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Abstract—The present state of the art of studying whey is considered. The processes and methods of whey
processing (thermal, chemical, physicochemical, biotechnological, and electrophysical) are presented. Ther-
mal and isoelectric precipitation of proteins using reagents and coagulants, as well as the main membrane
processing methods (reverse osmosis, diafiltration, microfiltration, ultrafiltration, and nanofiltration), are
described. The possibilities of the effective separation of whey proteins by a combination of membrane and
other methods are mentioned. Chromatographic methods for fractionation of whey proteins (simulated mov-
ing bed chromatography, high-gradient magnetic fishing chromatography, selective adsorption, displace-
ment chromatography, membrane adsorption), which provide a high degree of separation, are described.
Highly porous chromatographic materials providing a high flow rate and biotechnological processing meth-
ods—biosynthesis of lactulose, enzymatic hydrolysis of lactose and whey proteins, aerobic and anaerobic fer-
mentation—are considered. The electrophysical methods of processing whey (electrodialysis, electroactiva-
tion), which include electrodialysis and electroactivation, as well as electrochemical activation as a phenom-
enon and technology, as a new promising processing method that allows the creation of a wasteless cycle for
obtaining valuable components and useful derivatives from whey without the use of reagents are analyzed. It
is emphasized that, depending on the used regimes, protein–mineral concentrates with a predetermined pro-
tein or mineral composition are obtained with the simultaneous isomerization of lactose into lactulose. It is
stated that the efficiency of methods for processing whey is ensured by a significant increase in the efficiency
of technological processes, a decrease in the labor costs, a reduction in the processing time and materials, and
an improvement in the quality and functional properties of the final products.
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INTRODUCTION

Increasingly effective engineering and technologi-
cal solutions that ensure the rational and full utiliza-
tion of whey components and make allowance for the
ecological constituent associated with wasteless treat-
ment are required to process whey. In order to increase
the efficiency of whey processing and to maximize the
recovery of valuable substances while ensuring high
efficiency it is necessary to reasonably approach the
choice of the method of processing of whey taking into
account the technological, construction and environ-
mental characteristics, and the capabilities of the pro-
cess management [1].

Interest in the usage of whey protein is increasing
due to its functional properties, such as water binding,
solubility, gel formation, emulsification, foaming, etc.
Research on the creation and development of new meth-
ods and technologies should ensure the optimal use of
whey components, especially whey proteins, to obtain
new derivatives and ensure a wasteless production.

METHODS AND PROCESSES OF WHEY 
TREATMENT

The most commonly used processes and methods
of whey treatment are thermal, chemical, physico-
chemical, biotechnological, and electrophysical. The
whey treatment methods used in various branches of
industry are presented in Table 1; they make it possible
to extract valuable components and produce new
derivatives also intended for improving health.

Thermal and Isoelectric Precipitation 
Whey proteins are precipitated due to high tem-

peratures (thermal precipitation), varying pH up to
the isoelectric point (pI) (isoelectric precipitation),
the precipitation by calcium at medium temperatures
(thermo-calcium precipitation) [22].

Thermal precipitation or thermocoagulation is a
method based on the sensitivity of whey proteins to heat-
ing. It’s disadvantage is protein denaturation [23, 24].
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Table 1. Methods and processes of whey treatment

Methods Process References

Thermal Thermocoagulation Castro-Rosas et al., 2012 [2]

Chemical Usage of reagents (salts, acids), complex formation, 
precipitation with coagulants

Pessato et al., 2019 [3];
Ghadermazi et al., 2019 [4];
Perumalsamy et al., 2012 [5];
Domínguez-Puerto et al., 2018 [6]

Physicochemical
Reverse osmosis, diafiltration,
microfiltration, ultrafiltration, nanofiltration,
dialysis, ion exchange

Arunkumar et al., 2015 [7];
Wang et al., 2018 [8];
Choi et al., 2019 [9];
Marx et al., 2018 [10];
Heidebrecht et al., 2018 [11];
Fuciños et al., 2019 [12]

Biotechnological Biosynthesis,
microbial and enzymic treatment

Pagliano et al., 2018 [13];
Escalante et al., 2018 [14];
Rico et al., 2015 [15]

Electrophysical Electrodialysis,
electroactivation

Merkel et al., 2018 [16];
Merkel et al., 2017 [17]
Kare et al., 2017 [18];
Kareb et al., 2018 [19];
Vrabie et al., 2019 [20];
Simova et al., 2010 [21]
Isoelectric precipitation is based on the precipita-
tion at the corresponding values of pH and concentra-
tion of ions [23, 24].

Thermo-calcium precipitation is based on the for-
mation of the aggregates of lipid-insoluble calcium
phosphates at medium temperatures (50°C), neutral
pH (7.3–7.5), and in the presence of calcium. Proteins
are bound with the above-mentioned phosphate
aggregates [23, 24]. This method is used in the pro-
duction of lactalbumin, a mixture of denatured α-lac-
talbumin, β-lactoglobulin, and other whey proteins.
The denaturation of whey proteins at thermal treat-
ment leads to the production of derivatives with
reduced functional properties [25, 26].

Precipitation Using Reagents

Precipitation using reagents is applied for the selec-
tive separation of proteins. Whey proteins can be sep-
arated by the method of aqueous two-phase separation
(ATP) [27], which is an alternative to thermal pro-
cesses and allows for the separation of proteins [28,
29]. In the ATP systems, liquid–liquid separation
occurs through mixtures of two polymers or a polymer
and a salt which at certain concentrations form a true
solution in one phase, and in the other cause the for-
mation of two immiscible phases, among which the
biomolecules present in the mixture are subsequently
also separated [30]. ATP was also used for the selective
separation of proteins the concentration of which was
determined in separate phases [27, 31, 32].
SURFACE ENGINEERING AND APP
The aqueous two-phase system can include poly-
ethyleneglycol (PEG-4000 and -6000), sodium sul-
phate, sodium carbonate, and sodium citrate as phase
forming polymers. They are economically available
and form a two-phase system with other neutral poly-
mers as well as with salts. The solutions of polyeth-
ylene, calcium phosphate, sodium sulphate, and
sodium chloride are prepared at the following ratios:
50, 40, 30, 35, and 40%, respectively. The aqueous
two-phase systems were prepared mixing the respec-
tive amounts of PEG and salts, and they were centri-
fuged at 15000 rpm for 10 min for two-phase separa-
tion. The concentration of protein in single phases was
determined by the Folin reduction method. The coef-
ficients of distribution and productivity were deter-
mined as well. The use of PEG-4000 with a concen-
tration of 50% and salts with a concentration of 40% at
pH 5.4 and a temperature of 35°С allows obtaining the
maximum productivity (~90%) and a distribution
coefficient of ~20% [33].

The Precipitation of Whey Proteins

The precipitation of whey proteins by application
of coagulants, such as sodium polyphosphate and hex-
ametaphosphate, iron salts, and polyelectrolytes, is an
effective method for precipitation and extraction of
whey proteins, but requires additional operations in
order to separate proteins from the coagulant [22].

The use of natural polymer chitosan allows the pre-
cipitation of whey proteins to obtain pure lactose in
LIED ELECTROCHEMISTRY  Vol. 57  No. 6  2021
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Fig. 1. Modes of membrane filtration according to types of
filtrated elements [38].
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the supernatant. This coagulant is a high molecular
weight cationic linear polymer obtained by deacetyla-
tion of chitin (b (1-4)-N-acetyl-D-glucozamin) from
the shell of crustaceans. Lactose from deproteinized
whey protein treated with chitosan has a purity of
99.89% [34, 35].

Sternberg [36] compared the effectiveness of two
coagulants based on whey precipitation with poly-
acrylic and trichloroacetic acids and found higher effi-
ciency of the latter with a protein yield of 85.7–86.7%
in comparison with the polyacrylic acid (62.2–
68.4%). The recovery of proteins using polyacrylic
acid makes it possible to obtain a white precipitate of
protein -polyacrylate at pH 3.8–4.2, the rest of the dry
matter amount to ~30% of the initial volume [22, 36].

Membrane Processes

The main membrane methods to process whey are
reverse osmosis (RO), diafiltration (DF), microfiltra-
tion (MF), ultrafiltration (UF), and nanofiltration
(NF). More effective separation of whey proteins is
possible due to a combination of membrane and other
methods [37]. The driving force of all membrane pro-
cesses is a difference in pressure and concentration
gradients which causes the separation of substances
through the semipermeable membrane.

The use of membrane methods in the processing of
whey allows: concentration of whey to a content of
24% dry matter using RO and NF before evaporation
and drying; obtaining whey protein isolate (WPI) with
a content of 90% (WPI90); isolation of whey protein
concentrate (35–80% of protein); transformation of
lactose into more valuable products by fermentation
(for example, ethanol or lactic acid) or enzymatic
hydrolysis in continuous membrane reactors; frac-
tionation of whey to obtain additives of improved
quality; MF of whey as a preliminary treatment for
further UF; subsequent concentration and demineraliza-
tion of whey and UF permeate by NF (Fig. 1) [37–39].

Reverse osmosis (RO) is the process of filtration of
solutions under high pressure through a semi-perme-
able membrane, the pore size allows only a small
amount of solutes with a very low molecular weight to
pass through, allowing the solvent to pass through and
retaining molecules or ions of solutes [40]. The
method is based on the phenomenon of osmosis—a
spontaneous passage of the solvent through the semi-
permeable membrane into the solution. The pressure
at which equilibrium occurs is called osmotic. If a
pressure exceeding the osmotic one is applied from the
side of the solution, then the transfer of the solvent will
occur in the opposite direction, which is reflected in
the name of the process “reverse osmosis” [41, 42].
RO is used to concentrate milk and whey, to extract
solid particles from various dispersed media, including
milk and whey. The liming factors of RO are osmotic
pressure, viscosity and solubility of lactose and cal-
SURFACE ENGINEERING AND APPLIED ELECTROCH
cium salts in whey, which can precipitate, especially if
temperature and pH are not controlled [37].

In the dairy industry, RO allows the concentration
of process liquid from 10 to 25% of solids content, and
it is a cheaper method than common evaporation. The
low temperatures at which the process takes place pre-
vent the loss of volatile, valuable components, and
denaturation during heating, for example, denatur-
ation of proteins. The application of reverse osmosis
allows the repeated usage of water that helps to save
expenses considerably. RO in the dairy industry has
become indispensable for whey concentration for
cheese making, milk concentration, whey desalina-
tion, and wastewater treatment [43].

RO for the concentration of whey is used in combi-
nation with other membrane processes. For example,
it is used in combination with UF to isolate lactose-
containing whey permeate. After this treatment, the
level of the biological and chemical consumption of
oxygen (BCO and CCO) greatly decreases in the by-
products. The plate and frame RO modules are also
used to concentrate lactose. After UF, the permeate is
passed through two parallel RO lines where it is
demineralized, and the third RO line reduces and
purifies water for the UF system [43].

Diafiltration (DF) is a variant of membrane separa-
tion when one or several components of the solution
are purified from the impurities of some other compo-
nents. During DF, some solvent (usually water) is
introduced into the solution whose f low rate is equal
to the amount of the removed permeate. The compo-
nent for which the membrane is highly selective is
retained by it and is purified from the component for
which the membrane is low selective, since it passes
with the solvent into the permeate [44, 45].

DF is used for better purification from lactose of
the protein concentrate received due to UF. This is a
particular case of UF when the received protein con-
EMISTRY  Vol. 57  No. 6  2021
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centrate is diluted with demineralized water and sub-
jected again to UF up to the initial weight fraction of
dry matter. Furthermore, some part of lactose and
mineral substances is washed away from the protein
concentrate and passes through the membrane
together with the solvent. The whey-protein concen-
trate (WPC) produced via the UF method has a high
solubility in water and high emulsifying, foaming, and
gel formation properties [46]. DF is used to obtain a
WPC with a high protein content, to eliminate high
concentrations of residual products, to ensure a high
degree of purification and at the same time high pro-
ductivity of the process [47, 48].

Microfiltration (MF) is a method of membrane fil-
tration under low pressure. Ceramic tubular or poly-
sulfonamide spiral membranes are usually used to pro-
cess whey. MF is effectively used for preliminary pro-
cessing of raw materials to reduce bacterial
contamination of whey and to remove fat. The pores of
MF ceramic membranes provide an effective retention
of the casein dust, fat, bacteria, and spores [49].

MF is preprocessing for UF, and it is a process sim-
ilar to UF but with a membrane whose pores are bigger
to let the particles with a size from 0.2 to 2 μm to pass
through it. Whey usually contains a small amount of
fat and casein, and, since the centrifugal separation
does not remove them completely, MF is used to
decrease the fat to protein ratio to 0.001–0.003. In
addition, some precipitated salts can be removed with
the help of MF, which also allows a considerable
reduction in the microbial load [50].

Separation of whey proteins using MF (pore size
from 0.05 to 0.2 μm) can be carried out in the periodic
or continuous mode. Industrial processes use contin-
uous filtration due to an easier control and a longer fil-
tration time. Milk MF has traditionally used ceramic
membranes that can withstand high temperatures, low
and high pH values. MF is conventionally carried out
at 50–55°C with a transmembrane pressure of 0.1–
1.0 bar and high tangential f low rates (>6 m/s). Tubu-
lar ceramic membranes are capable of providing a per-

meate f low rate of 55–65 L/(m2 h) with an average
concentration factor of 1 to 4. Lower filtration tem-
peratures and higher transmembrane pressures result
in a reduced permeate f low and a higher whey protein
retention. In industrial microfiltration of milk,
ceramic membranes (0.05–0.2 μm) require a high
tangential f low to achieve high permeate f lows [39, 51,
52]. The use of ceramic membranes with pores from
0.2 to 1.8 μm allows bacteria to be removed from milk.

The content of bacteria in milk filtered through the
membranes with a pore size of 1.4 microns decreases
by the two orders of magnitude without a noticeable
retention of proteins. This technology makes it possi-
ble to significantly increase the level of milk pasteuri-
zation and to reduce protein denaturation in compar-
ison with conventional heat pasteurization [53]. MF
has also been studied to remove residual lipids from
SURFACE ENGINEERING AND APP
whey before UF and sterilize it. This often includes
thermal treatment and/or correction of pH to aggre-
gate lipids and calcium phosphates [54].

Ultrafiltration (UF) is a variation of membrane fil-
tration during which the suspended solid particles and
dissolved substances with a high molecular weight are
preserved in the so-called retentate, while water and
dissolved substances with a low molecular weight can
pass through the membrane into the permeate (fil-
trate). This separation process is used in industry and
scientific investigations to purify and concentrate pro-
tein solutions. UF and MF are based on different
capacities of absorption and different rates of diffu-
sion. UF is used for more effective separation of com-
plex mixtures [55].

In the dairy industry, UF is carried out with poly-
mer and ceramic membranes receiving a f low of reten-
tate that can be additionally processed by means of
evaporation, drying, or spraying. UF allows varying
the ratio of concentrations between the components of
whey, thanks to the retention of proteins and the selec-
tive permeability of lactose, minerals, water, and com-
pounds with a low molecular weight [48].

In the case of UF, the whey is simultaneously frac-
tionated, purified, and concentrated producing a
high-quality WPC. The UF is controlled by a pressure
gradient of approximately 275.9 kPa, and the tempera-
ture is maintained within the range of 50–60°С using
polysulfone membranes with a pore dimension from

10–1–10–2 μm. UF membrane modules are available
in four basic configurations: tubular, bare fiber, spi-
rally wound, and flat plates [39].

The UF methods make it possible to produce WPC
with a content of protein within the range of 34–90%,
which can be increased modifying the process in com-
bination with DF that allows maintaining the content
of lactose and mineral substances. The WPC obtained
in this way can be used to increase the protein content
in products, avoiding denaturation, which is beneficial
for using them as food  additives [39].

Nanofiltration (NF) is a newish method of mem-
brane filtration for separation of dry substances with
low solubility in water, such as natural and synthetic
organic substances with application of nanometer
pores (1–10 nm) smaller than at MF and UF. NF is
becoming widely used in the food industry, in particu-
lar, in the dairy industry, for simultaneous concentra-
tion and partial demineralization. The used mem-
branes are mainly prepared of polymer films. The
materials that are usually used include polyeth-
yleneterephthalate or metals, such as aluminum. The
pore dimensions are controlled by the values of pH,

temperature, and time at the pore density from 1 to 106

at cm2 [39, 54]. The membranes for NF are manufac-
tured of polyethyleneterephthalate and other similar
materials by the treatment of a thin polymer film with
particles under the action of high energies; thus, the
pores are “engraved” into the membrane. The mem-
LIED ELECTROCHEMISTRY  Vol. 57  No. 6  2021
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Fig. 2. Mechanism of simulated moving bed chromatogra-
phy used to separate lactose; zones 1 and 4 include one
column each, while zones 2 and 3 include three columns
each [65].

Zones 1

Eluent Extract

Rafinat Feed
Zones 3

Zones 4 Zones 2

Desorptions
branes made of a metal, say, of aluminum oxide, are
manufactured electrochemically to apply a thin layer
of aluminum oxide from metallic aluminum in an acid
medium [56].

The use of NF is widespread in various industries,
including the dairy industry, and plays a special role in
the pharmaceutic industry, primarily for molecular
separation [57]. NF allows the treatment of large vol-
umes and in a continuous f low. Its main disadvantages
are a high cost and complexity of maintenance [58].

NF is an important process in the dairy industry for
separation of low molecular substances and minerals,
which makes it possible to concentrate whey up to 20–
24% of the content of fat and permeate after the UF
treatment of whey [54]. A partial demineralization and
concentration of the product is achieved at NF. It
improves the organoleptic parameters, allows for a
decrease in the volumes of the received whey reducing
transportation costs and expenses for the production
of dry whey [59].

Chromatographic Fractionation of Whey Proteins

 Chromatographic methods are called multistage
separation methods in which the components are dis-
tributed between the stationary and mobile phases.
The stationary phase can be a solid substance, liquid,
or gel applied to a solid carrier and it can be placed into
the column, applied in the form of a thin layer or film,
etc. [60]. The mobile phase can be gas, liquid, or
supercritical gas (f luid). The separation is based on the
adsorption, distribution (separation) of masses, and
ion exchange, which rests on the distinctions in the
physicochemical properties of molecules, such as size,
mass, volume, etc. There are different forms of chro-
matography depending on the main carrier and pur-
poses of the investigations: paper, thin layer, gaseous,
liquid, etc. The processes of the chromatographic sep-
aration of substances are improved depending on the
goals of research [60].

The ion exchange chromatography (IEC) is one of
the methods used for production of whey protein iso-
lates based on the reversible interaction between the
functional groups of proteins and the ion exchange
resins. The separation of whey proteins, due to their
properties to be precipitated at different pIs, allows the
assignment of two groups of whey proteins: the main
proteins (β-lactoglobulin (β-Lg), α-lactalbumin
(α-La), and bovine serum albumin (BSA)), which are
charged negatively at pH 6.2–6.4, and the minor pro-
teins lactoferrin (LF) and lactoperixodase (LP), which
have a positive charge [61].

The cation resins (charged negatively) are used to
capture positively charged proteins (LF and LP). At
the same pH, the basic proteins are negatively
charged, so they are not retained by the resin, resulting
in a fraction rich in these proteins. LF and LP are sep-
arated at the elution by alkaline solutions. Then, the
SURFACE ENGINEERING AND APPLIED ELECTROCH
fractions are washed and dried by spraying [62]. The
ion exchange chromatography can work under two
conditions: the selective adsorption of whey proteins
and the selective elution of the proteins captured by
the ion exchange resin. The separation of whey pro-
teins using anion exchange chromatography consists
in creating conditions in which whey proteins are
bound and subsequently eluted from the column, usu-
ally by changing the pH of the buffer solution or
increasing the salt concentration. The primary task in
the separation of whey proteins is the separation of two
main protein fractions: α-La from β-Lg [63].

Cation exchange chromatography is a technique
used to isolate and separate whey proteins, especially,
LF and LP, and to isolate immunoglobulins (Ig).
These proteins are charged positively within a very
wide range of pH, which allows the optimization of the
conditions when α-La and β-Lg are not absorbed on
the matrix. It is of particular importance, since the
concentration of Ig, LP, and LF in whey is not high
unlike α-La and β-Lg [63].

Simulated moving bed chromatography is based on
the simulation of a true counter current operation
between the solid and the liquid phase, by valves
switching over a series of columns or a column move-
ment in a carousel. The input of the initial material
and the removal of the substance under analysis are
simultaneous and continuous, which gives the impres-
sion of a moving bed. The counterflow mode makes
possible a more effective application of the adsorbent
and liquid f lows with such advantages as higher pro-
ductivity and product concentration, low consump-
EMISTRY  Vol. 57  No. 6  2021
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Fig. 3. Schematic diagram of aminoglutaraldehyde sub-
strate coated with proteins modified with dextrane: only
small proteins can interact with the substrate surface [74].
tion of the buffer, effective usage of raw materials, and
higher purity of the product (Fig. 2) [64, 65].

High-gradient magnetic fishing chromatography
(HGMF) is based on the adsorption of protein on the
superpamagnetic, i.e., magnetosensitive particles that
are drawn into the nonporous substrates with micron
dimensions without any “magnetic memory” when a
magnetic field is applied [66]. Due to a very small size
and tough material used to make these supports, these
matrices provide the shortest adsorption times and are
less prone to fouling than porous adsorbents [66–60].
Rapid collection of carriers in a highly magnetized fil-
ter and subsequent easy desorption and extraction of
bound protein from the carriers can significantly
increase the processing speed [70].

Heeboll–Nielsen et al. [67] developed superpara-
magnetic cation exchangers and used HGMF to sepa-
rate main proteins from sweet whey. They then
described the production of superparamagnetic anion
exchangers and the application of them together with
superparamagnetic cation exchangers at fractionation
of whey. The initial whey was processed with the
superparamagnetic cation exchanger to adsorb main
proteins with the following treatment of supernatant
with the superparamagnetic anion exchanger [69].

In the initial stage of cation exchange, the quanti-
tative removal of LF and LP was achieved with some
simultaneous binding of Ig. The Ig were separated
from two other proteins by means of desorption with a
low concentration of NaCl (≤0.4 М) while LF and LP
were then coeluated in a much purer form. The anion
exchanger adsorbed β-Lg selectively providing the
separation from other proteins; however, a little
amount of high purity β-Lg was detached during elu-
tion [67, 71].

Selective adsorption. In selective chromatography,
the separation of substances occurs due to their selec-
tive adsorption in the stationary phase. The selective
adsorption is caused by the affinity of a compound to
a solid adsorbent, which is determined by polar inter-
actions of their molecules. Ion exchange, liquid,
SURFACE ENGINEERING AND APP
paper, thin layer, and gas adsorption chromatography
are referred to adsorption chromatography [72].

Selective adsorption has not been used until
recently. The ion exchangers themselves are not selec-
tive matrices since they can adsorb a lot of proteins
with similar values of the pI. The improvement of
selective adsorption on the ion exchanger can be
achieved by using the specific properties of the target
protein, one of which is their size. However, there have
been no carriers for ion exchangers until now that
could allow the selective adsorption of low molecular
proteins [73].

Bolivar et al. [74] developed an anion exchanger
substrate for the selective adsorption of low molecular
proteins by activation of the amine-based substrate
(MANAE–Sepharose preparation) by glutaraldehyde
and additional coating of the substrate surface by the
BSA. In this case, the “wells” are generated by two
neighboring molecules of BSA. At the bottom of these
“wells”, some of the monoaminoethyl-N-aminoethyl
groups are ready to bind small molecules that are small
enough to fit between two BSA molecules on an exist-
ing substrate. Since the BSA surface is capable of
adsorbing many proteins, which reduces the selectivity
of the system, the coating of BSA immobilized with
dextran molecules reduces protein adsorption on BSA
surface (Fig. 3). This new substrate (matrix) has been
evaluated for selective adsorption of low molecular
weight whey proteins, β-Lg, and α-La, while other
larger proteins are retained in the supernatant [75, 76].

Displacement chromatography is a method of sepa-
ration of substances, which allows to obtain higher
concentrations of a certain component due to dis-
placement by a dissolved substance, which is sorbed
more intensively than the components of the initial
mixture [77]. The principle is that the sample is loaded
onto the top of the column and transported with a
solution that is a stronger sorbent than the compo-
nents of the original mixture. As a result, the compo-
nents are separated into successive “rectangular”
zones of highly concentrated pure substances [78].
The displacement chromatography produces products
with higher concentration, higher purity, and
increased throughput compared to other chromato-
graphic separation methods [78, 79].

The basic principle of displacement chromatogra-
phy: the matrix has only a finite number of binding
sites for solutes (stationary phase), and if the site is
occupied by one molecule, it is not accessible to oth-
ers. As in any chromatography, equilibrium is estab-
lished between molecules of a given type, bound to the
matrix, and molecules of the same type, which are not
present in a solution. Since the number of binding sites
is finite, the concentration of free molecules in a solu-
tion is high relative to the dissociation constant for
these sites, and they will be mostly filled. The mole-
cule with a high affinity of “displacement” to the
matrix compete more effectively for the binding sites
LIED ELECTROCHEMISTRY  Vol. 57  No. 6  2021
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enriching the moving phase with the dissolved sub-
stance with a lower affinity. The mobile phase f low
through the column preferentially carries away the
lower affinity solution; thus, at high concentrations, a
higher affinity solution eventually displaces the lower
affinity molecules [80, 81].

The disadvantages of the displacement chromatog-
raphy are: an overlap between each pair of compo-
nents; the mixed area must be treated separately to
maintain the purity of the separated components; dif-
ficult interpretation of adjacent zones, especially if the
displacement mechanism is not fully developed; the
time it takes to regenerate limits the throughput [81].

The displacement chromatography is used to sepa-
rate amino acids, rare earth elements, and isotopes, to
clean proteins from complex mixtures, and to isolate
substances with low molecular weight for purifying
proteins in the systems of ion exchange [82]. It is well
suited for the quantitative separation of purified pro-
teins from complex mixtures. It is also used for separa-
tion of whey proteins, particularly, with hydroxyapa-
tite—a very useful ion exchange matrix with many
advantages, such as simple fabrication, nontoxicity,
possible regeneration, and low cost. The hydroxyapa-
tite chromatography of whey is mainly based on the
displacement of ions when the displacers (phosphate
or organic acids) form stronger complexes with cal-
cium than the carboxyl groups of the adsorbed pro-
teins [83, 84].

Rossano et al. [83] presented the method based on
the application of an improvised hydroxyapatite for a
single stage separation of lactin (nonabsorbed) from
whey proteins (adsorbed). The total fraction of protein
can be eluted with 0.4 M phosphate at pH 7.0. Approx-
imately 56% of proteins, mainly α-La and IgG, were
eluted with 0.4 M phosphate at pH 5.0. The fractions
were applied to the Superdex 75 column for final puri-
fication by gel filtration. The main advantages of this
procedure are as follows: (a) single-stage quantitative
separation between lactin and proteins, (b) ease of
flexibility in the extraction of proteins from certain
proteins to the total protein fractions, and (c) purifica-
tion of whey proteins in the native form [71].

Schlatterer et al. [85] conveniently separated β-Lg
from other whey proteins via the hydroxyapatite chro-
matography (Macro-Prep Ceramic hydroxyapatite
Bio-Rad, Munich, Germany) with the gradient of f lu-
oroidiones with the phosphate buffer solution as a dis-
placing agent. β-Lg was fully eluted at the peak at the
fluoride concentration of approximately 0.6 mole/L.
The purity of β-Lg in this fraction was at least 96%,
with the traces of IgG, BSA, and LF, which were con-
veniently removed with the help of Superdex.

Ng and Yoshitake [86] described the method of
ceramic chromatography in the mixed mode (ceramic
hydroxyapatite CHT, Bio-Rad, Munich, Germany)
for the fractionation of LF from whey in one column.
They managed to remove LP that usually contami-
SURFACE ENGINEERING AND APPLIED ELECTROCH
nates LF purified with other methods due to the simi-
larity in the molecular weight and their isoelectric
properties. LP was originally desorbed from the matrix
under the isocritical conditions. LF was prepared
without any activity of LP and other main whey pro-
teins, such as α-Lа and β-Lg. The process has all pro-
ductivity characteristics necessary for an advantageous
application in bio-industry (simplicity, high effi-
ciency, and low costs) [87].

High-porosity chromatographic materials providing
high flow rate. Macroporous chromatographic materi-
als are used to extract proteins from food flows at high
rates with no need for some stages of treatment and,
thus, for high expenses. These materials ensure a slight
decrease in the pressure in the column; therefore, high
flows are easily achieved [71]. The main advantage of
macroporous media is the fact that the functional
groups, which are even present on the internal sur-
faces, adsorb proteins with the least diffusion limita-
tions since they are in the convective f low [88–90].

The limitations of the classic chromatography,
which appear due to the diffusion of molecules to the
internal surfaces where they can be bound, can be
reduced by introducing materials with high porosity.
In addition, these materials ensure a slight pressure
drop in the column; therefore, high f low rates are eas-
ily achieved. The basic advantage of macroporous
media is the fact that even functional groups, which
are present on the internal surfaces, adsorb proteins
with the least diffusion limitations since they are
inside the convection flow [71]. The types of chroma-
tography on the basis of these materials are membrane
convective liquid chromatography, perfusion chroma-
tography, and continuous bed chromatography.

Membrane convective liquid chromatography is a
method when porous cellulose membranes with a pore
size of 1.2 μm are used to separate proteins [91].

In perfusion chromatography, the packed columns
are used where the particles have a bidispersed porous
structure: (a) with a transverse pore size of 600–
800 nm for the crossing particles and (b) the diffusion
pores of 50–150 nm which smooth out the transverse
pores [92].

Continuous bed chromatography is based on polym-
erization of the newest monomers and ionomers
directly within the chromatographic column [93]. The
polymer chains are united in a dense network of nodes
which consist of microparticles with an average diam-
eter of 200 nm, with the channels between the nodes
being large enough (a diameter of 7–15 μm) to provide
a high convection rate of the f low [71].

Membrane adsorption. The common chromato-
graphic processes demonstrate enormous gaps for the
quick and reliable processing of whey because long
cycles and complicated systems for the process control
are required in the case of large volumes. Some of
these limitations can be overcome with the help of the
membrane chromatography when the adsorption
EMISTRY  Vol. 57  No. 6  2021
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membrane is used as a stationary phase that combines
the principles of chromatography and membrane sep-
aration in one device. Chromatographic membranes
are modified by specific ligands or functional groups to
bind the molecules–targets and to ensure a quick binding
since the adsorption ligands are on the way of the convec-
tion flow through the membrane pores [71].

The chromatographic membrane systems usually
have pore sizes within the range of MF (0.02–10 μm)
since they are not separated on the base of molecular
size and can ensure high f low rates, low pressure
drops, easy packing of the column, and a low degree of
pollution, which makes them perfect agents to sepa-
rate proteins under the production conditions [94, 95].

The commercial membrane systems for laboratory
and industrial scales manufactured on the basis of ion
exchange are systems with strongly acidic (sulfonic
acid), strongly alkaline (quaternary ammonium),
weakly acidic (carbonic acid), and weakly alkaline
(diethylamine) bases [96, 97].

Plate et al. [98] developed a new procedure for iso-
lating serum LF and LP from sweet whey under labo-
ratory conditions using cation exchange membrane
systems (SartobindS, Sartorius, Goettingen, Ger-
many). This fast, reliable and efficient procedure has
been expanded to an industrial scale module to purify
the sweet whey concentrate with over 90% LF recov-

ery (7 g of LF during a cycle for modules with 2 m2)
[98, 99].

The Biotechnological Methods of Whey Processing
The biotechnological methods of whey processing

are biosynthesis of lactulose, enzymatic hydrolysis of
lactose, and aerobic and anaerobic fermentation. The
biosynthesis of lactulose consists of the enzymatic
hydrolysis of lactose disaccharide to monosaccharides
of glucose and galactose, and it can be performed with
the help of hydrolysis and the reactions of transfer by
catalyzed glycosidase (for example, β-galactosidase)
or direct isomerization of lactose into lactulose with
cellobiose-2-epimerase [22, 100–104].

The hydrolysis of whey can be performed by two
methods: enzymatic (fermentation) and acidic. The
chemical or acidic hydrolysis is carried out by adding
an acid, such as sulfuric acid, but it has some disavan-
tages: it causes denaturation of protein, requires pre-
liminary demineralization of whey as the mineral salts
inactivate the acid, leads to the formation of brown
color (the result of the Maillard reactions, which
requires discoloration with activated carbon), and
favors the formation of unintended waste products.

Enzymatic hydrolysis is performed using the lactase
enzyme (β-galactosidase, EC 3.2.1.32), which is found in
animals, plants, bacteria, fungi, and yeasts [105].

The enzymatic synthesis of lactulose from lactose
is determined by the composition, the concentration
of the substrate and enzyme, the temperature, the
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medium pH, and the treatment mode. The enzyme
concentration considerably affects the selective char-
acter of the reactions; at a higher concentration of
enzymes (≥15 U/mL), the primary hydrolysis of lac-
tose and the secondary hydrolysis (disintegration of
lactulose) are quicker [106]. The controlled enzymatic
hydrolysis of proteins can improve the functional
properties of the hydrolisate and ensure more pleasing
taste, and the allergenic properties can be eliminated
[107, 108].

The enzymatic hydrolysis of whey proteins consists
in the hydrolysis of the WPC, 80%, at the optimal
temperatures (50°C–60°C) and pH 7–8 with the help
of different enzymes (proteases secreted from Bacillus
licheniformis, Aspergillus oryzae, and Aspergillus
sojae, etc.) resulting in whey protein hydrolysates.
After the enzymatic hydrolysis, the peptide bounds of
protein are split, new amino groups are formed, and
an amino group for every “broken” peptide bond is
found. The number of the formed amino groups
causes a linear growth in amine nitrogen [109, 110].

Aerobic fermentation can be classified in accor-
dance with different criteria by the type and conditions
of treatment, such as the feed mode (periodic, semi-
periodic, or continuous reactors), temperature (psy-
chrofilic, mesophilic, and thermophilic reactors), sol-
ids content (reactors with a high or low solids content),
complexity (single stage reactors, multistage reactors),
reactor form (horizontal, vertical), the mode of reten-
tion of microorganisms in the reactor (fixed film, sus-
pended growth, or hybrid), and the substrate humidity
(wet or dry splitting) [111–115].

Aerobic fermentation is characterized by a rela-
tively quick degradation of the organic substance at
room temperature (22°C–24°C) requiring a certain
interval of the hydraulic retention time. However, a
high organic load of raw whey makes the aerobic fer-
mentation not sufficient to manufacture final prod-
ucts. The optimum carbohydrate/nitrogen/phosphor
(C/N/P) ratio in the aerobic processes is approxi-
mately 100 : 5 : 1 in comparison with 500 : 5 : 1 in the
anaerobic processes [116].

Anaerobic fermentation is a three-stage processing
of whey: reduction in pollution emission, power gen-
eration, and separation of nutritional substances [117].
The anaerobic fermentation depends on the physico-
chemical composition of whey (organic composition,
pH values of the medium, and oxidizing properties),
the type of inoculum (maintenance of a stable buffer),
and the reactor configuration (wastewater recircula-
tion capabilities) [118]. It is performed by different
microorganisms, such as obligate anaerobic strains of
the species Clostridium (Clostridium butyricum, Clos-
tridium pasteurianum, and Clostridium beijerinkii) and
facultative anaerobic species, such as Enterobacter,
Citrobacter sрp., and Escherichia coli, as well as the
mixed microbiological communities under the meso-
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philic (30°С–38°С) or thermophilic (55°С) condi-
tions [22].

Anaerobic fermentation includes degradation and
stabilization of an organic substance by microorgan-
isms under anaerobic conditions and contributes to
the formation of biogas (a mixture of carbon dioxide
and methane) and biomass. This complex process
consists of three successive stages: hydrolysis of lactose
(and proteins), fermentation, and methanogenesis. It
is performed during the interaction of some mixed
species of bacteria. In the process of methanogenesis,
approximately 90% of the hydrolyzed organic sub-
stance evolves into biogas. It is estimated that 45 L of
biogas, which contains 55% of methane, can be
obtained from 1 L of whey. From a liter of whey, 20 L
of methane can be produced, which is equivalent to
739 kJ [22]. Anaerobic fermentation is not widely used
in the dairy industry due to low reaction rates and rel-
ative instability of the process in conventional reactors
[119–125].

Ethanol fermentation. In addition to whey, the
solution of whey powder, the permeate after UF, and
the deproteinized whey can be used as raw materials to
generate ethanol. Their fermentation to obtain ethanol
requires a certain group of microorganisms, such as
Torula cremoris, Kluyveromyces fragilis, Kluyveromyces
marxianus, Candida pseudotropicalis, and Saccharo-
myces cerevisiae. The reaction that describes the bio-
transformation of lactose into ethanol theoretically
shows a maximum value of 0.538 kg of ethanol per a
kilogram of the consumed lactose. The alcoholic fer-
mentation of lactose from whey or whey permeate is
not economically competitive in comparison with
other substrates, such as cane sugar, corn f lour, and
lignocellulosic biomass [125].

Hydrogen fermentation. The anaerobic fermenta-
tion processes of whey, diluted whey, the solution of
whey powder, and whey permeate powder made it
possible to obtain hydrogen. Theoretically, the process
makes it possible to obtain a yield of 8 mol of hydrogen
per 1 mol of lactose. The biogas mixture that is formed
during the generation of hydrogen contains methane
and carbon dioxide as well. The generation of hydro-
gen can be increased controlling the main parameters,
such as pH in neutral or slightly acidic pH conditions
(4.0–7.5); dominant microorganisms; substrate com-
position; temperature; humidity; hydraulic retention
time; and addition of metals, yeast extract, nutritional
substances, etc. The methanogenic microorganisms
that consume hydrogen decrease the generation of it.
In this process, the reactors with a continuous mixer,
the periodic reactors, and the reactors with an inclined
anaerobic sludge are mainly used. In the reactor with
a continuous mixer, the hydraulic retention time is
varied from 6 to 84 h in comparison with 12 h for the
reactors with an inclined anaerobic sludge and 24–280
h for the periodic reactors. As a rule, the periodic reac-
tors lead to a higher percentage of the generated
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hydrogen (50–88%) than other configurations (20–
60%) [125].

Lactic acid fermentation. The permeate with a low
content of protein and high concentration of lactose
and mineral salts allows for the production of lactic
acid mainly from the whey ultrafiltrate.

To produce lactic acid, the following microorgan-
isms are used: Lactobacillus casei, Lactobacillus helve-
ticus, Lactobacillus acidophilus, Lactobacillus del-
brueckii, Streptococcus thermophilus, Lactococcus lac-
tis, Lactobacillus salivarius, Pediococcus, etc. Some
investigations also point to the application of mixed
cultures with a synergetic effect. The production of
lactic acid from whey and permeate without food addi-
tives is limited on an industrial scale because of low pro-

ductivity (the lactic acid production is 3.8–12 kg/m3, the
hydraulic retention time is 48–56 h, the temperature is
23°С–37°С). The food additives are a key factor that
limits the process efficiency. The substitution of the
additives (yeast extract, peptone, soy f lour, whey pro-
tein, MgSO4, MnSO4, and (NH4)2SO4) for proteolytic

enzymes or microorganisms doubles the yield of lactic
acid [125].

Electrophysical Methods of Whey Processing 
(Electrodialysis, Electroactivation) 

Electrodialysis is an electrochemical process of
transfer of ions through the membrane under the
action of an electric field. The ion transfer rate in elec-
trodialysis systems is affected by the temperature, the
flow rate, the working liquid composition, and the
applied voltage. Electrodialysis processing ensures the
90% degree of whey demineralization without any
substantial change in the quantitative composition of
other components. The product undergoes well the
processes of vacuum concentration, crystallization,
and drying, and it has improved technological and
organoleptic characteristics and a wider range of
application, including whole milk products [126].
Electrodialysis makes it possible to reduce the content
of mineral substances in whey due to its passage
through a weak electric field of the electrolysis mod-
ules equipped with the ion-selective membranes. In
the case of electrodialysis (depending on the purposes)
various ion-selective membranes are used: biselective,
cation-exchange, and anion-exchange [127].

The cation exchange membranes contain covalent-
negative bound groups such as sulfinic acid. They
allow cations to pass and retain anions [126, 128].

The opposite phenomenon takes place on the
anion membranes. In this case, quarternary amines
are the positively charged groups. Thus, passing the
direct electric current, the cations of the salts in the
whey and working solution move to the cathode and
the anions move to the anode. The electrodialysis of
whey consists in its alternative passage through the
blocks separated by the ion-exchange membranes with
EMISTRY  Vol. 57  No. 6  2021
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the transfer of whey salts to the reference solutions in
the adjacent chambers [127, 129]. Owing to ion migra-
tion, whey is desalted, and the reference solution is
concentrated. The processes of desalination and con-
centration by electrodialysis proceed simultaneously
and are closely interconnected. The electric current
direction changed, and the process proceeds con-
trarily. The same takes place at the application of the
cation- and ion-exchange membranes [128, 129].

Electrochemical activation (electroactivation). The
electrochemical activation (ECA) as a physicochemi-
cal process is a combination of electrochemical and
electrophysical impacts on water containing ions and
molecules of dissolved substances performed under
the conditions of the lowest heat release in the area of
a spatial charge at the surface of the electrode (anode
or cathode) of the electrochemical system during the
nonequilibrium transfer by the electrons through the
electrode–electrolyte interface [130].

As a result of the electrochemical activation, water
passes into a metastable (activated) state, which is char-
acterized by the abnormal values of the physicochemical
parameters, including the redox potential associated with
the activity of electrons in water, electrical conductivity,
pH, and other parameters. Spontaneously changing in
time, the parameters and properties of water, perturbed
by the previous external influence, gradually reach equi-
librium values as a result of relaxation [131].

The process of producing electrochemically acti-
vated water and solutions refers to extremely nonequi-
librium ones, and it is an object under study in a new
rapidly developing field of chemistry—synergetics in
chemical processes and chemical technology. If the
main problem in the conventional applied electrochem-
istry is to determine the parameters of the optimum
approaching of the electrochemical process to equilib-
rium conditions, then it is important for the electro-
chemical activation to define the parameters of the opti-
mum displacement from the conditions of the equilibrium
proceeding of electrochemical reactions [132].

Electroactivation is a new direction in the treat-
ment of water and liquids, including whey, developing
new technological directions. One of them, based on
the electrolysis of aqueous solutions, makes it possible
to transform lactose into lactulose by electroactivation
of whey [133–135]. A new product enriched in lactu-
lose is used as a valuable ingredient with the proven
prebiotic effect.

The electroactivation method makes it possible to
isomerize lactose into lactulose by both mechanisms
simultaneously, known in biochemistry of carbohy-
drates: L-A-transformation and Amadori rearrange-
ment. Although electroactivation is a chemical-free
method, the rearrangement mechanism of L-A trans-
formation is due to the accumulation of hydroxyl ions,
which are formed as a result of the dissociation of
water. The presence of the activated amino groups,
both upon activation of protein compounds and nitro-
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gen-containing compounds of non-protein origin,
present in whey, leads to isomerization by Amadori
rearrangement, in which lactose reacts with amines
due to the presence of amino acids in whey, as well as
creatine, creatinine, carbamide, and uric acid that
promote the formation and hydrolysis of lactu-
losamine. The resulting lactulosylamine rearranges
and turns into lactulosamine, which is then disinte-
grated into lactulose and amines [136, 137]. In the case
of electric isomerization of lactose to produce lactu-
lose, the reactors with different design and geometri-
cal parameters are used [138, 139].

The treatment of whey requires more effective
engineering and technological solutions with the
account for both rational and more complete use of its
components and the ecological constituent associated
with wasteless processing. One of the successful tech-
nological solutions is the electrophysical processing of
whey with the recovery of the protein mineral concen-
trate (PMC) and simultaneous isomerization of lac-
tose into lactulose on the base of ECA of the liquid
[87]. The PMC has a high biological value due to the
presence of all essential and nonessential amino acids.

To increase the efficiency of whey protein recovery
and reduce specific energy consumption, it is neces-
sary to reasonably approach the choice of an electro-
chemical reactor, taking into account such design
characteristics as the distance between the electrodes
and between the electrodes and the membrane. The
geometric form must exclude any nonfunctional zones
ensuring a high productivity of whey processing in a
suitable electrochemical reactor [140].

The advantages of ECA are the possibility of com-
plete exclusion or a significant reduction of chemical
reagents in technological processes of the activation of
aqueous solutions for various purposes, as well as the
exclusion or drastic reduction of the need for wastewa-
ter treatment. The economical feasibility is predefined
by a considerable growth in the effeciency of techno-
logical processes due to both a decrease in the labor
cost, time, and materials and the improvement of the
quality and functional properties of final products.
The recovery of PMC depends on the electrophysical
processing modes (in particular, on the electric cur-
rent density) and the specific energy consumption per
unit volume, on the variation in pH, on the redox
potential, and on temperature [87, 141].

When electric current is applied to the dry matter
content of whey (about 6%), which includes more
than 200 components, many inter- and intramolecular
processes occur that generate changes in the recovery
of whey proteins in the PMC. The main mechanisms
of the formation of protein compounds at the electro-
activation are the ion f lotation and salinization of pro-
teins due to the action of coagulation and complex for-
mation. The electric fractionation (or electrophysical
treatment) of whey allows the simultaneous separation
of two main fractions: protein mineral concentrates
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and deproteinized whey. In turn, depending on the
treatment modes, the PMCs are enriched with differ-
ent protein fractions: β-Lg or α-La. Under certain
processing regimes, PMCs enriched with LF and Igs
are obtained. The method is wasteless, and it makes it
possible to simultaneously isomerize lactose into lact-
ulose, which is contained in the deproteinized whey
enriched in minerals, amino acids, and oligosaccha-
rides. The investigations of the geometric and design
peculiarities of the electrolyzes for various purposes of
electrofractionation of whey and reduction in energy
consumption during the electrophysical processing
are of the growing interest, and they should be contin-
ued [87, 141].

CONCLUSIONS

Thus, analyzing a lot of published works and the
accumulated authors’ experience concerning the
chemical composition, classification, and derivatives,
it should be emphasized the obviousness and expedi-
ency of using whey for the extraction and widespread
consumption of the contained valuable components of
dry matter. A diverse protein composition makes it
possible to produce many protein derivatives from
whey, such as dry whey/whey powder; dry demineral-
ized whey of 25, 50, and 90%; whey powder without
lactose; WPC with a protein content of 34, 50, 60, 75,
and 80%; WPI; whey protein hydrolysates;PMCs; lac-
tose (industrial, food, pharmaceutic); derivatives of
lactose—lactitol, lactulose, galacto-oligosaccharides;
separate proteins (LF, LP, glycomacropeptides); milk
minerals; and permeate.

Numerous functional and nutritional properties of
whey proteins and products on their basis make it pos-
sible to provide the application of whey derivatives in
many branches of the food-processing industry.

The healing properties of whey and its derivatives,
such as antioxidant, immunomodulatory, stimulatory,
and antitumor, due to various mechanisms of action
associated with their functional properties, make it
possible to obtain a diverse range of biologically active
additives used in the pharmaceutical industry.

The separation and production of valuable prod-
ucts from whey predetermine the possibility to apply
different methods based on the certain techniques of
whey processing or a combination of them for an
effective extraction of valuable components, develop-
ment of the wasteless cycles of treatment at the simul-
taneous reduction in the energy consumptions, and
the compliance with high ecological requirements (see
Part I).

The described processes and methods of whey pro-
cessing, such as thermal, chemical, physicochemical,
biotechnological, and electrophysical, make it possi-
ble to diversify the range of the obtained valuable
derivatives from whey.
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The membrane methods, which include the RO,
DF, MF, UF, and NF, allow the performance of an
effective separation of whey proteins due to a combi-
nation of the membrane and other methods. The
chromatographic fractionation methods, such as sim-
ulated moving bed chromatography, high-gradient
magnetic fishing chromatography, and selective
adsorption, provide a high degree of separation. The
biotechnological methods (biosynthesis of lactulose;
enzymatic hydrolysis of lactose, whey proteins; aero-
bic and anaerobic fermentation) are used to produce
different biologically active food additives. The con-
trolled fermentation processes are considered during
the production of lactic acid, ethanol, hydrogen, and
protein hydrolysis.

The electrophysical methods of whey processing
include electrodialysis and electroactivation. ECA is a
new promising method of processing that makes it
possible to develop a wasteless treatment cycle with
generation of valuable components to form useful
derivatives from whey without any reagents. Depend-
ing on the applied treatment modes, the PMCs with a
predetermined protein and mineral composition at the
simultaneous isomerization of lactose into lactulose
are received.

The economical efficiency of the chosen whey pro-
cessing methods is ensured by a considerable growth in
the effectiveness of technological processes due to the
decrease in labor costs, reduction in time, and savings
in material, and the improvement of the quality and
functional properties of final products.
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