic mat-
ter and the turbidity of the anaerobic digestion process. In
this study, electro dialysis was conducted in three separate
compartments and was equipped with homogeneous ion
exchange membranes. The electro dialysis performance
was evaluated by conductivity and ammonium removal
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rates, energy consumption, and efficiency. The operating
parameters of electro dialysis were optimized for efficiently
managing anaerobic digestion effluent. Additionally, the
method was expanded to eliminate CaCO, in the desalina-
tion process. The purpose of this study is to further improve
the technical feasibility of the integrated citric acid-methane
production process in industry.

2. Materials and methods
2.1. Strain and seed culture conditions

A. niger was obtained from our laboratory for citric acid
production. Potato dextrose agar slants were used and the
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Fig. 2. Flow diagram of the experimental setup (a) ultra filtration and (b) electro dialysis.
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culture was maintained at 4°C for preservation. Cassava
powder (approximately 0.45 mm) and deionized water
were thoroughly mixed (1:4, w/v). The pH of slurry was
adjusted to 6.0 with either 30% (w/w) H,SO, or 10% (w/v)
NaOH. High-temperature amylase (provided by Genencor
China Co., Ltd.) was added to 10 U/g of cassava power
and kept for 2 h at 100°C. The seed medium contained lig-
uefaction slurry and 0.1% (w/v) ammonium sulfate as the
nitrogen source, and its pH was adjusted to 5.5. The seed
medium was autoclaved at 115°C for 20 min. A spore sus-
pension (10 mL) in sterile water, containing approximately
6 x 10°/mL of conidia from a 7-day-old PDA plant, was
added to 70 mL of seed medium in a 1000-mL shake flask.
The seed culture was used as the inoculum for citric acid
fermentation after incubated on a rotating shaker (200 rpm)
at 36 = 1°C for 20 h.

2.2. Citric acid fermentation

Cassava powder (80 g) and corn powder (20 g) were
mixed with 450 mL of either deionized water or anaero-
bic digestion effluent. The initial total sugar content of the
liquefaction slurry was adjusted to about 155 g/L, and
the slurry was autoclaved under the same conditions as
the seed medium. In a 500-mL shake flask, 40 mL of a fer-
mentation medium was inoculated with 6 mL of the seed
medium. Fermentation was performed on a rotating shaker
at 260 rpm, 37.5 + 1°C for 92 h.

2.3. Methane production conditions

A 5-L working volume up flow anaerobic sludge
blanket (UASB) reactor (provided by Shanghai Daming,
China) was used for methane fermentation. A circulator
bath was used to maintain the temperature of UASB at
35 + 1°C. The reactor was inoculated with anaerobic gran-
ular sludge (provided by Yixing Xielian Biological Chemi-
cal Co., Ltd, China). One liter of citric acid wastewater was
fed into the reactor by a peristaltic pump every day. The
samples of anaerobic digestion effluent was stored at 4°C
for follow-up experiments.

2.4. Ultra filtration device

To assess the influence of molecular cut off on the
removal of organic matter, two types of membranes were
used: 100 kD and 200 kD. The ultra filtration device and
the membranes were purchased from Anhui Pulang Mem-
brane Technology Co. Ltd., China (Fig. 3a). The membrane
material was polyvinylidene fluoride (PVDF), and the
membrane area was 0.24 m2 The ultra filtration device was
capable of performing cross-flow filtration through differ-
ent types of membrane. The operating pressure could be
controlled between 0.15 and 0.45 MPa, and cross-flow flow
could be controlled from 0-150 L/h. The temperature of the
feed solution was controlled between 15 °C and 65°C by the
condensing device. The volume of the ultra filtration feed
tank was 15 L, and the dead volume was approximately 2 L.
The experiment was stopped when the volume concentra-
tion factor (VCF) reached 5.
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Fig. 3. Voltage-current curves under different sodium bicarbon-
ate conductivities at different flow velocities. (a) 1.44 cm/s, (b)
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2.5. Electro dialysis unit

The laboratory-scale electro dialysis (Shandong Tian-
wei Membrane Technology Co. Ltd., China) was composed
of three centrifugal pumps, three rotameters (0-100 L/h),
and three 2 L tanks (Fig. 3b). The electro dialysis stack con-
tained two electrodes, 20 homogeneous anion exchange
membranes (AEMs), and 21 homogeneous cation exchange
membranes (CEMs). The electro dialysis unit had a total
effective area of 0.336 m> The direct current was supplied
by a CV regulated power supply, and the range of voltage
applied was 0-19 V. All the desalination experiments were
operated at room temperature (20 + 1°C). The total vol-
ume of diluate solution and concentrate solution was 2 L
during testing of the effects of electro dialysis operation
conditions.

2.6. Analysis methods

The samples were centrifuged at 10,000°g for 20 min,
and the supernatant was filtered through a 0.45 mm mem-
brane for analysis. Citric acid and residual glucose content
were determined by a Dionex U3000 high-performance
liquid chromatographer (HPLC) using an ultraviolet and
refraction index detector (UV/RID) and the C18 column,
maintained at 65°C. A sulfuric acid solution (0.005 mol/L)
was used as the mobile phase at a flow rate of 0.6 mL/
min. Total sugar content was determined by a biosensor
(SBA-40B, Shandong Academy of Sciences, China) after the
samples collected during citric acid fermentation were sub-
jected to acid hydrolysis (20 g/L hydrochloric acid, 100°C,
2 h). Metal ions were detected by flame atomic absorption
spectrometry. The COD, ammonium (NH,-N), alkalinity,
hardness, and color (410 nm) of anaerobic digestion efflu-
ent were measured following standard methods. Total dis-
solved solids (TDS) and conductivity were measured with
a conductivity meter.

2.7. Data analysis
Conductivity removal rate (x,%) is calculated from Eq. (1):

Ko — K,

n= @

K0
here x, and x_ are the conductivities of the diluate solution at
t (s) and 0 (s), respectively.
Current efficiency (ce, %) is given by Eq. (2) [20]:
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where C, and C_ are the concentrations of free HCO; in the
diluate compartment at t (s) and 0 (s), respectively; Z is the
absolute valence of ion (Z = 1); V (L) is the circulated volume
of solution in the diluate compartment; F is the Faraday con-
stant (96,500 C mol™); I (A) is the current; and N is the num-
ber of repeating units (N = 20); f is the operation time (s). As
volume change in each tank was negligible during operation,
V is equal to the initial volume of the diluate solution.

Energy consumption (E, kWh-m~) (not including
pumping energy consumption) in the electro dialysis pro-
cess is given by Eq. (3):

e-[Ya ®
oV

where U is the potential (V), I is the current (A), V is the
circulated volume in the diluate compartment, and t is the
operation time (h).

At pH 6.5-9.5, the Langelier saturation index (LSI) [21]
is used to indicate the scaling potential of water containing
carbonates, and is calculated by Eq. (4):

LSI = pH - pH, 4)

where pH_is the pH at which the water was saturated with
calcium carbonate. pH_is:

pH = (93+A+B)-(C+D) )

where A = (log, [TDS]™")/10, [TDS] is the concentration of
total dissolved solids (mg L™); B = -13.12 x log, (T) + 34.55,
T is temperature (K); C = log, [ C*. 2] — 0.4, [C*_.] is the
concentration of Ca* as CaCO, (mg/L); and D = log, [Alk],
[AlK] is the concentration of alkalinity as CaCO, (mg/L).

3. Results and discussion
3.1. Remouval of macromolecules by ultra filtration

Before anaerobic digestion effluent was used as the
feed water for electro dialysis, suspended matter, colloids,
and organic macromolecules were removed. Negatively
charged organic matter in anaerobic digestion effluent can
migrate to the anion exchange membrane under electric
field forces. Organic-fouling substances can absorb on the
membrane’s surface and in the membrane’s pores, which
result in ion exchange membrane pollution [12]. Two dif-
ferent molecular cut offs of ultra filtration membrane were
used to assess the influence of molecular cut off on organic
matter removal. The temperature was maintained at 20°C
and the operating pressure at 0.15 MPa. The pH of anaero-
bic digestion was not adjusted in this experiment.

Table 1 shows that after treatment through the 100 kD
membrane the removal rate of COD and turbidity were
43.1% and 98.5%, respectively. After treatment through the
200 kD membrane, the removal rate of COD and turbid-
ity of anaerobic digestion effluent were 39.2% and 94.7%,
respectively. The performance of the 100 kD membrane
was superior to that of the 200 kD. This could be due to the
smaller pore sizes of the 100 kD membrane than those of
the 200 kD, and more organic matter could be retained in
the concentrate solution in the feed tank. The turbidity of
both filtered solutions were higher than 1 NTU, indicating
ultra filtration this alone did not meet the requirements of
the electro dialysis process [22]. Coagulation and floccula-
tion were used to reduce the turbidity of ultra filtration feed
water and reduce organic load on the ultra filtration mem-
brane [23,24]. The optimal added concentrations of polyton-
al-ism chloride (PAC) and anionic polyacrylamide (APAM)
in anaerobic digestion effluent were 300 ppm and 2 ppm,
respectively (Table SM-3). After treatment by PAC and
APAM, the supernatant of the anaerobic digestion effluent
was filtered through the 200 kD membrane. The turbidity of
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Table 1
Chemical parameters of anaerobic digestion effluent (ADE)
treated with different ultra filtration membranes

Parameters ADE ADE? ADEP ADE*¢
pH 7.07 8.36 8.27 8.31
COD (mg/L) 602 342 366 331
Turbidity (NTU) 230.20 342 12.09 0.05
NH,-N (mg/L) 270 158 150 138

2 ADE treatment with 100 kD membrane.
> ADE treatment with 200 kD membrane.
©ADE treatment with coagulation and 200 kD membrane.

the treated solution was 0.05 NTU, which met the require-
ments of electro dialysis [22]. The pH of the penetrate was
higher than that of anaerobic digestion effluent. This could
be due to the recycling of the concentrate solution to the
feed tank by a pump, where the solution was then shocked.
The shock was strong when the liquid level in the tank was
lower than the reflux outlet of the concentrate solution. This
process was similar to air stripping, and allowed ammo-
nium in the solution to escape. As a result, the ammonium
of the treated solution had decreased when the experiment
ended.

3.2. Voltage-current curves

In the electro dialysis process, polarization should be
avoided, because a large amount of H* and OH™ form at
the surface of the ion exchange membrane [25]. In this
situation, Ca(OH), or Mg(OH), precipitates can form.
When polarization takes place in a bicarbonate solution,
CaCO, precipitates may form due to reactions between
OH- and HCO,". Therefore, current density in experi-
ments should be lower than the limiting current density.
When the pH of anaerobic digestion effluent was 7-8,
the major anion in anaerobic digestion effluent is HCO,”
[26]. NaHCO, was used as the simulated solution in the
experiment measuring limiting current. Fig. 3 shows
the effects of voltage on the current; the conductivity
of the NaHCO, solution increased from 3500 mS/cm
to 5500 mS/cm at different flow velocities. Conductiv-
ity and flow velocity had important effects on current
density,and current density was almost proportional to
voltage, which increased from 2 V to 19 V. It was indi-
cated that there was no alteration of the voltage-current
curves, and the limiting current region did not exist [27].
To conclude, polarization did not occur when the elec-
tro dialysis system treated anaerobic digestion effluent
within a voltage range of 2-19 V [25].

3.3. The effects of electro dialysis operation conditions
3.3.1. Effects of applied voltage

The inhibition concentration of Na* on citric acid fer-
mentation is 200 mg/L [28]. According to the calibration
curve, the Na* concentration in the diluate solution could
be determined by measuring its conductivity. When the
conductivity of the diluate solution was lower than 800

mS/cm, the Na* concentration was lower than 200 mg/L
(Fig. SM1). Considering the complex composition of anaer-
obic digestion effluent, the conductivity of the diluate solu-
tion was maintained at 700 mS/cm here. Applied voltage
is an important parameter for removal efficiency in the
potentiostatic mode [29]. Fig. 4a describes the removal rate
of conductivity under different applied voltages, at a flow
velocity of 2.16 cm/sand a volume ratio of 1:1. Because ions
moved from the diluate solution to the concentrate solution
by the electric field force, the conductivity of the diluate
solution decreased with operation time. The resistance of
the electro dialysis unit increased with the reduction of ions
in the diluate solution, so the conductivity removal rate of
the diluate solution decreased through the desalination pro-
cess. Under a higher voltage, the ions move faster across
the ion-exchange membranes, leading to shorter operation
times [30,31]. A voltage of 14 V resulted in the shortest oper-
ation time.

Current efficiency of HCO,™ rapidly increased from
59.74% to 82.1%, as the applied voltage increased from 8 V
to 14 V. The current efficiency at 10 V (73.7%) was close to
that of 12 V (73.2%; Fig. 4d). This result could be attributed
to fluctuations in the removal rate and current density
over time. Energy consumption increased sharply from
0.60 kWh/m?at 8 V to 0.91 kWh/m? at 14 V. This could be
due to higher voltages requiring more energy to overcome
electro dialysis resistance [32]. The removal rates of ammo-
nium in anaerobic digestion effluent were all over 80%. The
concentration of residual ammonium at 8 V was 23 mg/L,
which is below the inhibition concentration (50 mg/L) [28].
Considering conductivity and ammonium removal rates,
current efficiency, and energy consumption, 10 V was deter-
mined to be the optimal applied voltage for the electro dial-
ysis process in anaerobic digestion effluent treatment.

3.3.2. Effect of flow velocity

The flow velocity of the solution in a compartment
is an important parameter in the treatment of anaerobic
digestion effluent during the electro dialysis process [30].
The conductivity removal rate increased more rapidly, and
operation time decreased under higher flow velocities (Fig.
4b) at an applied voltage of 10 V and a volume ratio of 1:1.
This could be due to solutions in compartments obtaining
higher electrical densities under higher flow velocity, and
higher currents strengthening the electric field force driving
ions across ion-exchange membranes [33]. Additionally, a
higher flow velocity contributed to shorter operation times.
A flow velocity of 3.61 cm/s resulted in the lowest opera-
tion time.

Fig. 4e shows the energy consumption and current effi-
ciencies of HCO, at different flow velocities. Energy con-
sumption decreased slightly from 0.71 kWh/m® at 1.44 cm/s
to 0.68 kWh/m? at 3.61 cm/s. Higher electrical densities
under high flow velocity decreased electro dialysis resistance
and then decreased energy consumption with increasing
flow velocity. The current efficiency HCO,~ of increased from
69.9% at 1.44 cm/s to 72.8% at 3.61 cm/s, and the current
efficiency at 2.16 cm/s (72.54%) was close to that at 1.44 cm/s
(72.1%) in Fig. 4e. A higher current density strengthens the
electric field force for driving ions across ion exchange mem-
branes and increases the ion removal rate [33]. However,
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the increase of flow rate could damage the membranes and
shorten its life [30]. The removal rates of ammonium from
anaerobic digestion effluent were all above 80%. The concen-
tration of residual ammonium at 2.16 cm/s was 26 mg/L,
which is below the inhibition concentration. As mentioned
above, considering conductivity and ammonium removal
rates, current efficiency, and energy consumption, 2.16 cm/s
was determined to be the optimal applied flow velocity for
the electro dialysis process in anaerobic digestion effluent
treatment.

3.3.3. Effect of stream volume ratio

The concentrate to diluate solution stream volume
ratio is an important parameter for the treatment of anaer-
obic digestion effluent by an electro dialysis process, and
represents the water recovery of the diluate solution [31].
Owing to the low water recovery of diluate solutions at
a volume ratio of 1:1, the concentrate to diluate solution
stream volume ratios investigated were 1:1.5, 1:2.3, 1:4, and
1:9. The effects of different volume ratios were tested at an
applied voltage of 10 V and flow velocity of 2.16 cm/s.

The removal rate of conductivity decreased slowly and
operation time increased under a higher volume ratio (Fig. 4c).
When the total volume of the diluate and concentrate solu-
tions were constant, a higher volume ratio indicated that more
of the diluate solution needed to be desalinated, i.e., more ions
in the diluate solution were transported from the diluate to the
concentrate solution. Therefore, the conductivity of the diluate
solution decreased slowly and more of the operation time was
spent on transporting ions at a higher volume ratio.

The energy consumption and current efficiencies of
at different concentrate to diluate stream volume ratios
are shown in Fig. 4f. Energy consumption decreased from
0.85 kWh/m? at 1:1.5 to 0.74 kWh/m?® at 1:4, and then
increased to 0.78 kWh/m? at 1:9. This could be due to vari-
ations in energy consumption, which was related to an
increase in stream volume ratios, decrease in current den-
sity, and increase in operation time at a constant applied
voltage, according to Eq. (2). Increasing volume ratios
increased the current efficiency of HCO, from 71.16% at
1:1.5 to 89.51% at 2:8, and decreased it to 68.55% at 1:9 (Fig.
4f). Under higher concentrate to diluate stream volume
ratios, the current efficiency of HCO,™ increased, which was
due to increases in volume ratio and current with operation
time, according to Eq. (2). When the volume ratio was 1:9,
however, the expected increase of HCO,™ current efficiency
was eliminated by increasing current with operation time.
The removal rates of ammonium from anaerobic digestion
effluent were all over 80%. The concentrations of residual
ammonium of 1:2.3 and 1:9 were 38 mg/L, which is below
the inhibition concentration. Considering conductivity and
ammonium removal rates, energy consumption, and cur-
rent efficiency, 1:4 was adopted as the optimal concentrate
to diluate stream volume ratio for the electro dialysis pro-
cess during anaerobic digestion effluent treatment.

3.4. Results obtained by the electro dialysis process under
optimized conditions

Table 1 shows the results obtained from electro dialysis
under optimized conditions. The removal rates of COD and

NH.-N from the diluate solution were 20% and 84%, respec-
tively. In the electro dialysis process, negatively charged
soluble organic matter can migrate through anion exchange
membranes to the concentrate solutions by the electric field
force. It was shown (Table 1) that the increase of COD in the
diluate solution was slightly higher than the increase in the
concentrate solution, because part of the negatively charged
soluble organic matter was detained on the surface of or
inside the anion exchange membrane. Ammonium, which
is positively charged in anaerobic digestion effluent, can
migrate through a cation exchange membrane to the con-
centrate solution, which caused the decrease of ammonium
in the diluate solution.

The removal rates of alkalinity, and calcium hardness
and total hardness of the diluate solution were 91%, 92%,
and 89%, respectively. Alkalinity mainly resulted from,
which was driven from the diluate solution to the con-
centrate solution by the electric field force. Ca** and Mg*
were efficiently removed so the calcium and total hard-
ness decreased throughout the electro dialysis process.
The Langelier saturation index (LSI) of each sample were
calculated by Egs. (4) and (5).The LSI of anaerobic effluent
was already higher than 0, indicating that the anaerobic
effluent quality was easy to scale [34]. With increases of
alkalinity, and calcium hardness and total hardness, scale
was strengthened in the concentrate solution. However, at
the end of the experiment, the LSI of the concentrate solu-
tion was slightly lower than that of anaerobic effluent. This
could be due to the white powder at the bottom of the con-
centrate solution tank in the experiment, which indicated
that a large amount of calcium had precipitated [21]. In
contrast to the concentrate solution, the LSI of the diluate
solution decreased below 0, due to the migration of calcium
and magnesium ions, and bicarbonate to the concentrate
solution.

Fig. 6a describes the evolution of cations in the diluate
solution. The migration rates of different cations were dif-
ferent, which could be due to their characteristics (Table 3)
such as their hydrated radius and hydration free energy [35].
The ions migrated in the form of hydrated ions in the solu-
tion, so the smaller the hydrated ion radius, the faster the
migration rate. Additionally, the migration rate was related
to the polarization free energy, and the smaller the free radi-
cal energy, the faster the migration rate. The migration rates
of cations decreased in the sequence of: K*> Na*>Mg*>Ca*
(Fig. 6a). This is not consistent with other reports [15,36],
because the migration rate of Mg*" was faster than that of
Ca?*". This could be due to the HCO," in the diluate solution.
The migration rate of Mg* could have been limited by the
precipitation of Mg(OH),at a concentration of 38 g/L, when
the anion was chloride and the solution was at a specific pH
(6.5-7.5) [36]. In this experiment, the abnormal performance
of Ca** could have been due to the precipitation of CaCO,.
The LSI of the diluate solution was larger than the critical
fouling point (LSI = 1) at the beginning of desalination, and
the migration rate of Ca** was inhibited by the precipitation
of CaCO,. When the LSI of the diluate solution decreased
over time, inhibition by the precipitation of CaCO, gradu-
ally decreased until it disappeared. Therefore, it was shown
in Fig. 6a that the migration rate of Ca?* was slower than
that of Mg? within the first 15 min, and then gradually
reached that of Mg?".
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3.5. The decarbonation of electro dialysis concentrate solution

The previous experiment confirmed that calcium car-
bonate precipitation occurred during the desalination of
anaerobic digestion effluent. Precipitation enhanced mem-
brane resistance and reduced process efficiency [15]. To
ensure the stability of the desalination process, decarbon-
ation of the concentrate solution in the electro dialysis pro-
cess was necessary. Calcium carbonate dissolves in acid, so
the addition of acid was an appropriate method for convert-
ing calcium carbonate into calcium bicarbonate and carbon
dioxide [15,16]. Adding hydrochloric acid into the concen-
trate solution is superior to adding sulfuric acid when there
is a large number of calcium and magnesium ions. When
the LSI was below the critical scaling concentration (CSC)
(LSI = 1.00), the scale did not happen in short period [16].
The concentrate solution’s pH was adjusted by adding
hydrochloric acid to pH of 5.5, 6.0 and 6.5. All of the experi-
ments were carried out under the previously obtained opti-
mal conditions, i.e., an operating voltage of 10 V, a volume
ratio of 1:4, and a flow velocity of 2.16 cm/s.

In Fig. 5a, the desalination rate of the concentrate solu-
tion at pH 6.5 was almost equal to that at pH 6.0. How-
ever, the desalination rate was the fastest at pH 5.5. This is
because the initial conductivity of the concentrate solution
was higher at the beginning of the experiment to adjust the
pH of concentration solution to 5.5 (Fig. 5b). The resistance
of the electro dialysis unit was the smallest and the current
density was largest at pH 5.5 than those at pH 6.0 and 6.5
within the first 15 min. A stronger electric field force was
created for driving ions through ion exchange membranes.
It was shown in Fig. 5d that, when the pH of the concentrate
solution was 6.5 and 6.0, alkalinity increased with time, and
eventually stabilized. At pH 6.5, more hydrochloric acid
was added into the concentrate solution than at pH 6.0, so
more bicarbonate was converted into carbon dioxide. When
the pH of the concentrate solution was 5.5, the alkalinity
was maintained at a low level and did not increase with
time. It was attributed to the amount of hydrochloric acid
being equal to the increase in alkalinity when the pH of the
concentrate solution was maintained at 5.5. Fig. 5e shows
that the LSI of the concentrate solution increased with time.
The LSI of the concentrate solution was maintained below
the critical scaling concentration (LSI = 1.00) at different pH
throughout the experiments, indicating that adding HCl to
the concentrate solution to adjust pH was useful. Accord-
ing to Egs. (4) and (5), the LSI of the concentrate solution
increased with increases of TDS, calcium hardness, and
alkalinity at pH 6.5 and 6.0. For pH 5.5, although the alka-
linity of concentration solution was unchanged, the LSI still
increased with increases of TDS and calcium hardness. Fig.
5 f shows the that LSI of the diluate solution decreased with
time, due to reductions of alkalinity and calcium hardness.

3.6. Citric acid fermentation of anaerobic digestion effluent
treated by electro dialysis

Fig. 6b shows the results of the fermentation of anaer-
obic digestion effluent treated by electro dialysis. When
anaerobic digestion effluent was directly recycled, citric
acid production was 125.4 + 1.2 g/L, which was 12% lower
than that of deionized water (142.5 + 0.8 g/L). Meanwhile,

residual total sugar and isomaltose increased to 29.2 + 0.7
g/Land 18.0 +1.4 /L, respectively. It indicated that the deg-
radation and use of dextrin was restricted by inhibitors in
anaerobic digestion effluent, i.e., Na*and ammonium. When
anaerobic digestion effluent was treated with ultra filtration
and electro dialysis, the concentrations of ammonium and
Na* were 36 mg/L (Table 2) and 46.2 mg/L (Fig. 6a), respec-
tively, which were lower than their inhibition concentra-
tions [28]. Therefore, the citric acid production (140.7 + 0.3
g/L) of the diluate solution in electro dialysis was compara-
ble to that of fermentation with deionized water (142.5 + 0.8
g/L). The residual total sugar and isomaltose decreased to
18.0+1.4 g/Land 1.1 + 0.2 g/L, respectively. This indicates
that the inhibitors, i.e., Na* and ammonium, transported
from the diluate to the concentrate solution in electro dial-
ysis. The slight difference in performance between anaero-
bic digestion effluent treated by ultra filtration and electro
dialysis and deionized water was due to the inhibitors of
anaerobic digestion effluent that could be removed by add-
ing glucoamylase in fermentation [37]. Qi investigated the
inhibition concentrations of PAC and APAM in citric acid
fermentation by A. niger [38]. They found that the concen-
trations of polyacrylamide and polytonalism chloride in
the diluate solution did not affect citric acid production. In
summary, anaerobic digestion effluent treated with floccu-
lation, ultra filtration, and electro dialysis did not inhibit
citric acid fermentation when it was reused as fermentation
water.

4. Conclusion

The integrated citric acid-methane production process
was improved by applying ultra filtration and electro dial-
ysis. Treatment with coagulation, flocculation, and ultra
filtration, meant that the turbidity of anaerobic digestion
effluent met the requirements of electro dialysis. Under opti-
mized conditions, electro dialysis could effectively remove
metal ions and ammonium. CaCO, could be eliminated by

Table 2
Chemical parameters of anaerobic digestion effluent treated by
electro dialysis under optimized conditions

Chemical Raw Dilute Concentrate Removal
parameters water rate (%)
pH 8.43 715 7.72 -
Conductivity 4,830 655 15,510 86
(1S/cm)

TDS (mg/L) 2,425 328 7,720 86
Alkalinity (mg 2,620 238 11,389 91
CaCO,/L)

Calcium 352 29 380 92
hardness (mg

CaCO,/L)

Total hardness 693 78 1,315 89

(mg CaCO,/L)

COD (mg/L) 296 237 488 20
NH,-N (mg/L) 120 36 272 84

LSI 197 -1.35  1.88 -
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Table 3
Bare ion radius, hydrated radius, and hydration free energy for
cations

Ion Bare ion Hydrated Hydration free
radius (nm) radius (nm) energy (kJ/mol)

K 0.149 0.331 295

Na* 0.117 0.358 364

Ca* 0.100 0412 1,504

Mg? 0.072 0.428 1,828

adding hydrochloric acid to the concentrate solution. Citric
acid production with treated anaerobic digestion effluent
was comparable to production with deionized water. This
novel study further improved the technical feasibility of the
integrated citric acid-methane production process in indus-
trial applications, and provided new insight into cleaner
production of other submerged fermentation industries.
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Symbols

ADE — Anaerobic digestion effluent
APAM — Anionic polyacrylamide

C, — Current efficiency, %

C, — Concentrations of free HCO,™ in the dilu-
ate compartment at t (0), mol/L

C, — Concentrations of free HCO,™ in the dilu-
ate compartment at t (s), mol/L

COD — Chemical oxygen demand

E — Energy consumption, kWh/m?

F — Faraday constant (96,500 C/mol)

I — Current, A

LSI — Langelier saturation index

N — Number of repeating units

NTU — Nephelometric turbidity unit

PAC  — Polytonalism chloride

PDA — Potato dextrose agar

pH, — pH at which the water was saturated with
calcium carbonate

T — Temperature, K

t — Operation time, s

TDS — Total dissolved solids, mg/L

u — Potential, V

\% — Circulated volume of solution in the
diluate compartment, L

VCEFE — Volume concentration factor

Z — Absolute valence of ion

Greek

n — Conductivity removal rate, %

K — Conductivities of the diluate solution at t
(0), pS/cm

K, — Conductivities of the diluate solution at t
(s), pS/cm

References

[1] Karthikeyan, N. Sivakumar, Citric acid production by Koji fer-
mentation using banana peel as a novel substrate, Bioresour.

Technol,, 101 (2010) 5552-5556.



130

(2]
(3]

(4]

6]

(7]

(8]

(9]

(10]

(11]

(12]

(13]

(14]

[15]

16]

(17]

(18]

(19]

X.-F. Su et al. / Desalination and Water Treatment 120 (2018) 119-132

M. Mattey, The production of organic acids, Crit. Rev. Biotech-
nol.,, 12 (1992) 87-132.

E. Colleran, S. Pender, U. Philpott, V. O’Flaherty, B. Leahy, Full-
scale and laboratory-scale anaerobic treatment of citric acid
production wastewater, Biodegradation, 9 (1998) 233-245.

H. Yang, P. Shao, T. Lu, J. Shen, D. Wang, Z. Xu, X. Yuan, Con-
tinuous bio-hydrogen production from citric acid wastewater
via facultative anaerobic bacteria, Int. J. Hydrogen Energy, 31
(2006) 1306-1313.

S. Kayombo, T.S.A. Mbwette, J.HY. Katima, S.E. Jorgensen,
Effects of substrate concentrations on the growth of heterotro-
phic bacteria and algae in secondary facultative ponds, Water
Res., 37 (2003) 2937-2943.

Li, H. Yang, X. Xia, Y. Li, L. Chen, M. Zhang, L. Zhang, W.
Wang, High efficient treatment of citric acid effluent by Chlo-
rella vulgaris and potential biomass utilization, Bioresour.
Technol., 127 (2013) 248-255.

J. Xu, Y.Q. Chen, HJ. Zhang, L. Tang, K. Wang, ].H. Zhang, X.S.
Chen, Z.G. Mao, Production of citric acid using its extraction
wastewater treated by anaerobic digestion and ion exchange
in an integrated citric acid-methane fermentation process, Bio-
process Biosyst. Eng., 37 (2014) 1659-1668.

J. Xu, X.E. Su, JW. Bao, Y.Q. Chen, HJ. Zhang, L. Tang, K. Wang,
JH. Zhang, X.S. Chen, Z.G. Mao, Cleaner production of citric acid
by recycling its extraction wastewater treated with anaerobic
digestion and electro dialysis in an integrated citric acid-methane
production process, Bioresour. Technol,, 189 (2015) 186-194.

E. Gain, S. Laborie, P. Viers, M. Rakib, G. Durand, D. Hart-
mann, Ammonium nitrate wastewater treatment by coupled
membrane electrolysis and electro dialysis, J. Appl. Electro
chem., 32 (2002) 969-975.

M. Mondor, L. Masse, D. Ippersiel, F. Lamarche, D.I. Masse,
Use of electro dialysis and reverse osmosis for the recovery
and concentration of ammonia from swine manure, Bioresour.
Technol., 99 (2008) 7363-7368.

K. Ghyselbrecht, A. Silva, B. Van der Bruggen, K. Boussu, B.
Meesschaert, L. Pinoy, Desalination feasibility study of an
industrial NaCl stream by bipolar membrane electro dialysis,
J. Environ. Manage., 140 (2014) 69-75.

N. Tanaka, M. Nagase, M. Higa, Organic fouling behavior of
commercially available hydrocarbon-based anion-exchange
membranes by various organic-fouling substances, Desalina-
tion, 296 (2012) 81-86.

AT. Tran, N. Jullok, B. Meesschaert, L. Pinoy, B. Van der Brug-
gen, Pellet reactor pretreatment: a feasible method to reduce
scaling in bipolar membrane electro dialysis, J. Colloid Inter-
face Sci., 401 (2013) 107-115.

ATK. Tran, P. Mondal, J. Lin, B. Meesschaert, L. Pinoy, B. Van
der Bruggen, Simultaneous regeneration of inorganic acid and
base from a metal washing step wastewater by bipolar mem-
brane electro dialysis after pretreatment by crystallization in a
fluidized pellet reactor, ]. Membr. Sci., 473 (2015) 118-127.

LB.S. Sayadi, P. Sistat, M. Ben Amor, M. Tlili, Brackish Water
Desalination by Electro dialysis: CaCO, Scaling Monitoring
During Batch Recirculation Operation, Int. J. Chem. React.
Eng., 11 (2013) 1-9.

Y. Zhang, K. Ghyselbrecht, B. Meesschaert, L. Pinoy, B. Van der
Bruggen, Electro dialysis on RO concentrate to improve water
recovery in wastewater reclamation, J. Membr. Sci., 378 (2011)
101-110.

G.L. Jing, XY. Wang, CJ. Han, The effect of oilfield poly-
mer-flooding wastewater on anion-exchange membrane per-
formance, Desalination, 220 (2008) 386—393.

J. Lemaire, C.-L. Blanc, F. Duval, M.-A. Théoleyre, D. Pareau,
Purification of pentoses from hemicellulosic hydrolysates with
sulfuric acid recovery by using electro dialysis, Sep. Purif.
Technol., 166 (2016) 181-186.

EC. Yen, SJ. You, T.C. Chang, Performance of electro dialysis
reversal and reverse osmosis for reclaiming wastewater from
high-tech industrial parks in Taiwan: A pilot-scale study, J.
Environ. Manage., 187 (2017) 393-400.

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

(32]

[33]

[34]

[35]

[36]

[37]

[38]

Y. Zheng, Z. Li, X. Wang, X. Gao, C. Gao, The treatment of
cyanide from gold mine effluent by a novel five-compartment
electro dialysis, Electro chim. Acta., 169 (2015) 150-158.

W.FE. Langelier, The analytical control of anti-corrosion water
treatment, J. AWWA, 20 (1936) 1500-1521.

A.PR. Torres, VM]. Santiago, C.P. Borges, Performance
evaluation of submerged membrane bioreactor pilot units
for refinery wastewater treatment, Environ. Prog., 27 (2008)
189-194.

R. Zhang, S. Yuan, W. Shi, C. Ma, Z. Zhang, X. Bao, B. Zhang,
Y. Luo, The impact of anionic polyacrylamide (APAM) on ultra
filtration efficiency in flocculation-ultra filtration process,
Water Sci. Technol., 75 (2017) 1982-1989.

D. Abdessemed, G. Nezzal, R. Ben Aim, Coagulation—adsorp-
tion—ultra filtration for wastewater treatment and reuse,
Desalination, 131 (2000) 307-314.

Z.5Sun, X. Gao, Y. Zhang, C. Gao, Separation and purification of
L-phenylalanine from the fermentation broth by electro dialy-
sis, Desalin. Water Treat., 57 (2016) 22304-22310.

R.E. Speece, Anaerobic biotechnology for industrial waste
waters, Anaerobic biotechnology for industrial waste waters,
1996.

T. Scarazzato, D.C. Buzzi, A.M. Bernardes, D.C. Romano Espi-
nosa, Treatment of waste waters from cyanide-free plating
process by electro dialysis, J. Clean Prod., 91 (2015) 241-250.

J. Xu, Y.Q. Chen, HJ. Zhang, JW. Bao, L. Tang, K. Wang, ].H.
Zhang, X.S. Chen, Z.G. Mao, Establishment and assessment of
an integrated citric acid-methane production process, Biore-
sour. Technol., 176 (2015) 121-128.

F. Karas, J. Hnat, M. Paidar, J. Schauer, K. Bouzek, Determi-
nation of the ion-exchange capacity of anion-selective mem-
branes, Int. ]. Hydrogen Energy., 39 (2014) 5054-5062.

C.-V. Gherasim, J. Kiiv¢ik, P. Mikulasek, Investigation of batch
electro dialysis process for removal of lead ions from aqueous
solutions, Chem. Eng. J., 256 (2014) 324-334.

E.S. Kim, S. Dong, Y. Liu, M. Gamal El-Din, Desalination of
oil sands process-affected water and basal depressurization
water in Fort McMurray, Alberta, Canada: application of elec-
tro dialysis, Water Sci. Technol., 68 (2013) 2668-2675.

Y. Wei, Y. Wang, X. Zhang, T. Xu, Comparative study on the
treatment of simulated brominated butyl rubber wastewater
by using bipolar membrane electro dialysis (BMED) and con-
ventional electro dialysis (ED), Sep. Purif. Technol., 110 (2013)
164-169.

Y. Zheng, X. Gao, X. Wang, Z. Li, Y. Wang, C. Gao, Applica-
tion of electro dialysis to remove copper and cyanide from
simulated and real gold mine effluents, RSC. Adv., 5 (2015)
19807-19817.

J. Raich-Montiu, ]J. Barios, V. Garcia, M.E. Medina, F. Valero,
R. Devesa, J.L. Cortina, Integrating membrane technologies
and blending options in water production and distribution
systems to improve organoleptic properties. The case of the
Barcelona Metropolitan Area, J. Clean Prod, 69 (2014) 250-259.
K. Walha, R.B. Amar, L. Firdaous, F. Quéméneur, P. Jaouen,
Brackish groundwater treatment by nano filtration, reverse
osmosis and electro dialysis in Tunisia: performance and cost
comparison, Desalination, 207 (2007) 95-106.

L. Firdaous, ].P. Malériat, J.P. Schlumpf, F. Quéméneur, Trans-
fer of monovalent and divalent cations in salt solutions by elec-
tro dialysis, Sep. Sci. Technol., 42 (2007) 931-948.

J. Xu, X.E. Su, JW. Bao, HJ. Zhang, X. Zeng, L. Tang, K. Wang,
JH. Zhang, X.S. Chen, Z.G. Mao, A novel cleaner production
process of citric acid by recycling its treated wastewater, Biore-
sour. Technol., 211 (2016) 645-653.

F. Qi, 2013, Research of inhibitor for citric acid fermentation
and pretreatment in anaerobic effluent recycling process, (M.E.
Dissertation), Jiangnan University, Wuxi, Jiangsu. (Chinese).



X.-F. Su et al. / Desalination and Water Treatment 120 (2018) 119-132

Supplementary

Table SM-1

Characteristic of ultra filtration organic membranes
Parameters 100 kD 200 kD
Material Polyvinylidene Polyvinylidene

difluoride difluoride

Surface (m?) 0.079 0.077
Diameter (mm) 8 8
Filtrate diameter 20 30
(nm)
pH 2-11 2-11
Pressure (MPa) 0.1-0.45 0.1-0.45
Temperature (°C) <65 <65

Table SM-2

Characteristic of ion exchange membranes

Parameters Cation exchange Anion exchange
membrane (CEM) membrane (AEM)

Productname TWEDAI Standard TWEDAI Standard
membrane membrane

Type homogeneous homogeneous

Exchange 0.90-1.10 0.90-1.10

capacity

(mmol/g)

Electrical <450 <5.00

resistance

(Q/cm?)

Transport >0.98 >0.99

number

Thickness 40-50 40-50

(nm)

Wet water 15-20 15-20

content (%)

pH 1-12 1-12

131

Table SM-3
The turbidity of anaerobic digestion effluenttreated by PAC
and APAM
Dosage (mg/L) Turbidity (NTU)  Removal rate (%)
PAC APAM
0 0 197.10 %
100 1 139.50 29.22
100 2 7719 60.84
100 3 76.75 61.06
100 4 74.21 62.35
100 5 74.86 62.02
200 1 48.73 75.28
200 2 34.87 82.31
200 3 4521 77.06
200 4 46.50 76.41
200 5 46.70 76.31
300 1 29.29 85.14
300 2 26.97 86.32
300 3 25.57 87.03
300 4 26.90 86.35
300 5 2797 85.81
400 1 2297 88.35
400 2 22.78 88.44
400 3 19.99 89.86
400 4 1992 89.89
400 5 19.53 90.09
500 1 15.34 92.22
500 2 14.41 92.69
500 3 14.55 92.62
500 4 14.58 92.60
500 5 14.34 92.72
200
y=03187x - 52.64
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Fig. SM-1. The calibration curve of NaHCO,.
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