[bookmark: _GoBack]Supplementary information for
Ion-injection bipolar membrane electrodialysis realizes 8+ mol/L caustic soda conversion from the brine stream

Rong Fu, Huangying Wang, Junying Yan, Ruirui Li, Baoying Wang, Chenxiao Jiang, Yaoming Wang*, Tongwen Xu*
Department of Applied Chemistry, Anhui Provincial Engineering Laboratory of Functional Membrane Science and Technology, School of Chemistry and Materials Science, University of Science and Technology of China, Hefei, Anhui 230026, People’s Republic of China
*Corresponding authors.
Email address: ymwong@ustc.edu.cn (Y. Wang); twxu@ustc.edu.cn (T. Xu); Tel: +86-551-63601597; Fax: +86-551-63602592



Supporting Information includes 28 pages, 3 Supplementary Methods, 7 figures and 5 tables, 1 Supplementary Discussion, and 52 Supplementary References.
Supplementary Method 1 │ Co-ion leakage in electrodialysis
Supplementary Method 2 │ Comparison of the salt migration of electrodialysis (ED) and bipolar membrane electrodialysis (BMED)
Supplementary Method 3 │ H+ and OH- production of BPM at different osmotic pressures in the acid and base chamber
Supplementary Figure 1 │ Schematic diagram of BMED setup. a, (1) direct current power supply; (2) BMED membrane stack; (3) electrode rinse solution tank; (4) acid tank; (5) base tank; (6) salt tank in operating mode I; (7) peristaltic pumps; b, salt-supply overflow device in operating mode II.
Supplementary Figure 2 │ Limiting current density of monopolar membranes at different NaCl concentrations
Supplementary Figure 3 │ Fitting curves of energy consumption versus base concentration for IJBMED at different current densities
Supplementary Figure 4 │ Co-ion leakages in electrodialysis. a, Effect of ionic competition in BPMs. b, Experimental design of verifying ionic competition. c, Under b experimental conditions, variation curves of Cl- ion concentration with coulombic quantity at different current densities.
Supplementary Figure 5 │ Physical photos of ion exchange membranes at the end of high current density experiments. a, ACM. b, BPM. c, CMX.
Supplementary Figure 6 │ Comparison of the salt migration of electrodialysis (ED) and bipolar membrane electrodialysis (BMED). a, Schematic diagrams of BMED and ED. b, Curve of salt chamber conductivity of ED.
Supplementary Figure 7 │ Measurement of electrode chamber voltage. a, Measuring setup. b, I-V curve of electrode chamber.
Supplementary Table 1 │ Summary of main technologies producing NaOH from NaCl streams
Supplementary Table 2 │ Comparison of NaOH production in operating mode I (BMED) and mode II (IJBMED)
Supplementary Table 3 │ The final concentration of Cl- ions in NaOH in operating mode I (BMED) and mode II (IJBMED)
Supplementary Table 4 │ Estimation of process cost for the IJBMED experiment
Supplementary Table 5 │ The main characteristics of the membranes used for the experiments
Supplementary Discussion │ Sustainability analysis of bipolar membrane electrodialysis
Supplementary References

Supplementary Method 1: Co-ion leakage in electrodialysis
During bipolar membrane electrodialysis, on the one hand, water dissociation takes place in the bipolar membrane and hydrogen ions migrate through the cation exchange layer (CEL) towards the cathode. On the other hand, chloride ions are subject to electric field forces and attack the surface of the anodic layer (Fig. 4c). The two ions thus have a competing effect in the anodic layer of the bipolar membrane. In view of this, a set of concentration experiments was designed to verify that co-ion transfer is more severe at high current densities. Because chloride ions in bipolar membrane electrodialysis pass through the cation exchange layer and then pass smoothly through the anion exchange layer (AEL) into the base chamber, the experimental design used only the cation exchange membrane instead of the bipolar membrane to simulate the competing effects of hydrogen and chloride ions. For the concentration experiments, the ion exchange membranes used were ACM and CMX, which were arranged in the manner of Supplementary Fig. 4a, dividing the membrane stack into three chambers: a buffer chamber, a concentrate chamber, and a dilute chamber. In order to minimize other interfering factors in the experiments, the presence of only hydrogen and chloride ions in the system was kept as much as possible. The buffer and desalination chambers were fed by a peristaltic pump with 300 mL 1 mol/L HNO3, the concentration chamber was fed with 300 mL 1 mol/L HCl and the electrode chamber was fed with 300 mL 0.3 mol/L H2SO4. The concentration of chloride ions in the buffer chamber was tested using potentiometric titration. It is important to note that all experimental operations were controlled for no more than 40 min to prevent high NO3- concentrations in the concentrate chamber from affecting chloride ion leakages. It can be concluded from Supplementary Fig. 4b that the higher the applied current density, the lower the chloride content in the buffer chamber for the same number of coulombs passed, i.e., the less leakage of the co-ions.
Supplementary Method 2: Comparison of the salt migration of electrodialysis (ED) and bipolar membrane electrodialysis (BMED)
Experimental setup of ED. ED operated with a conventional device. In the ED membrane stack, there are four repeating units, of which five cation-exchange membranes and four anion-exchange membranes were alternately arranged (Supplementary Fig. 6a). The rest of the setup is the same as for BMED (Supplementary Fig. 1a).
Experimental procedure of ED. The dilute and concentrate chamber was initially fed with 500 mL saturated NaCl and 500 mL DI water, respectively. Experiments were performed in constant current mode at room temperature. Different current densities (60, 80, 100, 120, 150 mA/cm2) across the ED membrane stack were systematically investigated. In each batch of experiments, the conductivity of the salt-supply solution was monitored using a conductivity meter (DDS-307, Shanghai INESA & Scientific Instrument Co., Ltd.). The experiment was stopped when the conductivity of the salt chamber decreased to ~10 mS/cm (Supplementary Fig. 6b).
The experimental methods of BMED are the same as those in the main text.
Analytical methods. Samples were withdrawn from the dilute chamber. The concentration of chloride ions in the diltute chamber was tested using potentiometric titration.
The flux of sodium chloride. The trans-membrane mass flux of NaCl (JNaCl, expressed in units of mol/m2·h) is defined as the mass of NaCl per membrane area per time, which is calculated as:
	
	(1)


where CNaCl,t and CNaCl,0 are the concentrations of chloride ions in the dilute or feed compartment at time t (s) and 0 (s), respectively (CNaCl,0 = 5.32 mol/L); VNaCl,t (L) and VNaCl,0 (L) are the volumes of the product at experimental times of t (s) and 0 (s), respectively (VNaCl,0 = 0.5 L); N is the number of repeating units (N = 4); A (m2) is the effective area of each membrane (A = 0.0189 m2); and t (s) is the overall operating time of a batch of ED or BMED experiments.
Supplementary Method 3: H+ and OH- production of BPM at different osmotic pressures in the acid and base chamber
The experimental device was the same as BMED (Supplementary Fig. 1a). The acid and base production of BMED at different initial concentrations of acid and base chamber (0, 1.5, 3.5, 5.5, 7 mol/L HCl and NaOH) was investigated. Here, different initial concentrations represent different osmotic pressures in the acid and base chamber. The feed chamber was added with 500 mL saturated NaCl solution. Each experiment was set to run for 30 min and then stopped. Experiments were conducted in constant current mode with a current density of 100 mA/cm2. Samples were withdrawn from the acid and base tanks. The acid concentration was titrated using phenolphthalein as an indicator, and the base concentration was titrated using a bromocresol green-methyl red mixed indicator. The flux of NaOH can be calculated by Eq. 5 in the main text. The flux of HCl can be calculated as:
	
	(2)


where CHCl,t and CHCl,0 are the concentrations of H+ ions in the acid compartment at time t (s) and 0 (s), respectively (CHCl,0 = 0); VHCl,t (L) and VHCl,0 (L) are the volumes of the product at experimental times of t (s) and 0 (s), respectively (VHCl,0 = 0.5 L); N is the number of repeating units (N = 4); A (m2) is the effective area of each membrane (A = 0.0189 m2); and t (s) is the overall operating time of a batch of BMED experiments.
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Supplementary Fig. 1│ Schematic diagram of BMED setup. a, (1) direct current power supply; (2) BMED membrane stack; (3) electrode rinse solution tank; (4) acid tank; (5) base tank; (6) salt tank in operating mode I; (7) peristaltic pumps; b, salt-supply overflow device in operating mode II.
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Supplementary Fig. 2│ Limiting current density of monopolar membranes at different NaCl concentrations. The Ilim was evaluated using the tangential intersection method1.
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Supplementary Fig. 3│ Fitting curves of energy consumption versus base concentration for IJBMED at different current densities. 
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Supplementary Fig. 4│Co-ion leakages in electrodialysis. a, Effect of ionic competition in BPMs. b, Experimental design of verifying ionic competition. c, Under b experimental conditions, variation curves of Cl- ion concentration with coulombic quantity at different current densities.
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Supplementary Fig. 5│ Physical photos of ion exchange membranes at the end of high current density experiments. a, ACM. b, BPM. c, CMX.
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Supplementary Fig. 6│ Comparison of the salt migration of electrodialysis (ED) and bipolar membrane electrodialysis (BMED). a, Schematic diagrams of BMED and ED. b, Curve of salt chamber conductivity of ED.
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Supplementary Fig. 7│ Measurement of electrode chamber voltage. a, Measuring setup. b, I-V curve of electrode chamber. The UEC (V) corresponding to the current I (A) can be calculated from the equation in the diagram.


Supplementary Table 1│ Summary of main technologies producing NaOH from NaCl streams
	Technologies
	Feed conditions
	Current
Dens. (mA/cm2)
	Max NaOH
Conc. (M)
	Energy Consumption
(kWh/kg NaOH)
	Ref.

	
	Salt
Conc. (M)
	
	
	
	

	Chlor-alkali process
	Saturated
NaCl
	100-650a
	30-33 wt.%a
(~10.0-11.2 M)
	2.10-2.15a
	2,3

	
	
	80-270b
	12 wt.%b
(~3.4 M)
	1.94-2.51b
	

	
	
	220-1450c
	50 wt.%c
(~19 M)
	-
	

	BMED
	1.0
	100
	1.38
	4.5
	4

	
	[bookmark: OLE_LINK9][bookmark: OLE_LINK10]2-8 g·L−1 NaOH and 20-72 g·L−1NaNO3 
	20-70
	1.9
	2.8
	5

	
	0.16
	50
	0.15
	-
	6

	
	0.9
	25-100
	1
	-
	7

	
	2.87
	30-60
	2.4
	2.3-3
	8

	
	0.4
	59.4 and 64.1
	1.25
	-
	9

	
	2.0
	52.3-76.9
	2
	-
	10

	
	0.2
	35-70
	0.18
	12-17
	11

	
	0.7
	34-57
	1
	-
	12

	
	0.39
	2.6-26
	0.3
	0.2-2
	13

	
	1.28
	42.3-52.9
	1.28
	4.06
	14

	
	2.87
	30
	1.45
	2.15
	15

	
	3.42
	30-40
	2
	1.7-3.6
	16

	
	0.86
	20-77
	1.1
	2.6
	17

	
	0.485
	9 V
	2.3
	5.8
	18

	
	1.0
	50-100
	3.6
	-
	19

	
	0.86
	16 V
	3.2
	6.7
	20

	
	1.1
	84
	2.4
	4.7
	21

	
	High-salinity organic wastewater
	15 V
	2.65
	3.89
	22

	
	16.36% salt solution (Na+, SO42-)
	-
	2.03
	-
	23

	
	0.3
	30
	1.95
	2.67
	24

	
	0.68
	2 A/10 V
	1.58
	-
	25

	
	0.51
	78
	1.2
	-
	26

	
	0.6
	50
	3.4
	1.9
	27

	
	1
	80
	1
	-
	28

	
	0.26
	110
	0.45
	18.08
	29

	
	0.96
	40
	2.41
	6.2
	30

	
	1.85
	100
	1.8
	-
	31

	
	0.16
	10
	0.65
	-
	32

	
	0.6
	25
	0.29
	-
	33

	
	0.048
	26
	0.037
	-
	34

	
	0.35
	30
	2.2
	-
	35

	
	1.28
	8.3
	0.58
	-
	36

	
	0.3
	60
	0.3
	-
	37

	
	0.5
	70
	0.17
	-
	38

	
	1.1
	80
	0.16
	-
	39

	
	2.06
	48
	1.31
	-
	40

	
	1.8
	10
	0.57
	-
	41

	
	0.15
	-
	0.4
	4.33
	42

	
	0.352
	31.75
	0.507
	-
	43

	
	0.7
	24 V
	3.6
	-
	44

	
	0.25
	30
	1.63
	-
	45

	
	0.5
	25 V
	1.7
	-
	46

	
	0.46
	60
	0.43
	-
	47

	
	0.8
	40
	1.35
	2.96
	48

	
	0.26
	12 V
	2.01
	-
	49

	
	1.13
	50
	1.6
	4.7
	50

	
	0.4
	112
	0.4
	1.42
	51

	
	1.37
	40
	1.18
	1.86
	52

	DEd
	0.6
	25
	0.29
	-
	33


a Refers to ion exchange membrane (IEM) electrolytic cells.
b Refers to diaphragm process.
d Refers to direct electrodialysis.



Supplementary Table 2│ Comparison of NaOH production in operating mode I (BMED) and mode II (IJBMED)
	Current density
(mA/cm2)
	NaOH
concentration (mol/L)
	EC
(kWh/kg NaOH)
	η (%)
	JNaOH (kg/m2·h)

	
	I
	II
	I
	II
	I
	II
	I
	II

	60
	3.5
	6.9
	1.74
	2.37
	66.3
	51.3
	0.59
	0.46

	80
	3.7
	7.6
	2.08
	3.04
	68.7
	51.1
	0.82
	0.61

	100
	4.1
	7.7
	1.97
	3.03
	77.4
	54.2
	1.18
	0.81

	120
	4.0
	8.4
	2.42
	2.74
	68.4
	45.7
	1.22
	0.92

	150
	4.0
	8.0
	2.38
	3.20
	69.2
	49.8
	1.55
	1.12



Supplementary Table 3│ The final concentration of Cl- ions in NaOH in operating mode I (BMED) and mode II (IJBMED)
	Current density
(mA/cm2)
	Operating time (min)
	CCl- (mol/L)

	
	I
	II
	I
	II

	60
	113
	400
	0.11
	0.64

	80
	90
	340
	0.095
	0.54

	100
	72
	260
	0.092
	0.44

	120
	65
	200
	0.075
	0.24

	150
	53
	160
	0.070
	0.19





Supplementary Table 4│ Estimation of process cost for the IJBMED experimenta
	Parameters
	
	Remarks

	Repeating units
	4
	

	Current density (A/m2)
	120
	

	Feed salt concentration (wt%)
	26
	

	Raw salt cost ($)
	0.009
	

	[bookmark: _Hlk90474433]Single batch processing of Sodium chloride (kg)
	0.246
	

	Single batch production of 26 wt% Sodium hydroxide (kg)
	0.867
	

	Batch experiment time (min)
	200
	

	Area of each membrane (m2)
	0.189
	

	Energy consumption (kWh/kg)
	0.87
	

	Process capacity (kg NaCl/year)
	566.8
	

	Bipolar membrane price ($/m2)
	1350
	

	Monopolar membrane price ($/m2)
	135
	

	Membrane lifetime and amortization of the peripheral equipment (year)
	3.00
	

	Electricity charge ($/kWh)
	0.8
	

	Energy consumption cost of peripheral equipment ($/kg NaOH)
	0.003
	

	Membrane cost ($)
	122.5
	

	Stack cost ($)
	183.7
	1.5 times membrane cost

	Peripheral equipment cost ($)
	275.6
	1.5 times stack cost

	Total investment cost ($)
	459.3
	

	Amortization ($/year)
	153.1
	

	Interest ($/year)
	36.7
	Interest rate, 8%

	Maintenance ($/year)
	4.59
	10% the investment cost

	Total fixed cost ($/year)
	194.4
	

	Total fixed cost ($/kg)
	0.34
	

	Energy cost ($/kg)
	0.11
	

	Total process cost ($/kg)
	0.46
	


a The costs in the table correspond to the production of 24 wt.% to 26 wt.% NaOH.



Supplementary Table 5│ The main characteristics of the membranes used for the experimentsa
	Membrane
	Thickness
(µm)
	Burst strength
(MPa)
	Resistance
(Ω·cm2)
	Voltage drop c
(V)
	Efficiency
(%)

	BP-1E
	220
	-
	-
	1.2
	>98

	ACM
	110
	≥ 0.15
	2.6 b
	-
	-

	CMX
	170
	≥ 0.40
	3.0 b
	-
	-


a The data was collected from the product brochure provided by ASTOM Corp. Japan.
b Equilibrated with a 0.5 mol/L NaCl solution at 30 °C. 
c measured with 1 mol/L NaOH and HCl at 100 mA/cm2 at 30 °C.



Supplementary Discussion
Sustainability analysis of bipolar membrane electrodialysis
The total process cost to produce 24 wt.%→26 wt.% caustic soda from laboratory scale IJBMED under optimal conditions is calculated to be approximately 0.46 $/kg NaOH (Supplementary Table 4), which is slightly higher than the cost of 0.21 $/kg NaOH for the caustic production in the Chlor-alkali industry2. This can be attributed mainly to the high bipolar membrane cost. Accordingly, reducing the cost of ion exchange membranes is one of the keys to the industrialization of IJBMED. Even so, the non-polluting nature of the bipolar membrane electrodialysis process gives it an advantage. Given the current chlor-alkali process of replacing chlorine with alkali, bipolar membrane electrodialysis does not produce chlorine gas, which can effectively reduce the economic losses associated with chlor-alkali imbalances. It is worth noting that this estimate is limited to the laboratory scale and as the trial scale is expanded, production costs will be lower as energy and investment costs decrease as production capacity increases and operations become more stable. As can be seen, the production of caustic soda by BMED is technically novel and economically viable, in addition to its environmental benefits.
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