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A B S T R A C T   

With the rapidly growing global population, achieving sustainable food production is a key challenge to mitigate 
the closely coupled environmental and nutrition crises. As demand for dairy products increases, large volumes of 
whey are produced – a highly polluting byproduct from food manufacturing, with strict disposal regulations. 
However, whey has been recognized as an attractive nutrient source; and as such, sustainable separation tech
nologies for demineralizing the highly concentrated salts in whey waste can provide a pathway for the valori
zation of whey proteins from food processing waste. Herein, we propose a sustainable and energy-efficient 
strategy to valorize whey waste via a redox-mediated electrodialysis system. As a net-zero waste process, our 
system leverages reversible redox reaction for continuous desalination and salt concentration for reuse, as well as 
the simultaneous recovery of highly purified protein contents. The system demonstrates up to 99% salt removal 
with > 98% of whey proteins retained at various operating parameters: voltages, pHs, and salt concentrations. 
Remarkably, the performance of protein purification and salt recovery was maintained over multiple cycles, 
demonstrating outstanding stability and cyclability. Furthermore, a techno-economic analysis confirms the 
economic potential of our system with 51−73% lower energy consumptions and 51−62% lower operating 
expenditure than conventional desalination systems. Overall, our redox-electrochemical process offers a sus
tainable and electrified platform for the recovery of valuable proteins from dairy production waste, with envi
sioned integration with renewable electricity in the future.   

1. Introduction 

As the global population is expected to reach 10 billion by 2050, 
demand for food production is projected to rise 56% between 2010 and 
2050 [1]. The lack of sustainable and resource-efficient food production 
leaves us with the coupled environmental and nutrition crises, due to the 
large amount of food waste generated from conventional food 
manufacturing [1–4]. Despite worldwide efforts to achieve sustainable 
food consumption and production, e.g. highlighted as one of the 17 
Sustainable Development Goals of the United Nations, the vast pro
duction of animal-based and dairy products are still two major sources of 
CO2 emission (up to 13.39 and 1.33 kgCO2/kgproduct, for animal-based 
and dairy products, respectively) [4–7]. Moreover, dairy products 
such as cheese are invaluable sources of nutrients. According to the U.S. 
Department of Agriculture and the OECD‑Food and Agriculture 

Organization [3,8–10], the consumption of cheese in the U.S. has sky
rocketed by 27% since 2006 [11], with global production of major dairy 
items expected to increase continuously; weekly cheese production is 
expected to exceed 26,800 kt worldwide, with a growth rate of 14% by 
2029 [12] (Fig. 1). 

During dairy production, large volumes of whey waste are produced, 
considered one of the most polluting by-products in food manufacturing 
processes [13,14]. Since whey waste has high chemical oxygen demand 
(>60,000 ppm), biochemical oxygen demand (>35,000 ppm), and salt 
concentration, its disposal requires several post-treatment processes 
[15]. Especially, with the massive production of cheese, whey waste is 
regarded as a crucial environmental problem because 1 kg of cheese 
production results in 9 kg of whey waste, accounting for ~ 83% of the 
total waste stream in the dairy industry [16]. On the bright side, whey is 
considered a highly attractive source for valorization, due to its range of 
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nutrients [15]. Whey contains valuable protein contents such as beta- 
lactoglobulin (β-LG, 50−55%), alpha-lactalbumin (α-LA, 20−28%), 
and lactoferrin (7−15%) shown in Table 1 [15]. 

Studies have confirmed several positive effects of whey proteins for 
human health such as an improvement of metabolism and a decrease in 
blood pressure [19–22]. The benefits of these proteins extend from 
plant-based nutrition to even food texture and color control [23,24]. 
Furthermore, lactose and its derivatives (4.5−5% of whey waste) have 
been commercialized in food and pharmaceutical industries [14,25]. 
Therefore, whey waste could be a secondary nutrient source to meet the 
growing worldwide demand for food. 

However, highly concentrated salts in whey waste remain a major 
challenge for the valorization of whey proteins. Salt plays an indis
pensable role in cheese manufacturing, for preservation, flavor, and 
quality. For instance, salting the cheese contributes to maintaining 
water activity, osmotic pressure, and even enzymatic activities which, in 
turn, prevent bacteria growth and degradation of nutrient sources in 
cheese [26]. In this regard, the salting process is inevitable during 
cheese manufacturing, leaving a high concentration of salt in the whey 
waste up to 1 M NaCl (Table 1). Thus, removing this highly concentrated 
salt content from the proteins is the cornerstone separation challenge in 
whey protein valorization. Several desalination technologies have been 
introduced to remove concentrated salts and recover proteins from whey 
waste, with various specific limitations. Although membrane technolo
gies (e.g. reverse osmosis and nanofiltration) are widely used for whey 
desalination, they often require additional processes or chemical input 
for further separation between valuable contents and salts [27,28]. 
Filtration technologies result in high energy consumption and operating 
cost for whey separation, due to the high pressure needed across a range 
of salt and whey concentrations [28,29]. While ion-exchange can also be 
used for desalination, it requires a large volume of chemicals to regen
erate the columns, thus leaving a significant solvent and chemical 
footprint [30,31]. 

Recently, electrodialysis (ED) has gained attention as a promising 

desalination technology due to its environmentally benign operation 
and tunability [32]. Using electrochemical water splitting reaction, the 
ED system reduces the energy consumption up to 47−70% compared 
with the reverse osmosis to perform an equivalent demineralization 
performance [32,33]. However, water-splitting reaction at the anode 
results in the decrease of the effluent pH (close to pH 4.0), often causing 
the aggregation of whey proteins such as β-LG and α-LA whose iso
electric points are around 4.2−5.2 [34], and from an electrochemical 
perspective, can be quite energy-inefficient due to the relatively high 
voltages required. Besides, excessive use of membranes (up to 200 
membranes [30]) is considered a major bottleneck for the industriali
zation of the ED system because of the high materials expenditure [32]. 
Thus, the development of a more energy-efficient and sustainable 
demineralization technique is critical in the whey valorization process. 

Herein, we demonstrate a sustainable redox-mediated electrodialysis 
system for energy-efficient desalination from the whey waste and salt 
concentration for reuse, as well as the simultaneous recovery of protein 
contents (Fig. 2 and Fig. S1). Despite the extensive application of redox 
couples in energy storage (e.g. batteries) [35–38], we leverage a 
reversible redox reaction for food manufacturing and waste revaloriza
tion for the first time. The system utilizes a reversible redox reaction at 
lower operation voltage than water-splitting reaction; thus enabling an 
energy-efficient operation without acidification of whey solution which 
causes aggregation of whey proteins (Fig. 2a). Besides, the redox- 
mediated electrodialysis system allows recovery of NaCl during the 
system regeneration step (Fig. S1b); therefore, the system could not only 
reuse the removed salts and redox-involved electrolyte but also 
dramatically decrease the environmental impact, paving the way to a 
net-zero waste process of secondary resources in the food industry 
(Fig. 2c). In this paper, we first investigated desalination performance at 
various operating parameters and whey conditions, including operating 
voltages, pHs, and salt concentrations, to validate the system feasibility 
for protein purification from whey waste. Moving towards process sus
tainability, we demonstrated this net-zero waste at a lab-scale system 
over multiple cycles. Finally, we provided insights into the larger-scale 
economic feasibility of the proposed process through a preliminary 
techno-economic analysis. 

2. Experimental section 

2.1. Materials 

All chemicals were obtained from Sigma Aldrich, VWR, Fisher Sci
entific or TCI, and used as received. 

2.2. Cell assembly 

The redox-mediated electrodialysis device is composed of the redox 
channel (4 × 4 × 0.2 m3), the whey waste channel (feed channel, 4 × 4 
× 0.5 m3), and cation and anion exchange membranes (CMVN and 
AMVN, Selemion, Japan). In the redox channel, activated carbon clothes 
(CH900-20, Kuraray, Japan) were used as electrodes with the size of 4 ×

4 cm2. As depicted in Fig. 2, the feed channel is placed in between the 
redox channel, and both channels were separated by a pair of ion ex
change membranes (5 × 5 cm2). In the redox channel, 100 mL of 50 mM 
K3Fe(CN)6 and 50 mM Na4Fe(CN)6⋅10H2O with 100 mM NaCl was used 
as an electrolyte for all experiments. In this paper, we typically chose 
ferricyanide and ferrocyanide as reversible redox species due to their 
high reversibility and rate capability (Fig. S2). The cell was assembled in 
order of the anodic side of the redox channel, an anion exchange 
membrane, feed channel, cation exchange membrane, and cathodic side 
of the redox channel. Then using a peristaltic pump (Langer Instruments 
Co., USA), flow rates were set to 5 mL/min for both channels. 

Fig. 1. World dairy productions and prospects (kt/week): average pro
duction in 2017–19 and 10-year prospect (2020–2029) analyzed by the 
OECD‑Food and Agriculture Organization [12]. 

Table 1 
Components of acid [17], sweet and salty whey [18], and whey proteins [15,18].  

Component Acid whey 
(%) 

Sweet 
whey 
(%) 

Salty whey 
(%) 

Whey 
protein 

% 

Water 94–95 90−95  86−92  β-LG 50−55  
Salts 

(mM 
NaCl) 

0.5−0.7  
(17−31 

mM)  

0.2 
(35 mM) 

2.5−6.9 
(400−1,000 
mM)  

α-LA 20−28  

Proteins 0.8−1  0.6−1  0.8 Lactoferrin 7−15  
Total solids 5−6.4  6−8  9−12  IgG 3−7  
Fat 0.003−0.38  0.2−0.5  0.6−0.8  BSA 2−3   
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2.3. Analysis of desalination performance 

The desalination performance was analyzed at various operating 
conditions: operating voltages (0.4−1.2 V), pH of whey solution (pH 
4.1−6.4), whey contents (β-LG, α-LA, and lactose), and salt concentra
tion (10−500 mM). In common, the concentration of salt in the feed 
channel was simultaneously analyzed by a conductivity meter (Horiba, 
Japan) while the initial and final pH were measured with a pH meter 
(Horiba, Japan). Our system operated in a two-electrode system at a 
constant applied voltage using a potentiostat (Admiral Instruments, 
USA). For various operating voltages (0.4−1.2 V), 30 mL of 100 mM 
NaCl with 7 ppm β-LG was desalinated. To adjust the pH of the whey 
solution, 1−10 mM HCl was used. We further investigated the desali
nation performance at representative whey contents of 7 ppm β-LG, 7 
ppm β-LG, or 70 ppm lactose with 100 mM NaCl. Finally, synthetic whey 
waste was prepared using the commercial whey powder (7 ppm) and 
various salt concentrations (10, 100, and 500 mM NaCl). The sequential 
protein purification and regeneration processes were conducted with the 
reverse-operation voltage mode (1.0 V and −1.0 V for the protein pu
rification and the regeneration steps, respectively). Then with 30 mL of 
100 mM NaCl, we investigated the cyclability of the system for the first 
10 cycles. For the final cycle (11th cycle), 30 mL of 100 mM NaCl with 7 
ppm whey powder was replenished in the feed channel to analyze the 
protein purification and recovery performance. The desalination per
formance was evaluated with electrochemical metrics such as charge 
efficiency and energy consumption. The charge efficiency was calcu
lated by Eq. (1): 

Charge efficiency = nNaCl
/

(∫

Idt
/

F

)

(1)  

where nNaCl is desalinated salt (mole), F is the Faraday constant (96,485 
C/mol), and I is the current (A). 

The energy consumption per mole of salt removed was evaluated 
using Eq. (2), for a constant voltage operation process: 

Energy consumption(J/mol) =
V

nNaCl

∫

Idt (2)  

where V is the applied voltage (V). 

2.4. Electrochemical analysis 

Cyclic voltammetry was conducted to investigate the peak potential 
and the reversibility of the ferricyanide and ferrocyanide at various scan 
rates (1−100 mV/s). A three-electrode system was used with Pt wires as 
working and counter electrodes and Ag/AgCl (3 M KCl) as a reference 
electrode. A solution containing 5 mL of 100 mM NaCl and 100 mM 
sodium ferrocyanide was used as the electrolyte. To investigate the 
faradaic reactivity, peak current was analyzed with respect to the square 
root of scan rate. 

Electrochemical Impedance Spectroscopy (EIS) was measured to 
calculate the solution resistances at various operating voltages over the 
desalination test. The EIS of the redox-mediated electrodialysis system 
was analyzed at various operating voltages (0.4 −1.2 V) with an 
amplitude of 50 mV in the frequency range of 0.01−10,000 Hz at the 
initial and in the frequency range of 0.1 − 10,000 Hz after 99% salt 
removal. The solution resistance value was calculated based on an 
equivalent circuit of R(Q(RW))(QR) with ZsimpWin (AMETEK, Inc., 
USA). 

2.5. Analysis of various whey contents (β-LG, α-LA, and lactose) 

The concentrations of β-LG and α-LA in the feed and redox channels 
were measured by using reversed-phase high-performance liquid chro
matography (RP-HPLC) (Agilent 1260 Infinity II, Agilent Technologies, 
USA). Using the C3 column (75 mm× 2.1 mm × 5 μm, Agilent 
POROSHELL 300SB), we could detect both β-LG and α-LA separately 
with gradient elution between two solvents: Phase A, 0.1% (V/V) tri
fluoroacetic acid (TFA) in DI water and Phase B, 0.1% TFA in acetoni
trile. The elution gradient with respect to phase A was set as follows: 
0−5 min, 70−45%; 5−10 min, 45−40%; 10−12 min, 40−70%; 12−16 
min, 70%. The sample volume of 40 μL was injected with a flow rate of 
1.0 mL/min and the column temperature at 50℃. The injection sample 
was prepared after a 1:5 dilution of samples with phase A. The injection 
volume was 40 μL after 1:5 dilution with Phase A. The concentrations 
were determined from the absorbance at a wavelength of 280 nm for 
β-LG and 215 nm for α-LA. Since β-LG and α-LA are two major whey 
proteins (70−80% of whey proteins in whey waste), we analyzed 
percent of the whey protein recovery based on changes in both 
concentrations. 

The CD spectra of β-LG were measured over the wavelength range of 

Fig. 2. Proposed whey waste valorization concept: (a) schematic illustration of the redox-mediated electrodialysis system and its mechanism, (b) cell compo
nents, and (c) the net-zero waste process. AEM, CEM, and ACC represent anion and cation exchange membranes and activated carbon clothes, respectively. 
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190−260 nm by using a circular dichroism spectrometer (Cary-16 , 
OLIS, USA). A quartz cuvette with 1 mm of path length and 190−2500 
nm of wavelength range (Azota Co., USA) was used as a sample holder 
and the temperature of the sample chamber was maintained at 20℃ by a 
temperature controller (TC 125, Quantum Northwest, USA). The con
centrations of lactose were determined by using a UV–vis spectropho
tometer (Cary 60, Agilent Technologies, USA) after the post-treatment 
with EnzyChrom™ Lactose Assay Kit (BioAssay Systems, USA). During 
the post-treatment, enzyme-coupled reactions cleaved lactose into 
galactose which of the calibration was made at 570 nm. 

2.6. Techno-economic analysis (TEA) 

The TEA of the redox-mediated electrodialysis system and conven
tional ED systems was carried out with the following assumptions: an 
equal volume of 600 L whey waste is treated per operation, with the 
system operated twice a day, 7 days per week, and 52 weeks a year. The 
size and composition of a scale-up system are estimated based on the 
desalination performance at our bench scale. Along with our system, we 
conducted the TEA of the ED system with system composition, opera
tion, and demineralization performance based on data from previous 
studies [17,30]. A summary of capital cost, yearly operating expendi
tures, and yearly revenue for each process is described in Supplemen
tary along with the detailed procedures for the technoeconomic 
analysis. 

3. Results and discussion 

3.1. The redox-mediated electrodialysis system and its mechanism 

The redox-mediated electrodialysis system was composed of two- 
independently controllable channels for the whey waste (feed chan
nel) and the electrodes (redox channel), separated by a pair of cation and 
anion exchange membranes (Fig. 2b). A reversible redox couple of 
ferricyanide [Fe(CN)6]3- and ferrocyanide [Fe(CN)6]4- in the redox 
channel allowed continuous demineralization via its reversible redox 
reaction (Fig. 2a and Fig. S1a). In general, ferri-/ferrocyanide is widely 
used in redox flow batteries [35,36] and reverse electrodialysis [39,40] 
due to its high stability and reversibility. Recently, the reversible redox 

couple, including ferri-/ferrocyanide, has garnered significant attention 
in the desalination and ion separation field [41–44]. In our system, 
applying ferri-/ferrocyanide allows continuous desalination below the 
potable water range, 100 μS/cm, without any additional process. During 
the protein purification process, positive ions such as Na+ moved from 
the feed to the redox channel when ferricyanide was reduced to ferro
cyanide at the negative electrode, while negative ions such as Cl- moved 
to the redox channel when ferrocyanide was oxidized back to ferricya
nide at the positive electrode, resulting in a sustainable regeneration of 
the redox couple (Fig. 2a). By releasing the removed ions to the feed 
channel, the redox channel can maintain its electrolyte concentration, 
and recovered NaCl can be reused in the cheese production, suggesting a 
net-zero waste process (Fig. c and Fig. S1b). 

3.2. Investigation of protein purification performance at various operating 
voltages 

The performance of the protein purification from the whey waste was 
evaluated at the operating voltage range from 0.4 to 1.2 V (Fig. 3). The 
redox-mediated electrodialysis system successfully demineralized 99% 
of salt from the whey solution within a single step (Fig. 3a and Fig. S3a). 
Considering 6% salt removal in the absence of the redox couple at 1.0 V, 
demineralization up to 99% was mostly attributed to the continuous 
redox reaction between ferri- and ferrocyanide. Notably, the time 
required for protein purification highly depended on the operating 
voltages. For instance, 99% of the salt removal took only 4 h at the 
operating voltage of 1.2 V, while requiring>11 h at the operating 
voltage of 0.4 V. The use of two ion-exchange membranes and two in
dependent channels increased the resistance, requiring higher operating 
voltage to fully trigger the redox reaction. Therefore, a sufficiently high 
operating voltage (over 0.6 V) is required to reach 99% salt removal 
with effective utilization of the redox couple in the redox channel. 

Moreover, several operational features such as desalination rate and 
pH changes were also analyzed. The rate of desalination (slope of 
Fig. 3a; unit of %/h) was 17−66%/h up to 50% salt removal and then 
significantly decreased to 2−5%/h for 90−99% salt removal. The 
nonlinear salt removal rate could be attributed to the increased solution 
resistance from the feed channel. The electrochemical impedance 
spectroscopy demonstrated that the solution resistance of the system 

Fig. 3. Performance of the protein purification at various operating voltages from 0.4 to 1.2 V: (a) salt removal %, (b) specific current profiles, (c) changes in 
pH and energy consumptions after 99% salt removal (d) concentration and percent changes in whey protein of β-LG after 99% salt removal, (e) profiles of whey 
protein concentration, and (f) circular dichroism spectra of β-LG. The experiments were performed with 100 mM NaCl and 7 ppm β-LG as treating water and 100 mM 
NaCl with 50 mM ferri- and ferrocyanide as a redox electrolyte. The redox-mediated electrodialysis system was operated until 99% salt removal with flow rates of 5 
mL/min for both channels. Label coloring of panels (b), (e), and (f) is equivalent. 
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increased over 56 times after 99% salt removal due to the low ionic 
concentration in the feed channel, resulting in a much slower salt 
removal rate (Fig. S4). In this regard, applying conductive resins in the 
feed channel would allow a consistent desalination rate over the puri
fication process by maintaining the ionic concentration in the feed 
channel [45]. Considering the increase in the effluent pH at the voltage 
between 0.4 and 1.0 V (Fig. 1c), the system was operated with the 
presence of minor side reactions such as the production of hydrogen 
peroxide [46]. At most, the effluent pH changed from 6.4 to 9.0 at the 
operating voltage of 1.2 V. Along with the pH change, the relatively high 
current flow at 1.2 V indicated the presence of the side reaction (Fig. 3b 
and Fig. S3b). However, based on the pH change in the feed channel and 
the electron balance, the charge used for the water-splitting reaction was 
less than 0.01% (Table S1). Regardless of the presence of side reactions, 
this calculation demonstrates that protein purification was mostly 
attributed to the continuous redox reaction, not the side reaction. Then, 
the energy consumption was maintained at around 95 kJ/molNaCl (2.50 
kWh/m3) as shown in Fig. 3c. Assuming the side reaction is mostly the 
water-splitting reaction, it might also promote the salt removal from the 
feed channel with the analogous mechanism to the conventional elec
trodialysis system. Consequently, the charge efficiency was close to 
unity over the investigated range of the operating voltages, indicating 
that the applied charge was extensively used for protein purification. 

Furthermore, Fig. 3d and e highlight that the representative whey 
protein, β-LG, was retained in the feed channel throughout the desali
nation with an average of 2% loss, possibly due to the adhesion to the 
membranes or tubes. Undetected protein in the redox channel also 
proved that the protein is excluded by the ion exchange membranes due 
to its high molecular mass. Besides, undetected iron concentration in the 
feed channel confirmed that the redox couple would not contaminate 
the whey protein in the feed solution (Table S2). To confirm the stability 
and conformational change of the purified protein, circular dichroism 
(CD) spectra were measured. As shown in Fig. 3f, insignificant changes 
in the CD spectra were observed over the range of 0.4−1.0 V. The 
spectrum of β-LG after the operation at 1.2 V was shifted to the left 
because the pH increase changed the conformational distribution 

between α-helix and β-sheet [47]. However, the protein was not dena
tured permanently, proved by adjusting the pH back to its starting value 
(Fig. S5); rather, as the pH increased, the protein might become a 
deprotonated form [48,49]. Considering desalination performance as 
well as the whey protein condition, 1.0 V was thought to be the optimal 
operating voltage in this lab-scale system and used for the rest of the 
experiments. 

3.3. Investigation of protein purification performance at various whey 
conditions 

As shown in Fig. 4a-d, effective protein purification at various whey 
solution pH demonstrates that our redox-mediated electrodialysis sys
tem can compatibly treat various whey solutions such as acidic, sweet, 
and salty whey wastes. The desalination rates were independent of the 
feed pH condition (Fig. 4a), with the average energy consumption of 95 
kJ/molNaCl (2.61 kWh/m3) shown in Fig. 4b. Besides, 98% of β-LG was 
preserved over the experiments (Fig. 4c). The effluent pH after 99% of 
salt removal slightly increased to around pH 6 and pH 7.3, but the 
protein maintained its stability (Fig. 3d). In fact, the increase in pH from 
acidic to neutral can help to reduce the probability of the aggregation or 
denaturation of whey proteins [48–50]. At the isoelectric point, the net 
charge of a protein becomes zero, which significantly reduces the 
repulsive electrostatic forces between protein molecules, resulting in the 
aggregation and denaturation of proteins [48]. Considering the iso
electric points of major whey protein contents (e.g., β-LG and α-LA 
around 4.2−5.2) [49,50], a minor increase of pH to neutral would 
effectively avoid precipitation and degradation which was recognized as 
a major limitation of conventional ED systems. Given that the majority 
of acid whey, which contains as much protein as sweet whey, is still 
discarded due to its low pH [51,52], pH control by electrochemistry 
would extend the application of acid whey. 

Moreover, the system successfully purified each of the valuable whey 
contents such as β-LG, α-LA, and lactose respectively. Note that β-LG and 
α-LA are the two major protein contents in the whey waste (70−80% of 
total protein content; Table 1) while whey waste usually contains 

Fig. 4. Protein purification performance at various pH of the whey solution and representative whey contents: (a) salt removal %, (b) changes in pH and 
energy consumptions, (c) concentration and percent changes in whey protein of β-LG after 99% salt removal, and (d) circular dichroism spectra of β-LG. Each pH 
represents the acidic whey waste (pH 4.1), the sweet and salty whey waste (pH 5.1), and without any pH adjustment (pH 6.4). (e) salt removal % and (f) con
centration and percent changes in whey protein of β-LG, α-LA, and Lactose after 99% salt removal. The experiments were performed with 100 mM NaCl and 
representative whey waste contents such as 7 ppm of β-LG and α-LA and 70 ppm of Lactose as treating water, while 100 mM NaCl with 50 mM ferri- and ferrocyanide 
was used as a redox electrolyte. The system was operated until 99% salt removal with flow rates of 5 mL/min for both channels at the operating voltage of 1.0 V. 
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4.5−5% lactose [14]. The results show that within an average of 4.6 h, 
the system could achieve 99% salt removal (Fig. 4e) with an energy 
consumption around 94−96 kJ/molNaCl (2.59−2.63 kWh/m3). We also 
observed an insignificant increase of pH from 6.3−6.5 to 7.3−7.7 
(Fig. S6) with > 98% contents maintained (Fig. 4f). Since the size of 
valuable whey proteins and whey contents are considerably larger than 
Na+ and Cl-, they cannot cross-over the ion exchange membranes. In the 
future, by taking advantage of the characteristic molecular size and 
isoelectric point of each whey content, the system has the potential to 
valorize whey wastes by further separating protein contents between 
themselves. For instance, there is room for further improvement to 
achieve even molecular selectivity by tuning the membrane pore size 
[53,54], incorporating selective protein adsorbents [55], or leveraging 
controllable affinity in metallopolymer electrodes [56,57][61,62]. 

3.4. Whey valorization in a net-zero waste process 

The redox-mediated electrodialysis system exhibited remarkable 
desalination performance in whey waste solutions, from 10 mM NaCl 
(simulating acidic whey waste) to 500 mM NaCl (simulating salty whey 
waste) in Fig. 5a. The operating time to desalinate to a potable water 
range varied based on the salt concentrations from 0.92 h for 10 mM to 
9.76 h for 500 mM NaCl. Besides, the overall desalination rate was 
dependent on the feed concentration. By reducing the systematic 

resistance, faster desalination was achieved as the feed concentration 
increased (10 mM/h, 22 mM/h, and 52 mM/h for 10 mM, 100 mM, and 
500 mM, respectively). Importantly, analysis of the two major proteins 
in the whey powder (β-LG and α-LA) indicated that over 98% of whey 
proteins were preserved in various synthetic conditions. Because of the 
osmotic effect, the protein concentrations increased by 2−5% in the 
synthetic salty whey solution (500 mM NaCl) (Fig. 5b). A high salt 
concentration gradient between the redox and feed channels resulted in 
the diffusion of water from the feed due to high osmotic pressure, 
increasing the protein concentrations [58]. This implies that the system 
condition might need to be adjusted depending on the conditions of the 
treated whey. For instance, the system could reduce the osmotic effect 
by simply using a lower salt concentration or a larger volume of the 
redox channel with comparable desalination performance. 

With a view towards a fully sustainable and circular process, the 
redox-mediated electrodialysis system can be designed as a net-zero 
waste process for waste valorization as depicted in Fig. 2c. Subsequent 
to the protein purification process, the removed salt was released in the 
feed channel to test the feasibility of recycling whey salts for the salting 
process in cheese production (Fig. 2, Fig. S1). Releasing concentrated 
salts from the redox channel also allows for the sustainable use of the 
redox couple, by maintaining a high concentration of the electrolyte. 
Therefore, recycling the removed salt would not only be cost-effective 
but allow sustainable system operation. Cyclability test was conducted 

Fig. 5. Protein purification from whey solution: (a) profiles of effluent conductivity and (b) concentration of β-LG and α-LA in various synthetic whey waste 
solutions. Whey waste solutions were synthesized with 10 mM, 100 mM, and 500 mM NaCl which represent salt concentrations of acidic, sweet, and salty whey 
waste, respectively. The system demineralized the whey solution up to 95% salt removal (0.5 mS/cm) which is within the potable water range. Long-term stability 
tests for 11 sequential protein purification and system regeneration processes: (c) profiles of effluent conductivity, (d) percent of salt removal and releasing, and (e) 
concentration of β-LG and α-LA during 1st and 11th cycle. 
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over 11 cycles between salt removal (1.0 V) and releasing processes 
(-1.0 V). As a lab-scale proof of concept, we chose judicious voltages and 
time to achieve 95% salt removal and 70% salt recovery. The result 
confirmed a steady protein purification performance over 11 cycles 
(Fig. 5d and e). Notably, 98% and 100% of β-LG and α-LA were pre
served at the 11th protein purification process (Fig. 5f). As demon
strated, our system can be feasible in cyclable operation, both for the 
valorization of the whey protein and the recovery of the separated salts. 

3.5. Techno-economic analysis 

To provide insights into practical feasibility, a techno-economic 
analysis (TEA) of the redox-mediated electrochemical system (95% 
salt removal) was carried out in comparison with conventional ED sys
tems (90% salt removal) (Fig. 6). For simplification, we analyzed the 
capital and operating cost required to treat the equal volume of whey 
waste (1,200 L per day) and considered the major components required 
to build up and operate the system (refer to Supplementary for more 
details). As depicted in Fig. 6a, the capital expenses of the redox- 
mediated electrodialysis system are composed of equipment, current 
collectors, membranes, and electrodes. Our system requires 59% of 
capital expenses to purchase peripheral equipment such as tubing, 
pumps, and system design, highlighting the decreased expenditures in 
essential systems compartments. Followed by the equipment expendi
ture, current collectors are 24% of the capital cost. As current collectors 
could be used over the system lifetime (about 10 years [59]), the cost of 
current collectors is a reasonable proportion of the capital cost. Notably, 
the cost of membranes and electrodes accounts for only 17% of capital 
cost. The operating cost of our system is divided into 5 components: 
electricity, chemicals, replacements for membranes, electrodes, and 
equipment (Fig. 6b). Although the energy consumption was lower than 
conventional systems (51−72% lower than the conventional ED sys
tems), 55% of the yearly operating cost comes from electricity. This cost 
could be potentially reduced by harvesting energy during the regener
ation process. Analogous to the redox flow battery [35,36], the system 
could utilize two different redox reactions in the cathode and anode 
chambers; thereby, it recovers not only removed salts but also the 
electrical energy during the regeneration process, possibly decreasing 
the electricity cost. Still, using the redox couple, membranes, and carbon 
electrodes requires replacement costs (34% of operating cost). For in
dustrial application, advancement in energy harvesting strategy and 
developing economical membranes would be the most essential aspects 
to reduce overall expenditure going forward. 

The result of the TEA indicates that our system can be operated with 
lower capital and operating costs than reported ED systems (Fig. 6c). To 
treat a large volume of water, ED systems need to be scaled-up by 
stacking up the membranes [30], which become the major expenditure 
in the capital and operating costs (up to 54% and 39% in capital and 
operating cost, respectively). On the other hand, our system could be 

scaled-up more conveniently by stacking up the electrodes and the 
current collectors in the redox channel [60], effectively lowering the 
capital costs and membrane replacement cost. Besides, operated at 
relatively high voltage (e.g., 7 V [17]), conventional ED systems 
consumed 25−275% more energy than our system where the reversible 
redox reactions could effectively desalinate ions at a low operating 
voltage under 1.0 V (Tables S4, S7, and S10). Note that the electricity 
cost was compared between 95% salt removal for our system and 90% 
salt removal for conventional ED systems; thus, we believe that our 
system requires even less electricity cost than ED systems for equal salt 
removal. In fact, as the number of stacked membranes increases [30], 
the capital cost of conventional ED systems significantly increases. On 
the other hand, lowering the number of stacked membranes in the ED 
system (G. Chen (2016) [17]) results in higher operating costs due to the 
high energy consumption to treat the equal volume of solution. For our 
system, integration of low-voltage-driven redox reaction and uncom
plicated scale-up strategy enhances the economic feasibility, reducing 
51–62% operating cost and up to 22% capital cost compared with 
conventional ED systems. Moreover, recycling the removed salts could 
reduce our systematic costs in several aspects. First, it would valorize the 
wasted salts and reduce the cost of the cheese production process. Sec
ond, the recycling process maintains the salt concentration in the redox 
channel, lowering the replacement cost of the electrolyte. Finally, this 
net-zero waste process significantly reduces the cost for the post- 
treatment or the disposal of the concentrated solution compared with 
conventional techniques. It is noteworthy that the yearly revenue of our 
system would exceed the capital and operating costs by $61,500/yr in 
the first operating year. Overall, this study demonstrated a sustainable 
net-zero waste process for valorizing the whey wastes via the redox- 
mediated electrodialysis system. Still, the major fundamental chal
lenge remains in investigating environmentally benign and innocuous 
redox materials and preventing any cross-over. Therefore, with the 
development of more reliable redox materials, we envision our system to 
eventually translate to industrial practice as an economically-viable and 
greener platform for desalination in food manufacturing, and to promote 
waste valorization. 

4. Conclusions 

A redox-mediated electrodialysis system successfully demonstrated 
an energy-efficient and sustainable desalination of whey waste streams, 
and tandem purification of valuable whey proteins. Leveraging the 
reversible redox reaction between ferri- and ferrocyanide, concentrated 
salts in the whey solution were desalinated to valorize whey proteins 
(during the protein purification process), while the removed salts could 
be recovered and recycled back to the cheese production (during the 
electrochemical regeneration process). A sustainable redox reaction 
resulted in 99% salt removal from the whey solutions at operating 
voltages ranging from 0.4 V to 1.2 V. We comprehensively investigated 

Fig. 6. Techno-economic analysis: (a) capital cost and (b) operating cost for the redox-mediated electrodialysis system and (c) comparison of the yearly payment 
and the product revenue between our system and the representative electrodialysis systems. 
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the desalination performance at various pH, whey contents, and salt 
concentrations, confirming the system could be utilized in diverse whey 
sources such as acidic, sweet, and salty whey wastes. Throughout our 
experiments, over 98% of whey proteins were preserved without any 
observable denaturation or aggregation, by maintaining the pH above 
the isoelectric points of whey protein contents; thus, we overcome a 
major bottleneck of conventional electrodialysis systems. The redox- 
mediated electrodialysis system exhibited consistent desalination and 
salt recovery performance (95% salt removal and 70% salt recovery) 
over multiple cycles of protein purification and system regeneration, 
validating the sustainable revalorization cycle with the net-zero waste. 
Besides, our techno-economic assessment supports the economic feasi
bility of the proposed process, showing lower energy consumptions and 
expenditures than conventional electrodialysis systems. Integration of a 
reversible redox reaction and desalination process provides a sustain
able and energy-efficient avenue for desalination and protein separation 
in dairy processing. 
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P. Shyamsundar, W. Steffen, G. Glaser, N. Kanie, I. Noble, Sustainable development 
goals for people and planet, Nature 495 (7441) (2013) 305–307. 

[5] A. Chaudhary, D. Gustafson, A. Mathys, Multi-indicator sustainability assessment 
of global food systems, Nat. Commun. 9 (1) (2018) 1–13. 

[6] Y. Du, Y. Ge, Y. Ren, X. Fan, K. Pan, L. Lin, X.u. Wu, Y. Min, L.A. Meyerson, 
M. Heino, S.X. Chang, X. Liu, F. Mao, G. Yang, C. Peng, Z. Qu, J. Chang, R. 
K. Didham, A global strategy to mitigate the environmental impact of China’s 
ruminant consumption boom, Nat. Commun. 9 (1) (2018), https://doi.org/ 
10.1038/s41467-018-06381-0. 

[7] M. Pieper, A. Michalke, T. Gaugler, Calculation of external climate costs for food 
highlights inadequate pricing of animal products, Nat. Commun. 11 (1) (2020) 
1–13. 

[8] A.M. Prentice, Dairy products in global public health, Am. J. Clin. Nutri. 99 (5) 
(2014) 1212S–1216S. 

[9] H. Hartwell, A. Perez-Cueto, I. Mavridis, A. Giboreau, M. Ronge, Shaping smarter 
consumer behaviour and food choice, CAUTHE 2016: the changing landscape of 
tourism and hospitality: the impact of emerging markets and emerging 
destinations, 2016, 668. 

[10] M. Morales-de la Peña, J. Welti-Chanes, O. Martín-Belloso, Novel technologies to 
improve food safety and quality, Curr. Opin. Food Sci. 30 (2019) 1–7. 

[11] USDA, Dairy products: per capita consumption, United States (Annual), 2019. 
[12] OECD/FAO, OECD-FAO Agricultural Outlook 2020-2029, FAO/OECD Publishing 

Rome/Paris, 2020. 

[13] S. Marwaha, J. Kennedy, Whey—pollution problem and potential utilization, Int. J. 
Food Sci. Technol. 23 (4) (1988) 323–336. 

[14] B. Das, S. Sarkar, A. Sarkar, S. Bhattacharjee, C. Bhattacharjee, Recovery of whey 
proteins and lactose from dairy waste: a step towards green waste management, 
Process Saf. Environ. Prot. 101 (2016) 27–33. 

[15] G.W. Smithers, Whey and whey proteins—from ‘gutter-to-gold’, Int. Dairy J. 18 (7) 
(2008) 695–704. 

[16] A.R. Prazeres, F. Carvalho, J. Rivas, Cheese whey management: a review, 
J. Environ. Manage. 110 (2012) 48–68. 

[17] G.Q. Chen, F.I.I. Eschbach, M. Weeks, S.L. Gras, S.E. Kentish, Removal of lactic acid 
from acid whey using electrodialysis, Sep. Purif. Technol. 158 (2016) 230–237. 

[18] K.M. Blaschek, W.L. Wendorff, S.A. Rankin, Survey of salty and sweet whey 
composition from various cheese plants in Wisconsin, J. Dairy Sci. 90 (4) (2007) 
2029–2034. 
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