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Abstract: 14 

The feasibility of using electrodialysis with bipolar membranes (EDBM), combined with monovalent 15 

selective anion exchange membranes was investigated to purify organic acids from fermentation broths 16 

or wastewater streams. A simulated beet molasses feed containing a mixture of monobasic lactic acid 17 

and polybasic citric acid was used for this purpose. The impact of the feed pH, the configuration of the 18 

membrane stack and the voltage applied on the selectivity of the process was investigated. At a pH of 19 

9~10 and an electric field intensity of 9 V/cm, a lactic acid product with a purity of at least 97% can be 20 

obtained by using both two chamber (BP-A) and three chamber (BP-A-C) configurations with the 21 

monovalent selective membrane. When using the BP-A configuration, the hydroxide ions generated by 22 

the bipolar membrane compete with the lactate anions to move into the acid solution and so the energy 23 

efficiency is lower than with the BP-A-C configuration. To mimic a multiple pass process and increase 24 

the lactic acid concentration of the final product, experiments were performed across a range of volume 25 

ratios between the feed and acid solutions. As this ratio is varied, the purity of lactic acid produced 26 

remains higher than 95% while the energy consumption is essentially unaffected. Due to the osmotic 27 

flow of water during experiments, the highest lactic acid concentration that can be achieved is limited 28 

to 153 g/L at a volume ratio (VA: VF) of 1:10.  29 

 30 

Keywords: Monovalent ion exchange membrane, citrate, lactate, beet molasses  31 
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1. Introduction: 32 

Organic acids such as lactic acid and citric acid are used widely in both the food and pharmaceutical 33 

industry as preservatives [1], chemical intermediates [2] or buffer media [3]. In addition, there is a 34 

growing demand for these compounds in the production of biodegradable plastics [4]. Organic acids 35 

are produced commercially either by fermentation or chemical synthesis. The former is preferred due 36 

to its lower cost and as many food quality laws stipulate that acids used in foods must be of biological 37 

origin [5]. In addition to fermentation processes designed specifically for organic acid production, the 38 

by-product or wastewaters of industrial processes such as ethanol production (stillage) [6], sugar-beet 39 

processing (beet molasses) [7], agricultural production and even human sewage [8] also contains 40 

numerous organic acids or organic acid salts.  The recovery of those organic anions can not only reduce 41 

the environmental impact associated with their disposal, but also produce organic acid products of high 42 

economic value. 43 

Membrane processes such as nanofiltration [9], diffusion dialysis (DD), conventional electrodialysis 44 

(ED) and electrodialysis with bipolar membranes processes (EDBM) are widely used in the recovery 45 

or production of such organic acids [5, 10-13], as they eliminate the waste or salts produced by other 46 

processes.   However, a mixture of organic acids is often present. For example, the fermentation broth 47 

of succinic acid production contains lactate [14], acetate and formate [9] as by-products; the stillage of 48 

ethanol production contains glycerol, lactate and succinate [6]; beet molasses is known to contain a high 49 

concentration of lactic acid (2~5 wt%) and a somewhat lower one of citric acid (1~2.5wt%) [7, 15-19]. 50 

Traditional membrane technologies do not have a high selectivity between these different organic 51 

anions, so direct use of the organic acid recovered by these processes is not possible and further 52 

processing steps are required to increase the acid purity. Chromatography [14, 20-22], solvent extraction 53 

[23] and pressure driven filtration[9, 24] have been proposed for this purpose, but these methods have 54 

some disadvantages. Chromatography produces significant volumes of effluent [21, 25], solvent 55 

extraction requires the management of hazardous and often toxic solvents and the expense of solvent 56 

recovery, while fouling during filtration processes also needs to be addressed [26]. EDBM is a cost-57 

effective and environmentally friendly approach, but it has low selectivity between ions of similar 58 

charge. To improve the selectivity of the traditional EDBM process, monovalent anion selective 59 

membranes can be used [27, 28]. To date, such membranes have mainly been explored for separation 60 

between mono and multi-valent inorganic anions, such as the rejection of carbonate and sulphate [29], 61 

defluorination [30] and the treatment of nitrate-containing effluents [31] and there are no reported 62 

studies on the separation of organic acid ions. In this study we seek to address this gap, with a study of 63 

the application of EDBM with monovalent selective membranes to the extraction of organic acids with 64 

high purity. A simulated beet molasses solution which contains a mixture of lactic acid (𝐶𝐶3𝐻𝐻6𝑂𝑂3%) and 65 

citric acid (𝐶𝐶6𝐻𝐻8𝑂𝑂7) is used to evaluate the feasibility of this approach.  66 
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2. Experimental 67 

2.1 Materials 68 

The membranes used are the Neosepta ACS monovalent selective anion exchange membrane, AMX 69 

anion exchange membrane, CMB cation exchange membrane and BP-1E bipolar membrane, all 70 

supplied by Astom (Tokyo, Japan). The properties of these membranes are recorded in Table 1. Before 71 

the experiments, all membranes were immersed in 0.1 mol/L NaCl solution for 24 h and then washed 72 

in purified water (13.2 MΩ cm, Millipore) several times to ensure that they were in the Na+ and Cl− 73 

forms and all mobile ions have been removed. 74 

Table 1. Properties of the membranes used in this studya 75 

Properties Unit Membranes 
ACS AMX CMB BP-1E 

Thickness μm 130 140 210 220 
Resistanceb Ω·cm2 3.8 2.4 4.5 - 
Water splitting voltagec V - - - 1.2 
Water splitting efficiency % - - - >98 

a. Data obtained from the product brochure provided by manufacturers. b. Equilibrated with a 0.5 mol/L NaCl 76 
solution at 30 ℃. c. Measured with 1 mol/L NaOH and HCl at 100 mA/cm2 at 30 ℃ 77 

Lactic acid (85%~90%), potassium phosphate monobasic (KH2PO4, 99.5%), phosphoric acid (H3PO4, 78 

85%~90%) and sodium chloride (NaCl, 99.5%) were procured from Shanghai Macklin Biochemical 79 

Co., Ltd. Sodium hydroxide (NaOH, 97%), Sodium sulphate (Na2SO4, 99.9%) and citric acid 80 

monohydrate (C6H8O7·H2O, 99.8%) were purchased from Shanghai Aladdin Biochemical Technology 81 

Co. Ltd. An analytical standard of lactic acid (90 wt%) for HPLC was purchased from Sigma-Aldrich. 82 

Purified water (13.2 MΩ cm, Millipore) was used for preparing all solutions used in this work. 83 

2.2 EDBM set-up and operation 84 

Two arrangements are studied within the integrated EDBM stack. In the BP-A configuration, there are 85 

two cell pairs, each containing a feed and an acid compartment (Figure 1 (a)). In the BP-A-C 86 

configuration, there are two cell triplets, each containing an alkali, a feed and an acid compartment 87 

(Figure 1 (b)). Each compartment is regulated by specially designed millimetre-thick silica gel spacers 88 

with a thickness of 0.75 mm. The electrodes are made of titanium coated with ruthenium. The 89 

membranes and electrodes have the same effective area (189 cm2, 9 cm width and 21 cm length). 90 
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 91 

Figure 1. EDBM set-up with (a) BP-A configuration and (b) BP-A-C configuration.  BP= bipolar 92 

membrane, CEM= cation exchange membrane, AEM = anion exchange membrane. 93 

 94 

When changing the configuration of the membrane stack from BP-A-C to BP-A, the distance between 95 

the two electrodes is reduced from 1 cm to 0.8 cm, as there are fewer membranes. For consistency, the 96 

applied voltage was thus reduced to maintain the same field intensity in V/cm, where this is equal to 97 

the applied potential (V) divided by the distance between these two electrodes in cm. The experiments 98 
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were operated under such constant field intensity in V/cm with a regulated power supply (IT633A, Itech 99 

Electronic Company Ltd). Operating in this mode is preferred in batch operation because it can reduce 100 

the possibility of the system operating beyond the limiting current density. 101 

Unless otherwise noted, 300 mL of simulated beet molasses was prepared as the feed solution by adding 102 

2 wt% (0.22M) of lactic acid and 2 wt% (0.10M) of citric acid) and then adjusting the pH (3.7 ± 0.1, 103 

5.5 ± 0.1 or 9~10) using NaOH. The initial solution of acid was 0.009 M lactic acid, that of the alkali 104 

0.01 M NaOH and electrolyte 0.25 M Na2SO4, respectively. Each chamber was connected to a 105 

corresponding beaker, with each solution circulated by a peristaltic pump (BT100-2J, Longer Precision 106 

Pump Co., Ltd) with a flow rate of 300 mL/min.  107 

The pH of the feed solution was adjusted by regular additions of sodium hydroxide (1.9 M) when needed 108 

to maintain the initial value throughout the experimental period. 109 

2.3 Analysis 110 

Determination of lactate and citrate concentrations was carried out according to the methods reported 111 

in the literature [7, 32] using a high-performance liquid chromatography (HPLC, Shimadzu) system 112 

with a UV–Vis detector at a wavelength of 190 nm and 210 nm. An InertSustainTM AQ-C18 column 113 

(4.6×150 mm) (Shimadzu) was used with a mobile phase of 10 mM KH2PO4 solution at a pH of 2.9 at 114 

1 ml/min and 40 °C. 115 

The concentration of alkali generated in the base chamber was determined by titration with sulphuric 116 

acid solution (0.01 mol/L). 117 

The lactate purity(%La) in the acid solution is defined as its mol fraction of the two organic anions 118 

present as shown in Equation 1.: 119 

%La= 𝐶𝐶𝐿𝐿𝐿𝐿,𝑡𝑡
𝐴𝐴 ×𝑉𝑉𝑡𝑡𝐴𝐴

𝐶𝐶𝐿𝐿𝐿𝐿,𝑡𝑡
𝐴𝐴 ×𝑉𝑉𝑡𝑡𝐴𝐴+𝐶𝐶𝐶𝐶,𝑡𝑡

𝐴𝐴 ×𝑉𝑉𝑡𝑡𝐴𝐴
×100%                                                   (1) 120 

where 𝐶𝐶𝐿𝐿𝐿𝐿,𝑡𝑡
𝐴𝐴

R and 𝐶𝐶𝐶𝐶,𝑡𝑡
𝐴𝐴  refer to the lactate and citrate concentration in the acid solution after being treated 121 

for t mins, respectively.  𝑉𝑉𝑡𝑡𝐴𝐴 is the volume of the acid solution after being treated for t mins.  122 

The current efficiency ( %𝜂𝜂 , Equation 2) was calculated based on the initial (t=0) and final 123 

concentrations of lactate in this acid chamber.  124 

%𝜂𝜂 = 𝑧𝑧·(𝐶𝐶𝐿𝐿𝐿𝐿,𝑡𝑡
𝐴𝐴 ×𝑉𝑉𝑡𝑡𝐴𝐴−𝐶𝐶𝐿𝐿𝐿𝐿,0

𝐴𝐴 ×𝑉𝑉0𝐴𝐴)·𝐹𝐹
𝑁𝑁·𝐼𝐼·𝑡𝑡

 × 100%                                           (2) 125 

where F is the Faraday constant (96,500 C); N is the number of repeat cells (two); I (A) is the current 126 

applied in the stack and t (s) is the total test time; z is the valence of organic ion; 𝑉𝑉0𝐴𝐴 is the initial volume 127 

of acid chamber. 128 
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The energy consumption per kg of lactic acid produced, 𝐸𝐸 (kWh/kg HLa) was calculated from Equation 129 

3:  130 

𝐸𝐸 = ∫ 𝑈𝑈·𝐼𝐼·𝑑𝑑𝑑𝑑
(𝐶𝐶𝐿𝐿𝐿𝐿,𝑡𝑡

𝐴𝐴 ×𝑉𝑉𝑡𝑡𝐴𝐴−𝐶𝐶𝐿𝐿𝐿𝐿,0
𝐴𝐴 ×𝑉𝑉0𝐴𝐴)·𝑀𝑀

𝑡𝑡
0                                                         (3)                                         131 

where U (V) is the voltage drop across the EDBM stack and M is the molar mass of the acid (90.08 132 

g/mol). 133 

Unless otherwise stated, all experiments were repeated twice to determine the error, which is 134 

represented as two standard deviations either side of the mean. For specific experiments, the percentage 135 

error of earlier experiments was used to provide the error bars needed to assess whether data was 136 

significantly different.      137 

 138 

3. Results and discussion 139 

3.1 Selectivity optimization of the EDBM process 140 

The permselectivity of an ion exchange membrane (IEM) is governed by several factors, such as the 141 

hydrated radii of the ions, their affinities with the IEM and their migration rates (diffusivity) in the 142 

membrane phase. The monovalent membrane used in this study (Neosepta ACS) is prepared by a “paste 143 

method” with a highly cross-linked layer deposited on its surface [29, 33, 34]. By introducing such a 144 

dense skin layer , the membrane selectivity for ions with different hydrated radii increases due to a size 145 

sieving effect [35]. As a commercial membrane, the details of the Neosepta ACS structure and 146 

preparation method are confidential, so it is unclear whether there are other factors that work to further 147 

improve this selectivity. 148 

The pH value of beet molasses ranges from 3 to 6 [7, 36, 37]. The simulated solution prepared from 2 149 

wt% citric and 2 wt% lactic acid had a pH of 3.7. Under these conditions, about 74% of the citrate 150 

present is dissociated and predominantly exists as the monovalent ion  𝐶𝐶6𝐻𝐻7𝑂𝑂7− (Figure S1). Conversely, 151 

only about 40% of the lactic acid is dissociated, again forming a monovalent anion. Table 2 shows that 152 

there is a big difference between the Stokes radii of these two species, indicating that a permselective 153 

anion-exchange membrane which has a size sieving capacity should be effective. Indeed, Figure 2 (a) 154 

shows that the use of the permselective (ACS) anion-exchange membrane within a BP-A-C 155 

configuration provides a much greater purity of lactic acid when a simulated beet molasses with a pH 156 

value of 3.7 is introduced than a more standard (AMX) ion exchange material. Citrate and lactate anions 157 

are transferred from the feed chamber to the acid chamber in a molar ratio of 1:1 for the AMX membrane 158 

and 1:9 for the ACS membrane when deployed at 6 V/cm. However, due to the dense skin layer, the 159 

rate of transport of ions is lower when the ACS membrane is used, as indicated by the current density 160 

falling from around 5.5 mA/cm2 with the AMX to around 3.2 mA/cm2 with the ACS (see Figure 2(c)). 161 
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The same EDBM stack was readily deployed at 12V/cm with the ACS membrane (Figure 2 (d)). 162 

However, it was not possible to initially achieve such a high voltage with the AMX membrane, due to 163 

its lower resistance and subsequent high current density.  After 30 minutes, the voltage could be adjusted 164 

to 12 V/cm, as the solution resistance had increased due to the transfer of ions from the feed into the 165 

acid solution. After 45 minutes, the lactate purity increased from 50% to 70% (Figure 2 (b)). This was 166 

due however, to the depletion of citrate in the feed chamber during this period rather than any change 167 

in the membrane performance, as is evident from the rapidly falling current shown in Figure 2(d).  168 

Table 2 The stokes radius of organic acid ions in this study 169 

Species Stokes radius (nm) 

Lactate ion  (𝐶𝐶3𝐻𝐻6𝑂𝑂3−) [38] 0.23a 

Dihydrogen citrate ion 𝐶𝐶6𝐻𝐻7𝑂𝑂7− [39] 0.303b 

Citrate ion 𝐶𝐶6𝐻𝐻5𝑂𝑂73− P

 [40] 0.394b 
a. data is obtained directly from the literature; b. data is calculated based on the diffusion coefficient of ions 170 

through the Stokes-Einstein relationship[41] ( 𝑟𝑟𝑠𝑠 = 𝐾𝐾𝐾𝐾
6𝜋𝜋𝜋𝜋𝐷𝐷𝑖𝑖

  ) .  171 

 172 

Figure 2 The lactate purity(%La) in the acid solution (a) and the current density of the ED unit (c) 173 

when the electric field intensity is 6 V/cm; the lactate purity(%La) in the acid solution (b) and the 174 

current density & electric field intensity of the ED unit (d) when the electric field intensity is 8-12 175 

V/cm. (pH of feed solution: 3.7, BP-A-C configuration) 176 
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At a high pH, polybasic acids such as citrate present as ions with a higher valence (see Figure S1). 177 

These species have a greater number of water molecules in their hydration shell [42], which then leads 178 

to a larger hydrated or Stokes radius (Table 2) [43]. The stronger attraction for H2O molecules to these 179 

multivalent species also means that they are less prone to dehydration, as can occur at the water 180 

membrane interface [44] due to the drag forces induced by the voltage gradient. To determine the impact 181 

of these effects, experiments were conducted at variable pH with the ACS membrane, by adjustment 182 

with sodium hydroxide.  When the pH value is less than 4, most of the citrate ions are present in a 183 

monovalent form; when the pH value is ~5.5 they are mainly divalent and if the pH value increases 184 

beyond 9, almost all are trivalent (Figure S1). As shown in Figure 3 (b), when the pH value of the feed 185 

solution is greater than 9, the purity of the lactic acid in the acid chamber approaches 93%, due to the 186 

slower migration of the large, fully hydrated trivalent citrate species. At the same time, a higher pH 187 

value corresponds to a higher current density (Figure S2 (b)) and greater transfer rate of lactate (Figure 188 

3 (a)), as with a higher pH value, more lactic acid dissociates, increasing the concentration driving force 189 

for this species to migrate and improving the conductivity of the feed solution.  Thus, from the 190 

perspective of both the feed solution processing rate and the purity of the lactic acid product, adding 191 

NaOH to the feed solution to increase its pH value is a good approach.  Of course, the financial cost of 192 

this addition and the required pH of the final product will also determine whether such an approach is 193 

viable.  194 

 195 

Figure 3 The effect of feed solution pH a. the concentration of lactate and citrate in the acid chamber 196 

(g/L) and b. the lactate purity versus total charge (C) transferred. (12 V/cm, BP-A-C configuration 197 

with an ACS anion exchange membrane) 198 

Other workers have shown that the depletion of monovalent ions from the boundary layer of a 199 

monovalent selective membrane at a high current density[45] can lead to increased transport of the 200 

multivalent ions and thus lower ion selectivity [45-48]. As shown in Figure 4, the amount of citrate ions 201 

transferred to acid chamber is higher at 12 V/cm than at lower voltages due to a similar increase in 202 

current density (see Figure S3) and thus boundary layer depletion. Operation at lower voltages leads to 203 
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an increase in the purity of lactic acid obtained in the acid chamber from 93 to 97%, consistent with the 204 

trend shown for inorganic ion solutions [45-48].  205 

 206 

Figure 4 The effect of applied electric field intensity, a. the concentration of lactate and citrate in the 207 

acid chamber and b. the purity of lactic acid in acid chamber versus total charge (C) transferred. (pH 208 

of feed solution: 9~10, BP-A-C configuration) 209 

The energy consumption (kWh per kg of lactate transferred to acid chamber) is higher at 12 V/cm than 210 

at 9 or 6 V/cm (Figure 5). This can partly be explained by the increase of citrate ion transfer at 12 V/cm, 211 

but may also reflect higher levels of water splitting at the ion exchange membranes as the voltage is 212 

increased. While water splitting at the bipolar membranes is desirable, when it occurs at the cation and 213 

anion exchange membranes it serves mainly to alter the pH of the feed solution and thus wastes energy.  214 

The energy consumption of lactic acid production when achieving 80% of lactate transfer is similar to 215 

the value when achieve 50% of lactate transfer, indicates that the back diffusion of lactate ions is not a 216 

dominant factor for energy consumption when dealing with a feed solution that contains 20 g/L of 217 

lactate and at a volume ratio of 1:1 (feed solution to acid solution). 218 

 219 

 220 

 221 
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 222 

Figure 5 Energy consumption of the EDBM process as a function of electric field intensity when 223 

achieving a a. 50% and b. 80% transfer of the lactate from the feed solution  224 

(pH of feed solution: 9~10, BP-A-C configuration) 225 

 226 

3.2 Configuration of EDBM membrane stack 227 

With the BP-A-C configuration, the pH value of the feed solution decreases with time due to the transfer 228 

of hydroxide ions into the acid chamber. To maintain the pH, a regular addition of NaOH solution is 229 

necessary. As shown in Table 3, the NaOH generated in the base solution is more than the amount of 230 

NaOH consumed in maintaining the pH. Using a BP-A configuration, which combines the feed and 231 

base chambers has the potential to simplify the process and at the same time, maintain the pH value of 232 

the feed solution above 9.  233 

Table 3 NaOH consumed/generated in feed/base solution (configuration: BP-A-C, pH of feed 234 

solution: 9~10) 235 

Voltage  
(V/cm) 

lactate transfer from 
the feed solution 

Processing time 
(min) 

NaOH consumed in 
feed solution (mol) 

NaOH generated in 
base solution (mol) 

6 50 ± 2%  60 ± 5  0.014 ± 0.002 0.044 ± 0.002 
9 50 ± 2%  30 ± 5  0.007 ± 0.001 0.032 ± 0.001 

12 50 ± 2%  15 ± 5 0.007 ± 0.001 0.035 ± 0.004 
9 80 ± 2%  45 ± 5 0.013 ± 0.001 0.055 ± 0.004 

12 80 ± 2%  30 ± 5 0.012 ± 0.001 0.063 ± 0.004 
 236 

 237 

 238 

 239 

 240 
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 241 

Figure 6 a. the concentration of lactate and citrate in acid chamber and b. the purity of lactate in acid 242 

chamber versus total charge (C) transferred for two different cell configurations. (pH of initial feed 243 

solution: 9~10, voltage: 9 V/cm) 244 

At an electric field intensity of 9 V/cm, there is no significant difference in lactic acid purity (Figure 6 245 

(b)) when using the different configurations. However, with the BP-A-C configuration, NaOH addition 246 

was used to keep the pH of feed solution in the range of 9 to 10; conversely, for the experiment with 247 

the BP-A configuration, the OH- generated by the bipolar membrane was transferred to the feed solution 248 

directly. This caused the pH value in this chamber to increase from 9.14 to 11.20 in 5 mins and further 249 

to 12.07 after 60 mins. When the pH increases to these values, the transport of OH- competes with that 250 

of lactate more effectively. This causes the reduced rate of lactate transfer shown in Figure 6(a). Further, 251 

the hydroxide transfer significantly increases the energy demand of the EDBM system, as shown in 252 

Figure 7.  253 

 254 

Figure 7 a. Energy consumption and b. current efficiency of BMED process when using different 255 

configurations (at 80 ± 2 % of lactate transfer from the feed solution, pH of initial feed solution: 9~10, 256 

voltage: 9 V/cm) 257 

When using a BP-A-C configuration, the H+ and OH- generated by the bipolar membrane transfers to 258 

the acid and base chamber respectively and the pH of the feed solution is maintained at 9~10 by adding 259 
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additional NaOH solution. When using a BP-A configuration, the H+ and OH- generated by the bipolar 260 

membrane transfer to the acid and feed chamber respectively; causing the pH value of the feed to rapidly 261 

increase. This transfer of OH- consumes energy, leading to a higher energy consumption for this 262 

configuration (Figure 7) and lower current efficiency (31% vs 74%). Further, it is hard to control this 263 

pH, especially over longer processing times.  264 

 265 

3.3 Volume ratio between feed and acid solution 266 

In the experiments described above, the volumes of the solutions in acid, base and feed chambers are 267 

all 300 mL. In this case, the highest lactic acid concentration that can be obtained is equal to the lactate 268 

concentration in the feed solution (20.0 ± 2.0 g/L).  To reduce capital costs and increase the final acid 269 

concentration, a multistage-batch or feed and bleed operation may be used in industry [50]. At the lab 270 

scale, a multistage-batch situation can be modelled by changing the volume ratio of diluate (feed) to 271 

concentrate (acid) solution. 272 

The experiments in this section were performed at 9 V/cm with feed solutions of 27.5 ± 2.5 g/L of 273 

lactate and 20 ± 2.0 g/L of citrate (pH 9~10). The volumes of acid and base solutions were maintained 274 

at 300 mL, while the volume of the feed solution was increased from 300 mL, to 1500 and to 3000 mL. 275 

As shown in Figure 8, the rate of increase in lactic acid concentration in the acid chamber is essentially 276 

unaffected by the feed volume in the early stage of each experiment, as the composition of the solutions 277 

on both sides of the membrane are similar. However, the highest lactic acid concentration that can be 278 

achieved increases with the volume ratio while the purity of the lactic acid in acid chamber is maintained 279 

above 95% (Table 5). As the experiment continues, the rate of increase in lactic acid concentration 280 

slows due to the osmotic flow of water. The lactic acid concentrations stabilise when around 20000 (for 281 

1 to 5) or 35000 Coulombs were consumed (for 1 to 10), even though the feed solution still contains 282 

lactate ions (2.5 ± 1.3 g/L for 1:5 case and 8.3 ± 1.3 g/L for 1:10 case). At this point, the water transfer 283 

caused by osmosis and electro-osmosis (the latter being dominant [51, 52]) will dilute the acid solution 284 

and the number of lactate ions transferred from the acid chamber to the feed chamber by diffusion 285 

balances that transferred from the feed to the acid chamber by the electric field. For example, when 286 

VF:VA=10, the final concentration of lactic acid in acid solution is 153 g/L, which is less than the 287 

theoretical maximum of 10 times the initial feed lactate concentration (27.5 g/L). Thus, while increasing 288 

the volume ratio can produce a lactic acid product of higher concentration, there remains a limit due to 289 

the water transfer and the back diffusion of lactate ions. 290 
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 291 

Figure 8 a. The concentration of lactic acid and citric acid in the acid chamber and b. the 292 

concentration of NaOH in the base chamber versus total charge (C) transferred when changing the 293 

volume ratio of feed solution and acid solution.(pH of initial feed solution: 9~10, voltage: 9 V/cm, 294 

BP-A-C configuration) 295 

 296 

The trends in NaOH concentration in the base chamber are similar to that of the lactate concentration 297 

in the acid chamber (Figure 8b). At the end of experiments, the final NaOH concentration in the base 298 

solution when using a volume ratio of 1:10 is 1.16 mol/L (46.5 g/L, Table 5), which is much lower than 299 

the concentration of lactate (~1.70 mol/L) in the corresponding acid solution. This can be explained by 300 

the greater water transfer and back diffusion for the NaOH system. As shown in Table 5, the volume 301 

change in the base solution is larger than that of the acid solution, indicating that there is a greater 302 

osmotic flow of water into this chamber. During these experiments, the pH of the acid solution remains 303 

below 3. Thus, as the lactate ions move into the acid chamber, most of them will combine with the 304 

hydrogen ions generated by the bipolar membrane and form neutral lactic acid molecules. This reduces 305 

the total osmotic pressure and thus the osmotic flow of water. Further, these uncharged molecules 306 

cannot cross through the ion-exchange membranes, so the back diffusion of lactic acid is also reduced. 307 

 308 

 309 

 310 

 311 

 312 
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Table 5 Concentrations, volumes and purities achieved in the acid and base chambers for different 313 

acid: feed volumes. (at 82 ± 2% of lactate transfer from the feed solution; initial feed solution: pH 314 

9~10, 27.5 g/L lactic acid,  20 g/L citric acid. voltage: 9 V/cm, BP-A-C configuration) 315 

Note: a. the percentage error of former experiments was used. b. errors are based on the stated accuracy of the 316 
graduated cylinder. 317 

 318 

As aforementioned, there is a limit to the lactic acid concentration that can be achieved for experiments 319 

with various volume ratios and processing time. For experiments with volume ratios of 1 to 5 and 1 to 320 

10, this limit is reached within 240 mins and 780 mins (Figure 8), respectively. In the latter stages of 321 

these experiments, water transfer and back diffusion not only limits the final concentration but also 322 

increases the energy consumption of lactic acid production. This would suggest that the energy 323 

consumption should be higher for the cases with 1:5 and 1:10 volume ratio. A higher energy demand is 324 

certainly observed for the 1:10 volume ratio (Figure 9) but the energy demand for the 1:1 and 1:5 325 

volume ratios are not significantly different. This may be because the solution resistance in the acid and 326 

base chambers falls as these concentrations increase balancing the other effects. 327 

                                                       VA: VF 

Chamber 

1:1 1:5 1:10 

Acid solution Lactic acid purity (%) 98.0 ± 0.3 a 96.9 ± 0.8 95.1 ± 1.9a 

Lactic Acid Concentration (g/L) 21 ± 2 100 ± 3 153 ± 10  

Volume (mL) 305 ± 10b 342 ± 3 370 ± 10b 

Feed solution mol fraction of Citrate iona (%) 68.3 ± 0.6 66.0± 1.0 59.5± 1.0 

 Citrate ion Concentration (g/L) 20 ± 1 20 ± 1 18 ± 1 

 Volume (mL) 289 ± 10b 1394± 22 2579 ± 10b 

Base solution Sodium Hydroxide Concentration (g/L) 11.0± 1.1 36.4± 0.1 46.5± 2.8 

 Volume (mL) 309 ± 10b 355 ± 3 564 ± 10b 
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 328 

Figure 9 Energy consumption of HLa recovery when changing the volume ratio of feed solution and 329 

acid solution (at 82 ± 2% of lactate transfer from the feed solution; pH of initial feed solution: 9~10, 330 

voltage: 9 V/cm, BP-A-C configuration) 331 

 332 

4. Conclusion 333 

In this study, a simulated beet molasses solution was used to investigate the feasibility of using EDBM 334 

to recover lactic acid, a monobasic organic acid from a mixture with citric acid, a polybasic organic 335 

acid. Unlike inorganic acids, the dissociation of both mono-organic acids and polybasic organic acids 336 

can be affected by the pH of the aqueous solution. A higher pH value corresponds to a greater extent of 337 

dissociation of the organic acid and a higher valence of polybasic organic ions, which normally 338 

corresponds to a larger hydrated radius. In turn, this contributes to a higher selectivity. In this case, a 339 

pH value of 9~10, led to a lactic acid product with the highest purity (> 90%), as more than 99% of the 340 

citric acid was dissociated as the trivalent ion. 341 

Compared with a BP-A-C configuration, a BP-A configuration could make full use of the hydroxide 342 

ions generated by the bipolar membrane to maintain the pH value of the feed solution. However, the 343 

superabundant hydroxide ions in the feed solution competed with lactate anions for transfer to the acid 344 

chamber, thus consuming energy. Although either configuration could produce a lactic acid product 345 

with a purity higher than 95%, the BP-A-C configuration was more energy efficient. 346 

To mimic a multistage-batch situation and produce a more concentrated lactic acid product, experiments 347 

were also performed with various volume ratios of feed solution to acid solution. The volume ratio has 348 
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little effect on the purity of final lactic acid product, so increasing the volume ratio is able to produce a 349 

lactic acid product with high purity and high concentration. Both the solution resistance of the acid and 350 

base chambers and the back diffusion of lactate ions affect the energy consumption of lactic acid 351 

production. In this study, there was no significant difference in energy consumption when the volume 352 

ratio was increased from 1:1 to 1:5 while it became much higher when the volume ratio was 1:10. Due 353 

to the osmotic flow of water during the process however, the highest lactic acid concentration that could 354 

be achieved was limited, so a combination with other methods would be needed if a higher concentration 355 

is needed. 356 

Finally, it should be noted that this study was conducted with simulated solutions where membrane 357 

fouling is not anticipated. In a true industrial process, fouling may be caused by impurities within the 358 

feed solution including proteins and polysaccharides[53]. During ED, such membrane fouling can be 359 

controlled by adjusting flow conditions or solution pH [54] or changing cell configurations [55, 56]. 360 

Other methods, such as using pulsed electrical field [56], electrodialysis with reversed polarity, or 361 

operating in the overlimiting current density region have also been proposed [57]. Such membrane 362 

fouling needs a systematic study that is outside the scope of the present work. 363 

 364 
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