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Over the past decades, the rapid population growth coupled with increased awareness

towards  nutrition has driven the demand for organic acids (e.g., carboxylates) and pro-

teins,  through pharmaceutical and food products. Close to 50–70% of the overall production

cost  of organic acids and proteins comes from separation processes during manufactur-

ing.  Recently, electrochemically-mediated separations have gained significant attention as

a sustainable solution for lowering chemical consumption and achieving process intensi-

fication.  Here, we review progress in electrochemical processes for the recovery of organic

acids  and proteins, in food and biomanufacturing contexts. We  highlight aspects of the elec-

trochemical  engineering of these systems, selection of electrode materials, and discuss the

underlying separation mechanisms. We  emphasize the need for understanding molecular

level  selectivity coupled with engineering design, for broadening the applicability of elec-

trochemical  platforms for selective bioproduct purification. On the long term, we envision

electrochemical  separations as a sustainable and competitive process for the recovery of
value-added molecules in food and biomanufacturing.

©  2021 Institution of Chemical Engineers. Published by Elsevier B.V. All rights reserved.
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hows common separation techniques widely used
od and bio-industry for the purification of products
organic acids, proteins, and peptides. For simplic-
lassification of separation techniques was based on
aration Process Principles” textbook (Seader et al.,

recipitation  and  crystallization
tion and crystallization are widely used purification

 in food and biomanufacturing. They utilize chemical
ing agents to create a solid phase, by reducing the sol-

 the target product (Komesu et al., 2017; Seader et al.,
e product is obtained in the form of a finely divided
ile impurities remain in the feed phase. Precipitation
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Table 1 – Examples of commercially available organic acids (carboxylates and amino acids), their natural sources, and
major applications.

Type of organic
acid

Name Natural sources Major applications Reference

Carboxylic
acids

Acetic acid Vinegar, fruits Synthesis of rubber, plastics,
acetate  fibers; vinegar

Huang  et al. (2007), López-Garzón
and  Straathof (2014), Zaman et al.
(2017)

Butyric acid Milk, vegetable oil Textiles, biofuel, food,
pharmaceuticals

Du  et al. (2012), Karimi and
Vahabzadeh  (2014), Zaman et al.
(2017)

Citric  acid Citrus fruits Food preservation, beverage
flavoring,  cleaning, polishing
agent

Huang  et al. (2007), López-Garzón
and  Straathof (2014), Pazouki and
Panda (1998)

Gulonic acid Wine,  fruits, honey, rice Food additives, Vitamin C
precursor, chelating agent

Huang  et al. (2007), López-Garzón
and  Straathof (2014),
Vandenberghe et al. (2018)

Lactic  acid Fermented vegetables Cosmetic, pharmaceutical,
textiles

Panoff  (2020), Zaman et al. (2017)

Oxalic  acid Fruits, cocoa, nuts, seeds Dye, bleaching agents,
chemical  synthesis

Riemenschneider and Tanifuji
(2000)

Succinic  acid Broccoli, meat, cheese Beverage flavoring, seasoning,
chemical  synthesis

Featherstone  (2015), Huh et al.
(2006),  Kang and Chang (2005),
Zaman  et al. (2017)

Amino acids

Aspartic acid Oysters, meats, avocado
Biosynthesis of proteins,
animal  feed, flavor enhancer,
pharmaceuticals, nutraceutical
industries

Andlauer  and Fürst (2002),
Górska-Warsewicz et al. (2018),
Leuchtenberger  et al. (2005),
Nag  (2017)

Glutamine Beef, spinach, parsley
Histidine Soy protein, eggs, peanuts
Tryptophan Celery, onions, lentils,

carrots
Lysine Eggs,  whitefish, smelts

Fig. 1 – Estimated market price ($/ton) with respect to the market size (ton/yr): (a) organic acids (Taylor et al., 2015; Zacharof
and Lovitt, 2013) and (b) proteins ((Dimitrov, 2012) and (GoodPx, 2021) for the annual sales and prices of Adalimumab,
Humulin, Etanercept, and Insulin glargine. Farrugia and Scaramuccia (2017) for immunoglobulin. Berman (2021) and Chen
et al. (2013) for the market size and price of human serum albumin (HAS). Day (2011) and Day et al. (2006) for the market
size and price of wheat gluten. Lagrange et al. (2015) and Clal.it (2021a, b) for the market sizes and prices for milk and whey
protein.

as distrib
(Handojo
Pazouki  a
is  often 

viral  part
of  phase
long-term
ical  limit
distributi
of  the ex
in-situ e
and  Weu
phases  is
the  equi
tial  solve
still requ
(Seader  e

.  F
ation
tes  s
entr
bran

rmin
bran

 proc
trans
sion
betw
ller m
).
ressu
ntag
ution coefficient, separation capacity, and selectivity
 et al., 2019; Hong and Hong, 2005; Komesu et al., 2017;
nd Panda, 1998). Aqueous two-phase system (ATPS)

applied to separate biomolecules such as proteins,
icles, and plasmid DNA due to the stabilizing effect
-building polymers (Saraswat et al., 2013). Despite

 development, liquid–liquid extraction still has crit-
ations for industrial applications. For instance, low
on  coefficients for organic acids and high toxicity
tractants to microorganisms impede application for
xtractive fermentation (Gao et al., 2009; Kurzrock
ster-Botz, 2010). A large exchange area between two

 inevitable for the high production capacity, making
pment large and expensive. Furthermore, sequen-
nt recovery processes (e.g., extractive distillation) are

2.1.3
Filtr
solu
conc
mem
dete
mem
tion
are  

diffu
size  

sma
1998

P
adva
ired, following the liquid–liquid extraction process
t al., 1998).

For  inst
acids  fro
iltration
 exploits a membrane as a barrier, through which
electively pass based on their permeabilities and
ation gradient (Seader et al., 1998). For microporous
es, the diffusion rate of molecules through the pores
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es, both solubility and diffusion drive the separa-
ess. During dialysis, small and soluble molecules
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 rate. Microfiltration can permeate molecules with
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Table 2 – Examples of commercially available food and therapeutic proteins, their natural sources or manufacturing
companies, and major applications.

Type of main use Protein Source or manufacturing
company

Major  applications Reference

Food proteins

Wheat gluten Plant (e.g., wheat) Flour fortification, meats, pet
food

Day  et al. (2006)

Collagen Meat, fish, egg Cosmetic, membrane, sealant Avila Rodríguez et al.
(2018)

Milk  protein (concentrates) Milk Nutrition products, sports
powders,  processed cheese

Lagrange  et al. (2015)

Whey  protein
(concentrates)

Whey Sports beverages, nutritional
supplements

Lagrange  et al. (2015)

Human  serum albumin Human plasma Medical use (e.g., replacement
of  lost fluid)

Chen  et al. (2013)

Therapeutic
proteins

Immunoglobulin Plasma cells immunoassays, diagnosis,
disease  treatment

Farrugia  and
Scaramuccia (2017)

Etanercept Amgen Wyeth Immune diseases

Dimitrov
(2012)

Bevacizumab Genentech Roche Chugai Cancer
Adalimumab Abbott Eisai Immune diseases
Insulin  glargine Sanofi-Aventis Diabetes
Interferon beta-1a Biogen Idec Multiple sclerosis
Insulin  (Humulin) Eli Lilly Diabetes
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Table 3 – Current separation processes in food and biomanufacturing: short descriptions, their advantages and disadvantages, and examples of applications (Dlask and
Václavíková, 2018; Handojo et al., 2019; Komesu et al., 2017; Saraswat et al., 2013; Seader et al., 1998; Zhang et al., 2017a).

Technique Separation by Example of technique Advantage Disadvantage Example of
application

Precipitation and
crystallization

Phase creation or
addition

Neutralization
Acidification
Isoelectric precipitation
Organic  solvent precipitation
Salting  out

Simple operation;
Low  technological barriers and
risks  due to existing infrastructure

Large  consumption of chemicals
resulting  in the waste stream;
Reagent  recovery process resulting
in  high energy consumption;
Low  product purity

Lactic  acid (Nakano
et  al., 2012)
Alfafa leaf protein
(Zhang  et al., 2017a)

Liquid–liquid
extraction

Phase addition Liquid–liquid extraction
Aqueous  two-phase extraction

Simple  operation;
Low  risk in operational condition
without  extreme temperature

Unfavorable  distribution
coefficient and toxicity of
conventional  agents;
The  large size of equipment for a
high  exchange area;
Solvent  recovery process;
Low  product purity

Picolinic  acid
(Waghmare et al.,
2011)
Bovine serum
albumin (Waziri
et  al., 2004)

Filtration Barrier with
pressure or
concentration
gradient

Microfiltration
Ultrafiltration
Nanofiltration
Membrane distillation
Forward  osmosis
Dialysis

Easy scalability;
Continuous operation;
Facile  integration with other
methods;
Applicable  in various product size

Membrane fouling;
High  cost of membranes;
Polarization problem;
Low  product purity

Acetic  acid (Ecker
et  al., 2012)
Whey  protein
(Kumar et al., 2013)

Chromatography Solid agent Affinity chromatography
Ion  exchange chromatography
Size-exclusion
chromatography
Counter  current-simulated
moving bed chromatography

Long-term continuity
Easy  quantitative analysis;
High  product purity;
Unnecessary pre- or
post-treatment;

High  cost of columns;
Difficult  scalability;
Low  productivity;
Chemical and mechanical
instability  of columns

Immunoglobulins
(Liu  et al., 2010)
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Fig. 2 – (a) Classification of membranes, retention
characters, and approximation of the applied pressures and
(b)  Overview of membrane-based separation techniques
and  their cut-off range depending on the size of target
molecules. Panel (a) is adapted from Zhang et al. (2017a)
and  (b) from Warsinger et al. (2018).
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Table 4 – Examples of the electrochemically mediated system in the recovery of organic acids and proteins: Target organic acids or proteins, electrochemical system, solution and
operation  condition, recovery, and energy consumption. (ED: electrodialysis, BMED: bipolar membrane electrodialysis. BP: bipolar, AEM: anion exchange membranes, CEM: cation
exchange  membrane, CC: constant current mode, CV: constant voltage mode, Wk:  working electrode, Ctr: counter electrode).

Organic
acids/proteins

Electrochemical system Feed solution and (Operation condition) Recovery Energy consumption Ref. (Section)

Crotonic acid Electrosorption
(Activated carbon)

5 mM crotonic acid (CV: 1.2 V, 60 min) 0.1 mmol/gelectrode — Hack et al. (2019)
(Section  3.1.1)

Succinic acid BMED  (BP-AEM-CEM-BP) 0.5 M Na2Suc (CC: 12.5 mA/cm2, 250 min) 0.35 mol/L 2.3 kW h/kgacid Fu et al. (2014) (Section
3.1.2)

Whey proteins ED 8200 mg/L sweet whey with ash and 20%
solid content (CC: 13.5 mA/cm2, CV: 0.85 V
per stack)

90% desalted 17.7 kJ/Lwhey Greiter et al. (2002)
(Section  3.2.1)

�-lactoglobulin
(�-LG)

Bipolar membrane
electroacidification
(BMEA)

5% whey protein isolate, 2 g/L KCl, 20 g/L
Na2SO4 (CC 2 A until 60 V then hold CV 60 V)

44.0% �-LG with 98%
purity

—  Bazinet et al. (2004)
(Section  3.2.1)

�-lactoglobulin
(�-LG)

Redox-mediated ED 7 ppm �-LG, 100 mM NaCl (CV: 1.0 V, 4.6 h) 98% �-LG, 99% salt
removal

2.6  kW h/m3 Kim et al. (2021b)
(Section 3.2.1)

Morpholine (Mp) BMED (BP-AEM-BP) 0.15 M MpH2SO4 62.7% Mp 4.27 kW h/kgMp Jiang et al. (2013)
(Section 3.3.1)

0.3 M Na2SO4 (CC: 30 mA/cm2, 150 min)
Phenylglycine

(Phg)
Closed-loop circulation
BMED  (BP-CEM-BP)

0.3 M Na2SO4 94.1% Phg 0.69 kWh/kgPhg Zhou et al. (2016)
(Section  3.3.2)

100 mL of 2 M NaPhg in a separate batch (CC:
20 mA/cm2, 60 min)

Ibuprofen (Ibu) ED (CEM-AEM-CEM) 0.50 mM Ibu 57% Ibu — José et al. (2021) (Section
3.3.3)

7.93 mM NH4HCO2 (CV: 60 V, 6 h)
�-chymotrypsin

(�-CHY)
Electrosorption
(PVF/CNT  (wk), CNT
(ctr))

5  mg �-CHY with 50 mM carbonate (0.4 V vs
Ag/AgCl, 60 s)

∼ 480 mg/gPVF — Su et al. (2017a) (Section
3.4.3)

Bovine serum
albumin (BSA)

Electrosorption
(PVF/CNT  (wk), CNT
(ctr))

5  mg BSA with 50 mM phosphate (0.4 V vs
Ag/AgCl, 60 s)

∼ 250 mg/gPVF — Su et al. (2017a) (Section
3.4.3)



274  Chemical Engineering Research and Design 1 7 8 ( 2 0 2 2 ) 267–288

the pore 

et  al., 201
In  the

membran
molecule
et  al., 20
electroch
to  purify
Shaposh
duced  a 

two perm
membran
to  the ca
such  as N
syrup  (Sh
tem  was 

mainly  f
tures  of 

the  intro
alternati
branes  (S
years,  ED
such  as p
cesses (H
Compare
osmosis)
technolo
chemical
et  al., 20
anion  ex
ment  of m
from  fee
2019;  Sha
electrica
cation  ex
opposite
deminera
the  ED sy
tions  of m
and  Moo
and  ultra
2018).  Mo
ion  exch
(Kim  et a
Mohanda

3.  E
in  food

Electroch
strated  i
Table 4 p
various  e
biomanu
chemical
redox  fun
to  separa
able  mol

3.1.  A
separatio

With an 

tion  proc

 bio
reas

er an
labili
ds  bu
ge,  a
tima
ušia
conv
viro

print
ess  

ctive
enta
th  r

artic
enta

.  O
nt st
niqu
n  pr

 ene
reco
ousl
niqu
tiple
atho
all  pr

 the
).  Th
omi
evera
ce  o

rgani
r  et 

c  (Bo
n,  20
buty
e lat
onv
essfu
ugh  

).  Wi
bran

uced
tant 

once
e the

 recy
ecen

 extr
 (Gau
., 202
d  p
;  th
ies. 

tions
 of c

 is e
extra
very
sizes which controls the membrane cut-off (Handojo
9).

 electrochemical membrane systems, the choice of
es  and their arrangements depends on the target

s  (Fig. 3) (Klaysom et al., 2010; Lee et al., 2008; Li
19). Electrodialysis is one of the most widely used
emical membrane systems, first proposed in 1890

 sugar syrup (Amiri and Karimi, 2018; Bazinet, 2005;
nik and Kesore, 1997). Maigrot and Sebates intro-
three-compartment electrochemical cell divided by
anganate papers, which served as semi-permeable
es (Montiel et al., 2014). As the potential was applied
rbon electrodes, the ionic species, mainly cations
a+, K+, Ca2+, and Mg2+, were removed from the sugar
aposhnik and Kesore, 1997). Then in 1900, the sys-

named ‘electrodialysis’ by Schollmeyer and patented
or the purification of sugar syrup. The current fea-
ED systems have been developed in the 1930s, with
duction of ion exchange membranes and with the
ve  arrangement of cation and anions exchange mem-
haposhnik and Kesore, 1997; White, 2015). In recent

 has been implemented in a wide range of fields
harmaceutical, food, chemical, and downstream pro-
uang et al., 2007; Konarev, 2015; Wang et al., 2019).
d  to the traditional filtration systems (e.g., reverse
,  the ED system has been recognized as a green
gy due to low energy consumption and absence of

 additives in the process (Handojo et al., 2019; Zaman
17). The ED system consists of a stack of cation and
change membranes (Fig. 3). This alternative arrange-

embranes allows for the separation of ionic species
d water (Al-Amshawee et al., 2020; Handojo et al.,
poshnik and Kesore, 1997). For instance, when the

l  energy is applied, positive ions migrate through the
change membrane, while negative ions migrate in

 direction through the anion exchange membrane,
lizing water (Al-Amshawee et al., 2020). Up to date,
stem has been demonstrated with various combina-

embranes such as ion exchange membranes (Kim
n, 2001), bipolar membranes (BMED) (Tongwen, 2002),
filtration membranes (EDUF) (Dlask and Václavíková,
re  recently, the ED system has been hybridized with
ange resins (Greiter et al., 2002), redox materials
l., 2019, 2021b), and photoanode (Kim et al., 2018;
ss et al., 2021).

lectrochemically  mediated  separations
 and  biomanufacturing

emically mediated separations are widely demon-
n various organic acids and protein separations.
rovides an overview of some highlighted examples of
lectrochemically mediated separations in food and
facturing. As shown in Table 4, numerous electro-
ly mediated systems, ranging from ED systems to
ctionalized electrodes, have been introduced either
te ions from target biomolecules or to capture valu-

ecules reversibly.

pplication  of  electrochemically  mediated
n in  fermentation  processes

from
and  

und
avai
woo
slud
is  es
Blah
the  

is  en
foot
proc
sele
ferm
grow
In  p
ferm

3.1.1
Rece
tech
tatio
high
the  

tane
tech
mul
Stra
over
from
2006
econ

S
man
of  o
Weie
lacti
Moo
and  

In  th
the c
succ
thro
1999
mem
prod
reac
up-c
whil
were

R
shift
acid
et  al
mize
5.5–7
spec
reac
tion
acid
the  

reco

increased interest in renewable resources, fermenta-
esses have been applied to organic acids productions

crystalliz
librium  o
mass. During fermentation, biomass is broken down
sembled into desired products by microorganisms
aerobic conditions (Zacharof and Lovitt, 2013). The
ty  of biomass is extensive not only in crops and
t also in waste streams such as agricultural wastes,

nd wastewater. In this regard, the amount of biomass
ted to be 170 billion tons per year (Schlosser and

k, 2011; Song and Lee, 2006; Zaman et al., 2017). Thus,
ersion of biomass to organic acids via fermentation
nmentally benign and effectively reduces the carbon

 compared to the conventional chemical production
using petroleum. Due to the sustainable, fast, and

 production of organic acids, the global market for
tion products has been rising at an average annual

ate of 4.7% since the early 2000s (Soccol et al., 2008).
ular, over 60% of lactic acid is produced through the
tion process (Hábová et al., 2004).

rganic  acids  purification
udies have explored electrodialysis as an alternative
e for the purification of organic acids in the fermen-
ocess. ED does not require additional chemicals or
rgy consumption during operation. Besides, it enables
very and acidification of carboxylate salts simul-
y (Kim and Moon, 2001), while current separation
es such as solvent extraction and adsorption involve

 processes to recover organic acids (López-Garzón and
f,  2014). With current technologies, 50–70% of the
oduction cost of organic acid via fermentation comes

 recovery processes (Handojo et al., 2019; Huh et al.,
us, process intensification via ED could enhance the
c  feasibility of acid production.
l studies have demonstrated an outstanding perfor-

f the ED and its derivative systems for the recovery
c acids such as acetic (Chukwu and Cheryan, 1999;
al., 1992), citric (Sun et al., 2017; Widiasa et al., 2004),
ontawan et al., 2011; Hábová et al., 2004; Kim and
01), succinic (Fu et al., 2014; Szczygiełda et al., 2017),
ric (Du et al., 2012) acids from fermentation broths.
e 1990s, many  organic acids were up-concentrated by
entional ED system (Fig. 3). For instance, acetate was
lly  up-concentrated from the fermentation broth

multiple-stage ED processes (Chukwu and Cheryan,
th 20 alternative stacks of anion and cation exchange
es (total effective area of 0.46 m2), the ED system

 a concentrated acetate stream and concentrated
stream. Then two additional ED processes further
ntrated the acetate from 50 gacetate/L to 134 gacetate/L,

 concentrated unreacted glucose and other nutrients
cled back to the fermentation process.
tly, Gausmann et al. proposed electrochemical pH-
action and crystallization for the recovery of succinic
smann et al., 2020) and itaconic acid (Gausmann
1) from the fermentation broth. In general, the opti-

H of fermentation for carboxylic acids is between
us, most carboxylic acid products are in anionic
The work leveraged electrochemical water-splitting

 to swing the pH for both extraction and crystalliza-
arboxylates. For instance, in acidic pH, the succinic
xtracted using a tertiary amine extractant, with
ctant being regenerated through a pH swing. The

 of succinic acid is further accelerated by a pH-shift

ation. During the electrolysis, the dissociation equil-
f the acid was shifted towards protonated form (H2A)



Chemical Engineering Research and Design 1 7 8 ( 2 0 2 2 ) 267–288 275

at the an
ing  succi
states (H
acid was
limit  (Ga
extractio
succinic  

commerc
Few  s

organic  a
a  capacit
tonic  aci
an  effect
of  2) and
the  adso
tion  capa
feed pH 

0.02  mm
partial d
(Hack et 

ity  is due
and  coio
et  al., 20
are  balan
acids  bu
attached
et  al., 202
of  the el
up-conce
techniqu
raphy  sy
electroch
a  condu
polymers
on  the in
molecule
chemical
stationar
any  use o
Knizia  et
tionary  p
fumaric, 

potential
phy  coul
and  fuma

3.1.2.  B
and acidi
To achiev
organic a
et  al., 201
2017;  Szc
up  of the
of the la
with 80%
concentr
Fig.  4(a) (

In 200
a single-
hydroxid
from  left
exchange
membran
acid  stre

),  fee
een

lacta
 stre
ange

sed  t
ions 

 resu
c  ac
ions,
us m

trodi
,  cur
rme
al  p

 effic
 kW
ation
he E
s in

s  as d
., 201
lenec
y  and
reati
; Wid
., 19
nce

exch
s se

,  ma
 con
con

resin
dojo
has 

 as t
., 20

 (Du 

t al. 

men
rs  in
ied t
lysin
o  ac

A
ratio

.  W
e w
stry  

ewa
y  req
mi-h
se c
., 201
ng  s

 wh
thus
pers
g  a st
ode side. The protonated carboxylic acids, includ-
nic acid, are often less soluble than the deprotonated
A− or A2−) (Kocks et al., 2021). Thus, the succinic

 crystallized as the system reached the solubility
usmann et al., 2020). The electrochemical pH-shift
n and crystallization method successfully recovered
acid with a crystal size distribution comparable to the
ially  available products (Gausmann et al., 2020).
tudies have been conducted on the enrichment of
cids via electrosorption. Hack et al. (2019) applied
ive deionization system for up-concentrating cro-
d after fermentation processes. The study showed
ive up-concentration performance (up to a factor

 highlighted the importance of the solution pH on
rption of organic acids. For instance, the adsorp-
city of 0.1 mmolcrotonate/gelectrode was achieved at a

of 7. On the other hand, the adsorption dropped to
olcrotonate/gelectrode at the feed pH of 5 because of the
issociation of the crotonic acid (pKacrotonic acid: 4.69)
al., 2019). The drastic decrease in adsorption capac-

 to a deficient amount of dissociated organic species
n repulsion of undissociated organic acids (Wagner
21). During the adsorption, the charged electrodes
ced not only by adsorbing the dissociated organic

t also by releasing the undissociated organic acids
 to the surface of electrodes (physisorption) (Wagner
1). Thus, there is a clear need for the judicious design
ectrosorption system and operating conditions for
ntrating organic acids. Moreover, the electrosorption
e has been integrated with the column chromatog-
stem (Brammen et al., 2017; Knizia et al., 2003). The
emically modulated chromatography system using
cting stationary phase (e.g., conducting resins or
)  enables the separation of organic species based
teractions between charged stationary phase and

s.  Unlike the conventional chromatography, electro-
ly  modulated chromatography can regenerate the
y  phase by applying appropriate potential without
f eluting agents (Brammen et al., 2017). For instance,

 al. (2003) applied the graphite particles as a sta-
hase to separate three carboxylic acids: crotonic,
and maleic acids. By applying potential gradients or

 drops, electrochemically-modulated chromatogra-
d even separate stereoisomers of maleic (cis-isomer)
ric acids (trans-isomer) (Knizia et al., 2003).

ipolar  membrane  ED  for  simultaneous  enrichment
fication
e simultaneous up-concentration and acidification of
cids, most ED systems adopted bipolar membrane (Fu
4; Hábová et al., 2004; Kim and Moon, 2001; Sun et al.,
zygiełda et al., 2017). The bipolar membrane is made

 cation-selective and anion-selective layers. Each side
yer enables to dissociate of water into H+ and OH−

 of the charge efficiency, leading to the production of
ated  organic acid in a single process step as shown in
Hanada et al., 1993; Handojo et al., 2019).
1, Kim et al. (Kim and Moon, 2001) demonstrated

stage ED process to produce lactic acid and sodium
e by stacking the membranes in the following order
-to-right: bipolar (BP), anion exchange (AEM), cation

 (CEM), and bipolar (BP) membranes (Fig. 4(a)). This

AEM
(betw
the  

acid
exch
cros
ide  

As  a
lacti
vers
vario
elec
yield
confi
optim
rent
(∼2.3
figur

T
resin
acid
et  al
bott
tivit
the  t
2019
et  al
enha
ion  

resin
ions
ionic
The  

the  

(Han
EDI  

such
et  al
acid
Du  e
a  fer
wafe
appl
and  

amin

3.2.  

sepa

3.2.1
Salin
indu
wast
lator
of  se
chee
et  al
duri
Salty
and  

the  

bein

e  arrangement allowed three production streams:

am (between a cation-exchange layer of the BP and
functiona
and  lacto
d stream (between AEM and CEM), and base stream
 an anion-exchange layer of the BP and CEM). As
te crossed the AEM, lactic acid is produced in the
am with free hydrogen ions generated on the cation

 layer of the BP. In the same manner, as sodium ions
he CEM, it formed sodium hydroxide with hydrox-
generated on the anion exchange layer of the BP.
lt, sodium lactate was successfully converted into

id and sodium hydroxide with 96% and 93% con-
 respectively. Moreover, Fu et al. (2014) investigated
embrane stack configurations of bipolar membrane

alysis (BMED) for succinic acid recovery in terms of
rent efficiency, and energy consumption. The result
d  that the configuration of BP-AEM- CEM-BP showed
erformance, such as high acid production and cur-
iency (90%) and comparable energy consumption

 h/kgsuccinicacid) over BP-AEM-BP or BP-CEM-BP con-
s (Fig. 4(c) and (d)).

D system can be modified by adding ion exchange
 the feed channel to enhance the recovery of organic

epicted in Fig. 4(b) (Boontawan et al., 2011; Handojo
9; Widiasa et al., 2004; Yuan et al., 2015). The major
k of the conventional ED system is low ionic conduc-

 high solution resistance as the ions migrate from
ng stream to the concentrated stream (Handojo et al.,
iasa et al., 2004). In the 1950s, Walters et al. (Walters

55) proposed an electrodeionization system (EDI) to
 the ionic conductivity in dilute solution by adding
ange resins in the feed stream. The ion exchange
rve as the ionic transport channel by adsorbing the
inly H+ and OH−, on the beads and enhancing the
ductivity in the dilute stream (Handojo et al., 2019).

tinuous water-splitting reaction on the surface of
s allows regeneration of the resin beads over time

 et al., 2019; Walters et al., 1955; Widiasa et al., 2004).
been introduced to several organic acid recoveries
artaric acid (Zhang et al., 2009), citric acid (Widiasa
04), lactic acid (Boontawan et al., 2011), and butyric
et al., 2012) in the fermentation process. For instance,
(2012) demonstrated that the yield of butyric acid in
tation process increased from 85% to 92% with ion

 the ED system. In addition, EDI was successfully
o the separation of amino acids such as glutamate
e, exhibiting a 50% improvement in the transport of
ids (Yuan et al., 2015).

pplication  of  electrochemically  mediated
n in  dairy  industry  processes

hey  desalination  via  ED
astewater management is a challenge for the dairy

and, depending on the local jurisdiction, salty
ter from dairy is subject to increasingly strict regu-
uirements (Chen et al., 2018). During the production
ard and hard cheese, salt is added to protein-rich

urd to reduce water activity within the curd (Chen
8, 2020b). The excess moisture expelled from the curd
alting and pressing processes, forming salty whey.
ey often cannot be discharged directly to the sewer

 requires further downstream treatment. Recently,
pective on whey has shifted from being waste to
ream worth repurposing and valorizing as it contains

l proteins and peptides, lipids, vitamins, minerals,
se (Anil et al., 2018; Smithers, 2008). Whey  typically



276  Chemical Engineering Research and Design 1 7 8 ( 2 0 2 2 ) 267–288

Fig. 4 – Schematics of (a) bipolar membrane electrodialysis (BMED) and (b) electrodialysis with ion exchange resins
(electrodeionization, EDI). Performance of succinic acid recovery with the bipolar membrane electrodialysis system: (c) pH
and (d) energy consumption. AEM (or A), CEM (or C), and BP represent anion exchange membrane, cation exchange
membrane, and bipolar membrane, respectively. Panels (a) and (b) are reproduced from Handojo et al. (2019), and (c) and (d)
from Fu 
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Fig. 5 – Schematics of (a) redox-mediated electrodialysis system and (b) the net-zero waste process; (c) salt removal % and
(d) valorization of representative whey  contents (beta-lactoglobulin (�-LG), alpha-lactalbumin (�-LA), and lactose) after 99%
salt remo
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Fig. 6 – Protein and salt separation using an electrical switch. (a) Change in UV signal of the eluent during cycle 5. (b)
Change in conductivity of the eluent during cycle 5. (c) Schematic of salt (positive and negative dots) and protein (ravels in
square brackets) ad- and desorption. At 0 V proteins adsorb and salt is released (c, left), while at a potential bias, proteins
desorb, and salt is stored in the electrodes (c. right). The red and green curved lines at the electrode interface represent the
polyelect
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Fig. 7 – (a) Schematics of flow-electrode capacitive deionization (FCDI) and performance of organic acid recovery: (b) average
salt removal rate (average organic acid recovery), (c) percent of oxalate recovery, (d) and (e) cell voltage for conventional ED
model (0 wt%) and FCDI (5 wt%  carbon contents). The figure is reproduced from Yu et al. (2021).
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Fig. 8 – Selective electrosorption of biomolecules: (a) selective electrosorption based on redox–adsorbent oxidation through
electrochemical control and adsorption capacity of (b) carboxylates and (c) proteins using the conducting polymer electrode
(PVF/CNT). LYS, MYO, HRP, R-A, �-CHY, and BSA stand for lysozyme, myoglobin, horseradish peroxidase, ribonuclease-A,
�-CHymotrypsin, and bovine serum albumin, respectively. Panels (a) and (c) are reproduced from Su et al. (2017a), Copyright
(2017) American Chemical Society, and (b) from Su et al. (2016).
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onal ED system, reducing over 51% of the energy con-
s  compared with the conventional ED systems (Kim

21b). In addition, the redox-mediated electrodialy-
not require additional ion-exchange membranes for

 instead, a stack of electrodes and current collec-
les the treatment of a large volume of feed streams

ly (Kim et al., 2021b; Kim et al., 2020c). Since the
rating current in the ED system tends to increase

 formation on the membranes, the use of redox cou-
e separation process can mitigate membrane fouling
n  and Sonin, 1973; Huang et al., 2007). Moreover,
e been numerous reviews investigating the causes of
e  fouling, as well as prevention strategies (Langevin

net, 2011; Mikhaylin and Bazinet, 2016; Xu et al.,
e molecular size of the organic species can seem-

y a decisive role in membrane fouling. Species with
s  sizes between 200−700 Da can cause membrane
(Langevin and Bazinet, 2011). Operating an ED system
rse polarity or pulsed electric current could also be

e solution to reduce the membrane fouling (Langevin
net, 2011; Mikhaylin and Bazinet, 2016). Therefore,

 engineering in cell architecture, operation optimiza-
 material design should be simultaneously carried out
p efficient electrochemical systems practical indus-
rations.

pplications  of  electrochemical  separation
es in  a  non-aqueous  environment

mentioned applications of electrochemical methods
nd biomanufacturing have mainly focused on aque-
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The 
rations. Although industrial production of organic
d proteins are mostly carried out in water, using

financial
appeared
eous environments (Desai et al., 2018) coupled with
emical methods may provide a fine control on the

 and charges of biomolecules (Dimitrov, 2012; Schuur
19). Studies with ED systems have shown that the

 of organic acids is significantly increasing in a mix-
ater and organic solvents (Huang et al., 2007; Liu
5; Rottiers et al., 2017). Thus, finding optimal solvent

and conditions beyond water can broaden the scope
r the recovery of organic acids. Also, ultrafiltration

e-coupled ED system can be applied in non-aqueous
 separate charged proteins or organic acids from rela-
rophobic species, after extraction from the upstream
n (Matsumoto et al., 2004; Molloy et al., 1999). Mean-
e addition and removal of salts as well as the

 selection of organic solvents need to be investigated
ve the applicability of electrochemical techniques in
eous applications. With organic solvents, low con-

 is likely to be one of the major issues, resulting in
tage drops and consequently high energy consump-
ng et al., 2013). Therefore, chemical pre-treatments
harge modification of products, and addition of sup-
lectrolyte may be necessary to circumvent the low
vity. Thus, before industrial implementation, exten-
ening of organic solvents is necessary to meet all
ed requirements from a technical, environmental,
nd safety perspective (Rosinha Grundtvig et al., 2018).
solvent should have process-friendly properties such
scosity and high vapor pressure, as well as electro-

 stability, low ecotoxicity, and biocompatibility for
s  entailing biocatalytic reactions (Henderson et al.,
t et al., 2015; Tucker and Faul, 2016).

onclusions

emical separations can be a promising sustainable
gy for assisting with downstream bioprocessing and
nufacturing, especially for the recovery of organic
d proteins. Notable advances include membrane-
ctrochemical systems for the process intensification
-added organic acid molecules via simultaneous

 and acidification, as well as redox-active materi-
ectrosorption in which provide enhanced molecular
y, modularity, and material tunability. Still, there is
ant room for innovation and optimization for both
emical membrane and electrosorption-based sys-
e development of inexpensive membranes and stable
ctrodes is critical for enabling the scale-up and com-
ation of electrochemical systems. Also, integration
electrochemical separations with renewable energy
tively reduce the overall carbon intensity of down-
rocessing. In sum, we envision steady advances in
emical separations will drive the translation from
concept electrochemical devices to practical indus-
rations, and lead to more  sustainable downstream
g for food and biochemical manufacturing.
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